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We performed first-principles calculations combined with a statistical approach based on the generalized qua-
sichemical approximation (GQCA) to study the polymorphic features of CsPb;_,Sn,I3 alloy. Our analysis
explored the impact of these polymorphic features on electronic properties, statistical attributes, and thermo-
dynamic stability. Our findings indicate that a®a®a® (Pm3m) polymorph makes only a minor contribution to alloy,
while aa"a” pattern has the highest probabilities at room temperature. Encompassing multiple polymorphic
degrees within the same generalized ensemble, we found an increase in composition range where phase segre-
gation becomes thermodynamically favored, albeit with a relatively low critical temperature (28.8 K). Despite
this, our GQCA-PCE results obtained from the Spectroscopic Limited Maximum Efficiency (SLME) model reveal
that the efficiency of alloy-based solar cells could be a little smaller than that of CsSnlz pure metal halide
perovskite (MHP), in range 26.6 % — 30.7 % for CsPbl3 — CsSnl3 at 300 K, which would be compensated by the
presence of Pb reducing the tendency of Sn-based MHPs to oxidize in air, favoring the fabrication of photovoltaic

devices with enhanced long-term stability.

1. Introduction

Since the discovery of metal halide perovskites (MHPs) as promising
materials for photovoltaic (PV) applications [1,2], hybrid compounds
have been in the spotlight for their high power conversion efficiencies
(PCE), which surpassed 26 % for FAPbI3 single-junction devices [3],
while LBaMn20¢ , (L = Nd, Sm, Eu, Gd, Tb) oxide perovskites have
gained prominence for their magnetic and electrical properties [4]. The
FAPDI3 PCE is in line with those obtained for other photovoltaic tech-
nologies, such as crystalline silicon (26.8 %), GaAs (29.1 %), CIGS
(23.35 %), and CdTe (21.0 %) [5,6], with the FAPbI3 standing out for its
simpler room temperature one-step possible synthesis procedure [7].
However, stability issues related to the organic cations in MHPs, due to
their hygroscopic and volatile nature, have become challenging for
developing long-lived solar cells (SCs) [8,9]. Thus, all-inorganic MHPs
based on Cs have been proposed, with the black phase of CsPblz being
highlighted due to its smaller gap energy (1.73eV) [10,11] in
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comparison with CsPbBrs (2.36 eV) [12] and CsPbCl3 (3.00 eV) [12],
since larger gap energies cause a reduction in the wavelengths range for
the absorption of sunlight and, therefore, a reduced current that con-
tributes to reduce the PCE [13]. However, for CsPbls, experimental re-
ports pointed out it is stable only above 603 K [14], and the lack of
organic cations with a random orientation in the cuboctahedral voids
hinders entropic contributions that could stabilize it at room tempera-
ture [15]. Thus, its perovskite — non-perovskite phase transition is
thermodynamically favored, leading to the degradation of the material’s
photovoltaic performance, which is even speeded up under air or light
exposure [16,17].

Another issue regarding the application of CsPbls in solar cells is the
presence of toxic Pb, which could hinder their commercialization due to
its restricted use in many countries [18]. Thus, to reduce Pb content in
MHP compositions while stabilizing its photoactive phase, alloying
CsPbI3 with CsSnl;3 to form CsPb; ,Sn,I3 would be a good strategy [19],
since Pb and Sn have similar electronic structures and ionic radii (Pb**:
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1.03 A, Sn?*: 0.97 A) [18,20,21]. In addition, the alloying strategy
arises as a chemical alternative to the physical one based on crystal size
modification, given that attempts to stabilize the cubic phase of CsPblg
using nanocrystals (NCs) tend to inhibit the charge transport in the
resulting material [10,22,23].

Although the CsPb; ,Sn,l3 alloy appears to be a promising candidate
for PV devices, it has been considerably less explored experimentally for
this application compared to its (MA,FA)Pb; ,Sn,Is hybrid counterparts
[24]. Despite this, CsPb; ,Sn,I3 has been demonstrated to be a good
candidate for radiation detection, with x = 0.50 being capable of
absorbing even the near-infrared (NIR-I) short wavelengths ( ~ 900 nm)
[25], which makes it emerge as a promising material for tandem PV
configurations as well [26,27].

Due to the scarcity of in-depth experimental studies on the properties
of Pb/Sn-based all-inorganic alloys, first-principles calculations could be
of great value in directing the synthesis of optimized materials for the
manufacture of SCs. However, the construction of appropriate protocols
considering the statistical nature of these materials, added to significant
relativistic effects in their electronic structure — such as spin-orbit
coupling (SOC) and quasiparticle (QP) approaches - is challenging
[28,29], which becomes even more dramatic due to the complex
structural polymorphism that MHPs manifest [30-33].

Recently, inorganic MHPs as polymorphous networks have arisen to
the detriment of Pm3m structure, which manifests only as a macroscopic
average over low-symmetry structural motifs due to the X-ray long
coherence lenght [30,34]. These include B metal off-center displace-
ments within the BXg octahedrons [35], second-order Jahn-Teller-like
distortions [36], octahedrons rotations [37], and positional disorder of
A within the cuboctahedral voids [15,32], contributing to the material’s
stabilization and being essential to good accordance between calculated
and experimental MHPs properties [33]. However, in the case of alloys,
the polymorphous nature of MHPs can be even more complex since the
predominant structural motif can change with the system’s composition
and temperature, making it necessary to include this information in the
proper statistical protocols.

The generalized quasichemical approximation (GQCA) [38] is a
statistical protocol based on the cluster expansion (CE) formalism [39],
making it possible to calculate several thermodynamic and structural
properties as an average over the corresponding alloy’s ensemble. Since
MHPs have several sites to Pb < Sn substitution, modeling these systems
only based on supercells (SCs) without statistical considerations [40] is
limited. Thus, even the statistical protocols already established in the
literature may be limited since they usually consider a single type of
structural motif for the entire alloy [41-44] and cannot wholly reflect
the properties that would be experimentally verified.

In this work, we studied the thermodynamic, electronic properties,
and statistical attributes of CsPb; ,SnyI3 alloy, investigating how its
structural polymorphism modifies its properties under temperature ef-
fects. Through an utterly ab initio protocol based on the concept of all-
polymorphic degrees (APD) generalized ensemble, we considered
several polymorphic degrees of freedom within the same statistical
framework. Our approach revealed the limitations of other protocols
that consider only one polymorph in the calculation of the respective T-x
phase diagram, allowing a theoretical modeling closer to experimental
conditions than those based solely on DFT without explicit consideration
of temperature effects [40,45]. By using such statistics and including QP
through the affordable DFT-1/2 correction with SOC, we showed how
the alloy’s gap energy and PCE vary as a function of its composition in
operando conditions, providing valuable insights for the rational design
of all-inorganic SCs.

2. Methodology

2.1. Cluster Expansion and the Generalized Quasichemical
Approximation (GQCA)

The properties of the CsPb; ,Sn,I5 alloy were calculated through the
GQCA, wherein its polymorphs were expanded into an ensemble of
clusters that are statistically and energetically independent. The latter
was constructed by considering 2 x 2 x 2 SC expansions of a cubic unit
cell (UC), with the Pb and Sn cations configured in 8 octahedral sites — as
presented in Fig. 1 (a). By applying the symmetry operations associated
with the Pm3m space group, the 28 = 256 configurations were grouped
into J = 22 classes — as schematized in Fig. 1 (b). The number of
equivalent structures within each class is known as the degeneracy
factor (gj), satisfying the constraint Zle g = 256. Their values are listed
in Table S1 of the Supporting Information.

By considering the CsBI3 (B = Sn, Pb) MHPs as polymorphous net-
works, distortions from the ideal Pm3m structure were allowed to occur
in the CsPb; ,Sn,l3 alloy. This primarily included B metal off-center
displacements within octahedra [35], positional rearrangements of Cs
ions within the cuboctahedral cavities [36], and octahedrons rotations
[37], the latter being denoted through the Glazer’s notation [46]. In this
notation, strings are associated with the magnitude (a, b or c), and su-
perscripts with the relative orientation (e.g., a® for no rotation, a*
in-phase, and a out-of-phase) of the rotations along each direction
parallel to the crystal axes of our cubic SCs, as schematized in Fig. 1 (c).
If the magnitude of rotation around two different axes is equivalent, the
first string appearing in the notation is repeated, as detailed in Section II
of the Supporting Information (Figure S1). Here, we use this notation to
distinguish between the several polymorphs contributing for
CsPb; SnylI3 ionic network, as described below.

To assess how the Glazer’s patterns impact the structural and elec-
tronic properties of the CsPb; ,Sn.Is alloy, we initially selected five
Glazer’s patterns to configure the clusters expanding the alloy: a®a®a°
(monomorphic Pm3m structure), a®*b", a® b*, a*a a*, a a’a . This
selection was based on our previous studies regarding the MHPs as
polymorphous networks [31-33]. In addition, to consider the possibility
of all these polymorphs in the alloy simultaneously, we constructed a
generalized ensemble containing clusters from all structures (110 in
total), termed as all polymorphic degrees (APD). Thus, APD ensemble is
constructed by considering a’a®a® + a%*b* + a% b* + ata o +
a a*a . This generalized ensemble approach has been previously used
to describe heterostructural alloys [47], and here it is modified to
expand CsPb; ,Sn,ls in the cubic structure by considering several pos-
sibilities of structural motifs that can be present in its polymorphous
networks [30,32]. A schematic representation of each Glazer’s config-
uration mentioned above and APD can be verified in Section II of the
Supporting Information (Figure S2).

When the temperature and pressure are fixed, and the latter is about
1 atm, the difference between the Gibbs and Helmholtz free energies is
small (i.e. G ~ F) [47]. Thus, the thermodynamic behavior of the MHPs
alloys can be described by using their mixing Helmholtz free energies,

which is defined by
AF(x,T) = AU(x,T) TAS(x,T) 1)

with AU(x, T) being the mixing internal energy and AS(x, T) the mixing
entropy. The former is calculated as

J
AU(x,T) = x(x,T)Ag )
=1

with Ag; being named the excess energy of the j-th class, calculated
through the expression
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Fig. 1. Representation of (a) SC expansion of a cubic UC to form the cluster configurations expanding the CsPb;_,Sn, I3 alloy and (b) the classes in which the clusters
are grouped following the symmetry operations of the Pm3m space group of a cubic MHP structure. Octahedrons in red contain Pb at the center site, while those in
green contain Sn. In the classes, the Pb is represented as A and Sn as B, following the sequence 12345678 of the site occupancies. (c) Schematic representation of the
Glazer’s notation, in which superscripts 0, - and + indicate, respectively, no rotation (gray), out of phase (green), and in phase (blue) rotation around them ( a, b or

¢) axis pointing out of the page’s plane.
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In this, Ej, Ecepoi,, and Ecgsy, are the total energies of the j-th cluster,
CsPbl3 and CsSnls, respectively, obtained via DFT calculations, ac-
cording to the procedure explained in subsection 2.3. In APD, we used
the energy of the most stable polymorph for each pure MHP as a refer-
ence when constructing the graphs to make the effects of temperature on
them clearer. n and n; refer to the total number of octahedral sites (8 sites
—Fig. 1 (a)) and the number of Sn cations in the cluster j. In Equation (2),
x;j accounts for the cluster class probability, which is calculated as [43]
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being p = 1/kgT, kg is the Boltzmann constant, T is the temperature, g is
the degeneracy factor of j-th class and 7 is a parameter related to the
constraint Y ;xj(x, T)n; = nx. For APD, we also computed the polymorph
probabilities as xx = Y vjek; — considering k = a®a°a’, a®"b", % b,
a*a a" ora a'a - by summing over all clusters related to the corre-
sponding k-th polymorph. Following this, the mixing entropy is defined
as

AS =

N [xlnx + (1

x)n(1  x)] MkgDgy(x;

x7) 5)

in which N is the total number of cuboctahedral sites in the solid solu-
tion, and M is the total number of clusters in the alloy. Dx;, (xj’ ‘x}’) is the

Kullback-Leibler (KL) divergence between the distributions {x;} and
{x]‘?}, which is defined by [48]

Z xln ( > )

with x) = gx%(1 x)" " being the probability distribution for the j-th
cluster in a regular solid solution, with the proper normalization to ac-
count for the number of polymorphs considered in the respective ther-
modynamic ensemble [38,41]. Previous works suggests that this
expression is sufficient for calculating the thermodynamic properties of
MHP alloys in good accordance with experiments [28,29,42,44], while

Dy ( X; x

for other systems, vibrational contributions could affect their stability
and, if this happens, they should also be included in the entropic con-
tributions. Based on the expression of AF, T-x phase diagrams were
constructed by calculating the spinodal and binodal lines, as described
below.

Through the Connolly-Williams method [41,49], electronic and
structural properties (P) of the alloy were calculated as a weighted
average over the respective properties from the clusters (P;)

Zx] x,T)P, ()

P(x,T) =

with P(x, T) standing for lattice parameters (a, b and c), Pb-I distances,
Pb-I-Pb angles, gap energies (Eg), among others. Furthermore, we also
computed the statistical errors associated with fluctuations around the
average values using the expression

7 1/2
= :I:{ > % TP P, T)2} ®
j=1

2.2. The T-x phase diagram

The isobaric T-x phase diagrams reveal, for a range of temperatures,
the compositions at which a mixture of CsSnlz and CsPblg MHPs is ex-
pected to undergo phase segregation, metastability, or a complete sol-
ubilization, revealing the critical temperature (T,) above which it will be
stable as a random alloy for any value of x [50]. Within the region
delineated by the binodal curve, calculated through the condition

oF oF
E (xzu T) = a (xb7 T) (9)

phase segregation is thermodynamically favored, and the corresponding
compositions of these segregated phases are given by x, and xy,
respectively. However, even in this region, the alloy can show meta-
stability against small local fluctuations in composition, as expressed by
the spinodal curve [51]. The spinodal is calculated from the condition
o°F oF

S 1) =S5 (5, T) = (10)



indicating the metastability limit of the alloy at compositions x = x, and
x = x’b. Thus, a complete miscibility gap is expected in the compositions
range x, < X < X;, where mixing between CsSnl3 and CsPbl3 — at tem-
perature T — is completely unfavorable.

2.3. DFT calculations

The total energy calculations and structural optimization relied on
the density functional theory (DFT) [52,53], wusing the
Perdew-Burke-Ernzerhof (PBE) [54] semilocal approximation for the
exchange-correlation (XC) functional [55,56]. To solve the Kohn-Sham
(KS) equations, we employed the projector augmented-wave method
(PAW) [57], as implemented in the Vienna Ab initio Simulation Package
(VASP). The valence states were treated within a scalar-relativistic (SR)
approximation, which included SOC, while fully relativistic calculations
accounted for the core states. The plane waves used within the PAW
method were expanded up to a cutoff energy of 430 eV, and the
following configurations were explicitly considered for the valence
electrons: Cs (532, 5p6, 631), Pb (532, 5d10, 652, 6p2), Sn (4d10, 552, 5p2)
and I (552, 5p5). The Brillouin zone (BZ) of our 2 x 2 x 2 SC expansions
was sampled by a 4 x 4 x 4I'-centered grid of k points. For the clusters
with a®a®a® configuration, the lattice constants, stress tensors, and ions
positions were fully optimized. For the other polymorphs, the lattice
parameters were kept fixed at the a’a®a® optimum values, and only their
respective ion positions were reoptimized. The total energy convergence
criterion was set as 1.0 x 10 ° eV and the Hellmann-Feynman forces
were relaxed until their values were less than 0.010 eV A ! on every
atom.

2.4. Gap energies from DFT-1/2 quasiparticle correction

The gap energies (Eg) were computed by employing the approxi-
mated QP correction named DFT-1/2 [58,59]. It is inspired by Slater’s
half-occupation technique [58,60] and is founded on Janak’s theorem
[61], which demonstrates that the orbital’s energy eigenvalue with
half-occupation equals the electron’s ionization potential. The latter is
calculated through a modified KS potential (Vmed,xs(r)), obtained by
subtracting the self-energy potential (Vg(r)) from the standard KS po-
tential (Vis(1)), i.e. Vinoq,ks(r) = Vks(r)  Vs(x). In such expression, Vs(r)
is acquired from the KS potentials associated with neutral (Vy(r)) and
half-ionized atoms (V.1,2(r)), with ionization performed from the 5p
orbital of I [31,32]. Thus, Vs(r) = ©(r, CUT)[Vo(r)  V.1,2(r)], where
O(r, CUT) is a step function introduced to prevent the potential inter-
penetration between neighbor atoms, whose optimal value of CUT
parameter is determined through the maximization of the Eg values
without empirical inferences [33]. Details about this variational pro-
cedure for CsPbls and CsSnl3 MHPs can be accessed in Section III of the
Supporting Information (Figure S3). From this analysis, we determined
that the CUT values for these compounds were 3.82 ay and 3.61 ag,
respectively, from which the CUT parameter for CsPb; ,Sn,l3 is 3.72 ag
[29].

2.5. PCE from the spectroscopy limited maximum efficiency (SLME)
model

We used the spectroscopy limited maximum efficiency (SLME) model
[62] to compute the power conversion efficiency (PCE) of CsPb; ,Sn,l3
as a function of its composition, considering the MHP thickness [ =1 ym
and T = 300 K. This model represents an advancement over the
Shockley-Queisser (SQ) one [63], as it incorporates the film thickness (1)
and the specific material’s absorption coefficient (a(w)). Detailed in-
formation about the model can be found in Section IV of Supporting
Information.

To calculate the absorption coefficient (ej(w)) of each j expanding the
polymorphs representing the CsPb; 4Snyls alloy, we also employed the

DFT-1/2 QP correction with SOC, i.e. DFT-1/2+SOC. The expression
[64,65]

a;(w) = @[

1/2

ey (@) + 6y (@) enes(@)]

was used, with 7w being the photon energy, ¢ denotes the speed of light
in vacuum, eg.j() is the real part, and ¢p, j(@) the imaginary part of the
dielectric function. eyj(w) was calculated using the random phase
approximation (RPA) [66], while eg.j(w) was obtained via the
Kramers-Kronig transformation [67]. Following this, the absorption
coefficient for alloy was obtained as a GQCA average over its respective
ensemble, i.e. a(w; x, T) = > vxj(x, TDaj(w) [29], using the cluster’s total
absorption coefficient by taking the x, y and z components of the
dielectric tensor [68].

3. Results and discussion
3.1. Structural Properties

To understand the impact of mixing Pb and Sn cations on the
structural behavior of CsPb; ,Sn,l3, we start our discussion by
analyzing its lattice parameter as a function of composition at room
temperature. The averaged values calculated at T = 300 K for the a®a’a®
polymorph are presented in Fig. 2 as a continuous curve, while those
calculated for the clusters (j’s) representing the alloy are shown as
scatter plots. Their numerical values can be accessed in Supporting In-
formation (Table S2), whereas the averages calculated from the statis-
tical distributions (x;) associated with the other Glazer’s configurations
are available in Figure S4.

The calculated lattice parameters for the pristine CsPbl3 (6.39 A) and
CsSnls (6.28 A) are in excellent agreement with the experimental reports
(6.29 A and 6.22 A, respectively) [69-72] showing percent deviations
smaller than 2 % for both compounds. In addition, the lattice constants
approximately follow the Vegard’s law [73], in which a value would
decrease linearly with the tin content, correlating with the atomic radius
of Sn (0.97 A), which is approximately 5.8 % smaller than that of Pb
(1.03 A) [20,21].

The local structure of CsPb,Sn; ,I3 polymorphs was characterized by
the B - I distances and B-I-B angles calculated for the alloy in all Glazer’s
configurations, whose results are shown in Fig. 3. By comparing the data
from panels (b) and (c), we observed greater intervals covered by the
highest and lowest B - I distances for a’»*b" configuration at both 0 K
and 300 K, pointing to a suppressive effect that out-of-phase rotations in
a® b* have on the B metal off-center displacements for the analyzed
solid solution. This effect is further confirmed by the observations in
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Fig. 2. Lattice parameter (a) calculated for the clusters (scatter) expanding the
CsPb; _,Sn,I3 alloys and its average value (solid orange line, 300 K) within the

GQCA for a®a®a® polymorph. The standard deviation of averaged values is
indicated as a shaded orange region.
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Fig. 3. Structural parameters calculated for clusters (scatter) and their average at 300 K calculated as a function of composition (x) for (a,f) a’a’a®, (b,g) a®b b, (c,

h) a® b7, (d,i) a"a"a", and (e,j) a"a"a” polymorph of the CsPb;_,Sn,I; alloy.

panels (d) and (e), which suggest that structural motif tends to be similar
to those of a’a’a’ polymorph in panel (a), where it occurs mainly due to
the mismatch between the Pb and Sn atomic radii occupying different B
sites at the BI; sublattice. However, since such rotations improve the
coordination environment of Cs by I, the smallest B - I distance increases
even for the CsPbl3 (CsSnl3) pristine compound following 3.19 A — 3.27
A (3.14 A > 3.19 A) in the sequence a°a®a® - a% bt - a*a a" -
a ata (see Tables S3-S7).

To detail how the chemical identity of B impacts deformations within
its first coordination sphere, we calculated the length-distortion

dix  dagk| [74,75]. Here, djk is

the i-th neareast neighbor B - I distance associated with the k-th Blg
octahedron (B = Sn or Pb) in the j-th cluster expanding the alloy, while
daygk is the average value of djx in the k-th octahedron. For each j
containing N octahedrons in the SC, we computed the average value
through @ = Zled; /N, making the GQCA averages (7) over ¢ through
Equation (7) at 300 K, as plotted in Fig. 4.

For the a®a®a® polymorph, Z values reveal the Pblg octahedra are
more distorted at lower Sn contents, which arises from the mismatch in
radii between Sn and Pb cations. Nevertheless, this effect becomes
balanced at x = 0.50, where the Pblg and Snlg octahedra exhibit nearly
equal distortion. At this composition, the distortion trends are reversed,
with Snlg becoming more distorted than Pble. Thus, since this poly-
morph does not show octahedral rotations, the primary factor influ-
encing the B off-center displacements in the alloy is the disparity in
cation sizes. This is particularly significant because in pristine CsBI3
materials, this structural motif is absent. Consequently, even in this
high-symmetry alloy, structural motifs with low symmetry regarding the

parameter ({), expressed as CJ,; = Zle

Pm3m space group would be expected, revealing the mechanism of B-
cation mixing as an additional factor contributing to the complex
structural polymorphism observed in MHP-based materials.

The data presented in panels (b) and (c) allow to differentiate the
effect of in-phase/out-of-phase rotations on the distortion of Blg octa-
hedra. It is evident that the out-of-phase rotations around the b-axis lead
to more platonic octahedra compared to their in-phase counterparts, i.e.
£(a®b b*) < {(a®b*b™T). Furthermore, the Snlg octahedra are even more
affected by the a®b*b* Glazer’s patterns, exhibiting approximately 59 %
more distortion than their Pb-based counterparts in the 0.10 < x < 0.90
compositions range. Since Sn can express stereochemically active ns?
lone pairs in MHPs [76-78], the orientation of these pairs would tend to
result in lesser octahedral distortions when out-of-phase rotations are
present. When compared to a®a®a® in panel (a), a®* 'b* Glazer’s
patterns show distortions even in the CsBI3 pure MHPs. This observation
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Fig. 4. Length-distortion parameter averaged over all Blg octahedrons ({),
calculated at 300 K for (a) a®a®a®, (b) a®bb™, (¢) a®b*b", (d) a*a"a*, and (e)
a a*a” polymorphs of the CsPb;_,Sn,I5 alloy.



underscores the role of such rotations in controlling the transition from
platonic to distorted geometry for the octahedra in MHPs, which can
directly impact their thermodynamic stability, as discussed below.
When analyzing the polymorphs with rotations around all three SC
axes, i.e. a'a a’ and a a*a , we verify that the presence of a third
rotation axis consistently exerts a suppressive effect on the octahedral
distortion in comparison with the vt )b*. However, panel (e) reveals
that when two out-of-phase rotations occur in thea a‘a configuration,
they distort the Pblg octahedrons more significantly than Snlg only when
x < 0.30. In the a*a a' polymorph, two a* rotations always culminate
in g, > Cppy, for x > 0.10, which confirms the earlier analysis indi-
cating that in-phase rotations favor Snlg distortions over those of Pblg.

3.2. Thermodynamic and Phase Stability

Energetic favorability of mixing CsPbI3 and CsSnl; was quantified by
calculating the AU(x, T) values for each polymorph using Equation (2).
The results are shown in Fig. 5, with the respective clusters’ excess en-
ergies presented as unfilled symbols.

In a®a®a’ isostructural limit of alloy, most js configurations presented
positive excess energies, indicating that mixing between CsSnl3 and
CsPbI3 to form a highly symmetric alloy is usually unfavorable at low T.
Indeed, at x = 0.5A¢; < 0 was observed, indicating a tendency for alloy’s
ordering in the ABBABAAB configuration. In this configuration, stability
is achieved with Snlg and Pblg octahedra being intercalated, as repre-
sented in Figure S5. This ordering is expected to persist up to tempera-
tures about 40 K, above which an alloy with B-sites randomly occupied
is expected, as supported by the KL divergence in Figure S6. Similar
findings are verified for the a®*b" polymorph near x = 0.10. Still, the
maximum KL value at T = 0 K indicates that the probability distribution
from GQCA differs to a lesser extent from the distribution corresponding
to a random alloy in comparison with a®a®a® at x = 0.50.

Interestingly, all isostructural polymorphs with at least two Glazer’s
rotations present Ag; < 0 at x = 0.125 for AAAAAAAB ordering (Fig-
ure S5), with values ranging between 0.17 and 20.60 mev/cation.
This indicates that, in the presence of octahedral rotations, stability is
achieved with the Sn cation being fully embedded in a matrix rich in Pb,
thereby mitigating the initial strain caused by the incorporation of
smaller Sn into the BI; sublattice.

Describing the thermodynamic MHP alloys only based on their iso-
structural Glazer’s pattern is limiting. When considering all polymorphs
forming a single ensemble in Fig. 5 (f), i.e. the APD statistics, we found
that as T increases from 100-800 K, even the pristine CsBIg compounds
began to have more polymorphic degrees of freedom in their ionic
networks, with the a’a®a® contributions increasing at the higher en-
ergies. Among the polymorphs analyzed here, Fig. 6 shows that the one
contributing most to CsBI3 pristine compounds at room temperature (T
=300K)isa a’a ,with the probabilities of a®a°a® ranging from 0.05 to
0.20 only when T is about 800 K.

Under conditions of constant pressure and temperature, the stability
of CsPb; ,SnI3 against phase segregation is analyzed through its free
energy of mixing. In addition to energetic contribution described above,
important configurational entropy effects are also considered (Equation
(1)). The results obtained from GQCA approach for APD are presented in
Fig. 7. Here, AF values are reported regarding the stablest polymorphic
contribution from the CsBIz pristine MHPs, i.e. a a*a . Discussions
about the AF profiles calculated for isostructural Glazer’s polymorphs,
although they are limited, can be found in the Supporting Information
(Figure S7), with the corresponding entropic contributions available in
Figure S8.

Following the convex hull formalism [79-82], AF profiles in Fig. 7
evidence a favorable mixing of CsPblz and CsSnl3 compounds in the
100 K < T < 800 K temperatures range since all curves are below the
straight line connecting these compounds in their metastable structures
at T > 0 K. In addition, these metastable structures change differently for

Sn and Pb-based pristine MHPs, because of higher differences in Ag;
between CsPbl3 polymorphs in comparison with CsSnlz ones (Fig. 5
((e).

To verify how polymorphic contributions affect the stability and
metastability of CsPb; ,Sn,I3 against phase segregation as a function of
composition and temperature, we computed their T-x phase diagrams
from the respective free energy profiles, as exhibited in Fig. 8. In iso-
structural limit, where the alloy presents only one Glazer’s pattern
regarding its BI; sublattice, we found critical temperatures usually in
the range of 20-38 K, except for a’h b presenting T, ~ 330 K. Above T,
the alloy is stable as a solid solution for all x values, while below it, phase
segregation is thermodynamically favored within the region enclosed by
the binodal line [41].

When octahedral rotations are absent in the BI; sublattice, i.e. the
alloy is configured as aoaoao, panel (a) reveals the presence of two
miscibility gaps around x = 0.50, located between 0.02 < x < 0.44 and
0.53 < x < 0.97 at T = 20 K, respectively. At x = 0.50, a°a®a° alloy
would tend to order in an ABBABAAB pattern when T is reduced, in
accordance with Figures S6 and S9 in Supporting Information. However,
since the clusters associated with this polymorph contribute less pro-
nouncedly to properties of the alloy when APD is considered (Fig. 6), it
does not reflect the phase diagram that would be verified experimentally
when considering polymorphic features of MHPs alloys.

Meanwhile the alloy presents octahedral rotations only along [010]
and [001] directions — which is represented by the a’ b* and a®b*b*
polymorphs — the preference for ABBABAAB ordering at x = 0.50 is lost,
with this composition situated within the miscibility gap regions in
panels (b) and (c). Interestingly a® b* showsa higher T, in comparison
with a® b, although the former has AU < 0 for a larger range of
compositions. Despite many alloys do not present miscibility gaps when
AU < 0, phase segregation can occur [83]. So, in spite of AU > 0 being
found for a®"b" polymorph in the range 0.20 < x < 1.00, its Agj >
0 present smaller magnitudes in comparison with a’ b* ones. When the
temperature is raised, the entropic effects dominate over the energetic
ones for a’*b*, leading to a lower T. value. For a® b™, the x;'s asso-
ciated with Ag; > 0 increase following 5 K — 800 K (Figure S10), which
acts as a driving force for phase segregation, increasing T, and
competing with the stabilization provided by AS contributions.

If octahedral rotations are also presented around the [100] direction
—represented by thea a*a anda’a a’ polymorphs - panel (d) exposes
the opposite effect of in-phase/out-of-phase rotation in stabilization/
destabilization of the alloy in comparison with the two directions rota-
tions in the a®b b* configuration. For a*a a*, the more significant
number of js with A¢; < 0 (Fig. 5 (d)) contributes to the energy stabili-
zation of the alloy and, thus, no miscibility gap was found for this system
for the temperatures range considered. As for the a ata polymorph,
although most js present Ag; > 0 (Fig. 5 (e)), their magnitudes are
smaller than those in a® b" and, thus, the entropic effects dominate
faster over the energetic ones, resulting in a smaller T, in panel (d)
compared to that presented in panel (b).

The effect of considering APD on the phase stability of CsPb; Snyl3
is shown in Fig. 8 (e), which shows a stable solid solution for the entire
temperature range only for 0.00 < x < 0.10. Compared with iso-
structural polymorphs, there is an enlargement of unstable green region,
revealing that cooperation between all polymorphs described above
favors phase segregation for x > 0.10 when T < T.. However, since T is
relatively low, the phase segregation tendency at room temperature —
which would be present in the alloy with a single a® b* pattern - is
mitigated, suggesting that CsPb; Sn,I3 alloy remains a stable solid
solution against phase segregation even at T > 300 K for solar cells
applications.

3.3. Polymorphic effects on the gap energy

The electronic behavior of CsPb; Snyl3 was analyzed by computing
the GQCA average of Eg over a range of compositions for APD. The
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results, obtained through the DFT-1/2+SOC and DFT protocols, are
shown in Fig. 9 (a). The E; values obtained using DFT combined with
SOC (DFT+SO0C) can be accessed in Figure S11, while the numerical Eg
values for all js expanding the alloy are available in Tables S8-S12,
which were direct regarding the k-point in the reciprocal space.

According to Fig. 9 (a), DFT protocol leads to a quasi-linear depen-
dence of Eg over x, with gap energy values for CsPblz (CsSnl3) being
overestimated (underestimated) by about 6.9 % (35.7 %) regarding the
experimental references. This indicates that such a protocol is not suf-
ficient to investigate the dependence of the alloy’s gap energies on the
alloy’s composition. This discrepancy is consistent with previous studies
we carried out on the properties of the polymorphous pure MHPs that
form the CsPb; xSnyl3 system investigated here [32,33]. The presence of
heavy elements such as Pb, Sn, and I in MHPs causes pronounced rela-
tivistic effects on their corresponding electronic structures, which
cannot be neglected when comparing calculated and experimentally
measured data [29,31,85 87]. This is further confirmed by the GQCA
curve obtained via DFT-1/2+SOC procol in panel (a), in which we found
the calculated E; values in excellent agreement with experimental ones,
falling within the statistical errors calculated via the GQCA APD
ensemble for the cubic alloy.

The GQCA curve calculated via DFT-1/2+SOC protocol in panel (a)
reveals a non-linear dependence of Eg over x, known as bandgap bowing
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[29,88,89]. To quantify this effect, we considered the pseudo-parabolic
expression Eg(x) = (1  x)E¢(CsPbl3) + xEg(CsSnl3) + b()x(1  x) [90],
where the bowing parameter b depends on the Sn content in the alloy,
representing an advancement over the constant b approach [91]. The
complete b x dependence is presented in Fig. 9 (b). The same curve
calculated using the DFT protocol is also shown for comparison.

For compositions x > 0.10, the bowing parameter curve in panel (b)
obtained via the DFT-1/2+SOC protocol shows higher b values than
those computed with DFT only. The latter is a result of a nearly non-
linear profile of Eg as a function of x, which is caused by structural
changes in the material as x varies from 0.0 to 1.0 through the poly-
morphic contributions discussed in the structural analysis section. From
Figure S11 (a,b), it can be observed that including SOC leads to a similar
profile for the gap energies and the corresponding bowing parameter
curve. However, the quasiparticle correction DFT-1/2 is essential for
ensuring that the calculated values are comparable with their experi-
mental references. This is because only the SOC inclusion in the
DFT+SO0C protocol culminates in considerably underestimated Eg values
within a slightly flatter b(x) dependence. This discrepancy is pro-
nounced for CsSnlz in comparison with CsPbls since there is a fortuitous
error cancellation due to the stronger relativistic effects related to Pb
[29]. This shows the relevance of using a complete protocol that in-
cludes all necessary relativistic corrections plus polymorphic features
for MHPs electronic structure calculation protocols, which culminates in
an excellent agreement between calculated and the corresponding
experimental reports.

3.4. PCE from SLME model combined with GQCA

The combination of the SLME model with the DFT-1/2+SOC,

allowed us to calculate the PCE values for CsPb; ,Sn,I3 alloy at T =
300 K within the GQCA APD statistics. These results are presented in
Fig. 10, while the absorption coefficient calculated at x = 0.45, corre-
sponding to the minimum of AF(x, 300 K) in a convex hull-like
perspective, is available in Figure S12. PCE values calculated for other
temperatures (100 K, 500 K, 800 K) can be found in Figure S13.

The curve in Fig. 10 reveals that the PCE values computed for
CsPb; »Sn,l3 generally follow the E; tendencies presented in Fig. 9 (a), i.
e. lower gap energies are related to higher PCEs. However, the highest
PCE (30.72 %) occurs for x = 1.00, corresponding to pure CsSnlg MHP,
rather than x = 0.93, which corresponds to the lowest E; = 1.31 eV. To
attain a complete overview of this, in Fig. 11, we correlated the APD gap
energies and total absorbance as a function of composition at 300 K.
This analysis reveals that the higher PCE of CsSnl3 in comparison with
CsPby ¢7Sno 9313 arises from a compensatory effect between Eg and ),
since CsSnls gap energy is only slightly larger (1.32 eV), while its total
absorbance (17.90 x 10 ecm 1) is greater than that of CsPby 7Sng 93l3
(17.54 x 10° cm 1). Nonetheless, since the pristine tin-based MHP is
more prone to oxidation in air than their Pb-based relative [92-94], the
use of alloy could reduce this tendency while increasing the sought-after
long-term stability of photovoltaic devices [44,95,96]. However, this
must be done in a balanced way, since toxic lead halides are generally
considered potential carcinogens, and excess Pb could cause future
dismantling of such lead-based MHPs in the solar cells market [97-99].
Nonetheless, since there is no miscibility gap at 7> 30 K for the studied
APD alloy (Fig. 8), CsPb; »Sn,I3 emerges as a thermodynamically stable
candidate for solar cell applications across a wide range of operational
conditions compared to its hybrid analog, whose predicted T, = 204 K
by a similar protocol used here would be considerably higher [28].

4. Conclusion

We conducted first-principles calculations combined with a statisti-
cal approach based on the generalized quasichemical approximation to
study the impact of polymorphic features on the electronic properties
and thermodynamic stability of CsPb; ,SnyIs alloys. We found that
while the alloy’s lattice parameter closely adheres to Vegard’s law, in-
phase octahedron rotations tend to distort Snlg ones at the expense of
Pblg octahedrons, which is correlated with the presence of a stereo-
chemically active ns® electronic pair in Sn. Thus, we showed the
importance of polymorphic features in stabilizing the alloy under solar
cells operational conditions, with a’a’a® polymorph contributing mini-
mally compared to the dominanta aa configuration. The inclusion of
all polymorphic degrees in the APD generalized ensemble led to an
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Fig. 10. Calculated power conversion efficiency (PCE) for CsPb;_,Snyls
through APD GQCA statistics via the SLME model, considering the alloy
thickness as 1 ym and T 300 K.
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expanded phase-segregation favored region in the respective T  x
phase diagram, which is compensated by a considerably small critical
temperature evaluated as only 28.8 K. Consequently, despite the slightly
lower PCE of the alloys compared to CsSnls according to the SLME
model, the presence of Pb could mitigate the tendency of Sn-based MHPs
to oxidize in air, favoring the fabrication of long-term stable photovol-
taic devices. In addition, the all-inorganic CsPb; ,Sn,I3 system proved
to be a more promising candidate for this application than its hybrid
analog, given its considerably lower critical temperature. This charac-
teristic enhances its suitability for use in very low-temperature condi-
tions, broadening the operational range of the device and reducing the
risk of instability due to phase segregation and resultant property
degradation. Consequently, these advantages could drive market adop-
tion of solar cells based on this material for deployment in both
extremely hot and extremely cold regions of Earth.
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