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ABSTRACT: Polymorphic effects in mixed-metal halide perovskites (MHP) are critical for
predicting optoelectronic performance, as the high-symmetry cubic phase (Pm3m) alone is insuf-
ficient to explain observed performance. Here, we performed first-principles calculations with an
advanced statistical model to describe the thermodynamic ensembles of CsPb,_ . Sn Cl; and 220/ £
CsPb,_,Sn, Br,, from which the optoelectronic behavior is described through polymorphic contri- o H”& T
butions by integrating an innovative workflow automation within the SimStack framework. We =200 . & o)
employed a generalized quasichemical approximation (GQCA) approach to perform a weighted ’-”%1_80 ‘oY
contribution of different polymorphic degrees based on symmetry breaking to confer a more real-

istic description for the alloys, predominantly driven by distortions and rotations of the octahedra  1.60
(e.g., based on Glazer’s notations). We found that power conversion efficiencies at operating tem-
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perature for both materials exhibit maximum performance for x > 0.70, highlighting the value of

~29% for the Br-based alloy, which present advantageous low critical temperatures of approximately 28 K (whereas it is 110 K for
CsPb,_,Sn CL,). Therefore, mixing Sn and Pb as MHP alloys preserves high PCE values and mitigates the oxidation tendency of
Sn-based MHPs in air, supporting the development of long-term stable photovoltaic devices.

KEYWORDS: metal halide perovskites, all-inorganic perovskite alloys, generalized quasichemical approximation, density functional theory,

DFT-1/2, polymorphic degrees

1. INTRODUCTION

The development of metal halide perovskites (MHPs) for
photovoltaic applications has led to a significant focus on
enhancing their stability without compromising efficiency, a pri-
mary research challenge in the field."” The hybrid MHPs have
been the focus of attention for their high power conversion effi-
ciencies (PCE), which have been shown to exceed 26% for
FAPbI, single-junction solar cells (SCs),” comparable to other
photovoltaic technologies, such as crystalline silicon and
GaAs.*® However, stability issues related to organic cations in
MHPs — attributable to their hygroscopic and volatile character-
istics — remain a critical obstacle in the development of long-
lasting SCs, whereas all-inorganic MHPs implies an additional
complexity due to the impact of the structural polymor-
phism.éf10 Therefore, an important question emerges: how to
perform a modeling in which relativistic contributions for the
electronic description and polymorphic degree in mesoscale
are simultaneously included to predict thermodynamic stability
and PCE from a more realistic approach?

Mixture of metals in all-inorganic Cs-based MHPs has been
proposed to the detriment of the single metal compositions,
in particular, based on mitigating the quantities of toxic Pb"'
in the material manufacturing at the same time allowing easy
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control of their physical-chemical properties.”” Sn-based alloys
are promising candidates due to the similar atomic radius and
oxidation states of Sn and Pb, which favor stable compound for-
mation.'” In this context, Sn-based compounds, such as
CsSnX;, exhibit smaller band gaps than their Pb counterparts,
promoting a redshift in optical absorption and improving pho-
tovoltaic efficiency. However, understanding the impact of the
mixed-Sn/Pb on the photovoltaic performance and thermody-
namic stability at atomic scale based on polymorphic contribu-
tions is not trivial, being of central relevance in material design
for photovoltaic applications.

For instance, the polymorphic nature of inorganic MHPs
(e.g, metal off-center displacements within the octahedra,
second-order Jahn-Teller distortions and their octahedra rota-
tions, or positional disorder of cations at cavity sites) manifests
at the local structural level, which is not always captured by
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conventional X-ray diffraction techniques, given that they inher-
ently probe average crystal structures over long coherence
lengths.'>'* Although advanced scattering methods (e.g., dif-
fuse scattering, EXAFS) can provide local structural informa-
tion,">'® resolving coexisting polymorphic states in alloys
remains particularly challenging, especially as both the halide
and metal compositions are varied simultaneously.
Consequently, it is imperative to incorporate this behavior
through appropriate theoretical protocols, weighing the contri-
bution of each relevant polymorphic pattern to construct a
physically meaningful description of the system.”'”'®

In this study, the thermodynamic and optoelectronic proper-
ties of CsPb,_ Sn X, alloys (X = Cl, Br) are examined through
building up a statistical ensemble of the alloys based on different
contributions of polymorphic patterns. We have developed a
workflow implementation within the SimStack framework to
perform first principle calculations based on the density func-
tional theory (DFT),”'**' enabling efficient and systematic
streamlining of high-throughput computational data processing.
We built up the concept of all-polymorphic degrees (APD) as a
generalized ensemble, which was able to provide precise
descriptions of the properties of a given polymorphic patterns.
Here, we have demonstrated that employing CI and Br as
halides in the composition implies the possibility of more
distorted octahedrons.

2. COMPUTATIONAL AND THEORETICAL METHODS

2.1. Automation Method through the SimStack
Framework

In order to investigate the average properties of CsPb,_ Sn Cl,
and CsPb,_ Sn Br; polymorphic structures, alloys ensemble
configurations were created through supercell expansion of
the Pm3m cubic structure. Through this expansion, as illus-
trated in Figure 1a, eight corresponding exchange sites were cre-
ated to form the clusters expanding the alloys. The structured
input is processed through an automated computational work-
flow implemented within the SimStack Framework,”' which is
summarized through its interface, as represented in Figure 1b,
systematically coordinating the entire calculation pipeline. The
raw data generation processes use the Workflow Active Nodes
(WaNos), which standardize the sequence of computational
steps and manage complex tasks like high-performance comput-
ing (HPC) connectivity and data retrieval. Additionally, a Colab
notebook facilitates the extraction of average properties across
the MHP alloys ensemble. This implementation is available
on GitHub (https://github.com/KIT-Workflows/TMD-Alloy).

Below, we describe and show our automated workflow
designed to determine average thermodynamic and optoelec-
tronic properties for a statistical ensemble of polymorphic
CsPb, ,Sn X, (X = Cl and Br) alloys:

(1) SOD-2022: the SOD WaNo generates non-equivalent
configurations through symmetry operations on the corre-
sponding structure.”” These configurations — known as clusters
— form the alloy’s statistical ensemble and are used to calculate
its thermodynamic and optoelectronic properties as a function
of composition. This protocol has been successfully used in sev-
eral MHPs studies, demonstrating that each cluster remains sta-
tistically and energetically independent regarding the others.”**
Here, we construct the clusters through a 2 X 2 X 2 supercell,
forming eight octahedral sites (Figure la) and systematically
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replacing Pb with Sn, resulting in 28 = 256 configurations.
Using SOD, we obtained 22 classes (J, with g; as the degeneracy
factor from which the 256 configurations are reduced) of the
CsPb,_,Sn X, alloys.

In these configurations, A designates the Pb sites and B the
exchange for Sn metal through the sequence 12345678, thereby
identifying the sites as AAAAAAAA, BAAAAAAA, ABBAAAAA,
etc. As an example of an exchange, Figure lc shows n =4,
which has six non-equivalent positions with their respective
classes (j) and degeneracy factors (g]) configurations that are
used for the representation of the statistical ensemble. Non-
equivalent structures, as well as their respective degeneracy fac-
tors, are shown in Figure S1 of the Supplementary Materials.
Given the broad representativeness of the sample, the statistical
significance of the sampling is evident in the context of treat-
ment with the GQCA method.

(2) Mult-It: this WaNo promotes data generation and com-
pilation within the workflow.>" It results in lists of floating-point
and integer numbers, concurrently with the reading of lists of
filenames from *.tar files. Thus, data preparation is seamlessly
passed to UnpackMol WaNo within the ForEach loop control,
further improving workflow efficiency.

(3) UnpackMol: unpack SOD-2022 configuration files, mak-
ing them available for further processing by DFT-VASP WaNo.
It is fully integrated into the SimStack framework and runs
within the ForEach loop control to efficiently process multiple
configurations. This data preparation automation provides a
smooth, optimized path from SOD-2022 output to
DFT-VASP WaNo input, playing a key role in our workflow
by streamlining data preparation for DFT calculations.

(4) DFT-VASP: it is a computational tool that facilitates the
total energy and structural optimization of the CsPb,_ Sn Cl,
and CsPb,_ . Sn Br; in ab initio computational calculations
relied on the density functional theory (DFT) ***° approach,
using the Perdew-Burke-Ernzerhof (PBE) *° exchange—correla-
tion (XC) functional. To solve the Kohn-Sham equations, we
employed the projector-augmented plane wave (PAW) *7
method, implemented in the Vienna Ab initio Simulation
Package (VASP),*** in which fully relativistic calculations
describe the core states. Furthermore, the valence states were
treated with spin-orbit coupling (SOC) using a scalar-
relativistic approximation.

The plane waves used within the PAW method were
expanded up to a cutoff energy of 430 eV, considering the
explicit configurations of the valence electrons: Cs (5¢%, 5p6,
6s'), Pb (552, 5d'°, 652, 6p*), Sn (4d'°, Ss% Sp*), Cl (3s% 3p°),
and Br (4s%, 4p°). The Brillouin zone integration was performed
considering a k—mesh of 4 X 4 X 4 I'-centered grid of k points.
The lattice constants, stress tensors, and ions positions were
thoroughly optimized. The criterion for convergence of total
energy in all polymorphic structures was defined as 1.0 X 107
eV and the Hellmann-Feynman forces were relaxed until their
values were less than 0.010 eV A™" in each atom.

(4.1) Gap energies from DFT-1/2 quasiparticle correc-
tion: The gap energies (Eg) were computed by employing the
DFT-1/2 correction.*”*! This correction is inspired by Slater’s
half-occupation technique,*”** being grounded in Janak’s theo-
rem,>® which demonstrates that the orbital’s energy eigenvalue
with half-occupation equals the electron’s ionization potential.
This is accounted for through a modified KS potential
(Vinoaxs(r)), which is obtained by subtracting the self-energy
potential (V(r)) from the standard KS potential (Vi(r)),
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Figure 1. Representation of (a) super cell expansion of a cubic unit cell to form the cluster configurations expanding the CsPb,_ Sn X alloys and
schematic representation of the Glazer’s notation, in which superscripts 0, —, and + indicate, respectively, no rotation, out-of-phase, and in-phase rota-
tion around the m (= a, b or ¢) axis along the viewing direction; (b) the SimStack framework that integrating several WaNos: (1) SOD-2022,
(2) Mult-It, (3) UnpackMol, (4) DFT-VASP, (5) DB-generator, and (6) GQCA via Colab notebook; and (c) example of the substitution of
4 Pb — Sn of 6 classes (j) and its degeneracy factor (gl) Octahedra in blue contain Pb at the center site, while the red octahedra contain Sn. In these
classes, Pb is represented by A and Sn by B, according to the 12345678 sequence of site occupations.

ie, Vioaxs(t) = Vig(r) — Vg(r). In such expression, V(r) is
acquired from the KS potentials associated with neutral
(V,(r)) and half-ionized atoms (V_, ,(r)), with ionization per-
formed from the 3p and 4p orbitals of pure compositions of Cl
and Br, respectively, applied in different polymorphic configura-
tions. Therefore, Vy(r) = O(r, CUT)[V,(r) — V_, ,(r)], where
O(r, CUT) is a step function introduced to prevent the poten-
tial interpenetration between neighbor atoms, whose optimal
value of CUT parameter is determined through the maximiza-
tion of the E, values without experimental parameters. For the
purposes of this study, CUT values of 3.1 a, were employed
for CsPb,_,Sn Cl;, and 3.3 a, for CsPb,_ Sn Br,. Details about
this variational procedure for CsPbCl;, CsPbBr,, CsSnCl, and
CsSnBr; MHPs can be accessed in the Figure S2 in
Supplementary Materials.

(42) PCE from the spectroscopy limited maximum
efficiency (SLME) model: To evaluate the photovoltaic
efficiency of CsPb,_,Sn X, alloys as a function of composition,
the Spectroscopic Limited Maximum Efficiency (SLME) model
was employed.** To simulate in operando conditions, the mate-
rial thickness was fixed at | = 1 pm and the temperature at T =
300 K. The SLME approach offers a more comprehensive
framework than the standard Shockley-Queisser (SQ) model,*
as it explicitly incorporates the material’s finite thickness (/) and
its energy-dependent optical absorption coefficient (a(w)).

For the calculation of the optical absorption coeflicient
(a(w)), each expanded j of the represented polymorphs of
the CsPb,_ . Sn X, alloys was considered, using the gap cor-
rected by DFT-1/2 with SOC. It was used the expression ***’

V2w

4

(@)= Y2 [, ey (@) + ety @)ers(@)]

with @ being the photon energy, c represents the speed of light
in vacuum, €, (@) is the real part, and ey, (@) the imaginary
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part of the dielectric function. €y, (@) was computed within
the random phase approximation (RPA),** whereas ey, (@)
was obtained through the Kramers—Kronig transformation.*
The alloys” absorption coefficients were then evaluated as the
GQCA ensemble average, ie, a(wx, T) = zjx].(x, T)
aj(a)),40’41 where the cluster absorption coeflicient was derived
from the x, y, and z components of the dielectric tensor.**

(5) DB-Generator: automates the generation of YAML files
with degeneracy factors and total energies from ab initio calcu-
lations. These files feed directly into a Colab notebook, enabling
the construction of alloy phase diagrams and the evaluation of
their thermodynamic properties.

(6) GQCA via Colab notebook: the statistical ensembles of
the CsPb,_Sn X, (X = Cl or Br) alloys were constructed based
on the GQCA formalism. By considering the CsBX; (B = Sn,
Pb, and X = Cl or Br) MHPs as polymorphous networks, dis-
tortions from the ideal Pm3m structure were allowed to occur
in the alloys. This primarily included B metal off-center dis-
placements within octahedra,'® positional rearrangements of
Cs ions within the cuboctahedral cavities,*> and octahedra rota-
tions.* The latter was denoted through the Glazer’s notation.*®
In this notation, strings are associated with the magnitude (a, b
or ¢), and superscripts with the relative orientation (a° for no
rotation, a* for in-phase rotation, and a~ for out-of-phase rota-
tion) of the octahedral tilts along each crystallographic axis.
When the rotation magnitudes differ between axes, a new letter
is introduced to distinguish these degrees of freedom. For
example, in a®b b, the letter b indicates a rotation magnitude
on the b and ¢ axes different from that on a. This notation is
schematized in Figure la and detailed in Figure S3 in
Supplementary Materials.

To assess the impact of Glazer’s patterns on the structural
and electronic properties of the alloys investigated here, we
initially selected five Glazer’s patterns to configure the clusters
expanding the alloy: a°a°a® (monomorphic Pm3m structure),
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a®bb™, a°b", ataa™ and a ata". This selection was based
on our previous studies regarding MHPs as polymorphous
networks. As shown in previous work by our group,®'**47
polymorphic structures are energetically more stable than the
unrotated cubic pattern a®a’a’, and the APD ensemble was
constructed to encompass both lower energy configurations,
a®b*b* and @b b*, and structurally distinct alternating pat-
terns, a*a a" and a a*a”, ensuring a more representative sam-
pling of the material’s phase space. To consider the possibility
of all these polymorphs in the alloys simultaneously, we con-
structed a generalized ensemble containing clusters from all
structures (110 per halide’s composition) termed the all poly-
morphic degrees (APD) ensemble. Thus, APD ensemble is
constructed by considering a°a®a® + a°b*b* + 2% bt +
ataa* + a aa. This generalized ensemble approach was
previously used to describe heterostructural alloys*® and also
CsPb,_,Sn_I,,*° being used here to expand CsPb, Sn X, into
the cubic structure, considering various possibilities of struc-
tural motifs that may be present in their polymorphic
networks.®'3

From the g obtained by the SOD-2022 Wanos, associated
with the equivalent structures, and excess energy:

I’l—f’lj I’lj
Ag;=E~ — Ecspbx,— " Ecsnx, (1)

with Ag; being named the excess energy of the j-th class, the
occurrence probability x; was estimated by minimizing
the Helmholtz free energy: A_, F(x, T) = A_, U(x, T) —
TA, . S(x, T), where the internal energy is given A, U(x, T)
=Y ._Jx(x, T)A¢, and the entropy term is derived from the
Kullback-Leibler (KL) divergence between the alloy’s probabil-
ity distribution and that of a regular solid solution. With respect
to the APD dataset, these energies represent the excess energy
of each configuration relative to the most stable structures, as
determined by the convex hull approach.*~>* The KL diver-
gence and details of all the equations and their definitions are
available and discussed in Figure S4 of Supplementary
Materials.

3. RESULTS

3.1. Structural Properties and Thermodynamic Behavior of
Alloys

The calculated lattice parameters for the CsPb,_ Sn Cl; and
CsPb,_,Sn Br, alloys demonstrate a excellent agreement with
experimental findings, exhibiting a maximum deviation of
approximately 2%.°>>* These parameters follow Vegard’s law
closely™ within the a®°a° polymorph, characterized by a linear
decrease driven by the reduced radius of Sn compared to Pb.
Deviations in lower-symmetry polymorphs are attributed to
structural distortions, resulting in anisotropy (particularly in
a®b*b* and a°bb") and subtle alterations in b and c. In this
region, the bond lengths of the B—X type exhibit a comparable
variation in accordance with composition. The numerical
values, as well as the graphical representation of the variation
of a, b, and ¢ with composition, are presented in Figure SS
and Tables S2—-S11 in the Supplementary Materials.

In order to observe the impact of composition and poly-
morphs on the local structure, the B—Cl (B-Br) distances and
B—CI-B (B-Br-B) angles were characterized for the alloys in
all Glazer’s configurations, whose results are shown in
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Figure 2, their numerical values are presented in Tables S12-S21
in the Supplementary material. The distinct atomic radii of
Pb and Sn occupying the B sites of the BX>~ sublattice intro-
duce a size mismatch that tends to increase lattice distortions
upon Sn incorporation. By comparing the data from CsPb,_
Sn,Cl; (panels a—e) and CsPb, Sn Br, (panels k—o), the
polymorphic patterns exhibit a similar behavior in the B—X
bond lengths regardless of the halide species. The panels
(b) and (c) ((1) and (m)) show the greater intervals covered
by the highest and the lowest B—X distances for configuration
at both 0 and 300 K. Notably, the polymorph a’b*b* exhibits
a stronger tendency towards metal decentralization (metal off-
centering profile), driven by the stereochemically active lone
pair of Sn.>® This tendency towards metal off-centering is
identified as a stabilizing mechanism for these compounds, as
pointed out in previous studies.® As the out-of-phase poly-
morph, a’bb" (c and m) and ata a* (e and t), is analyzed,
it is possible to observe the suppressive effect of the off-
center metal on B site. The out-of-phase rotations effectively
counteract the distortions introduced by Sn incorporation
and leading to a more regular coordination environment.
The effect, confirmed by the observations of structural motifs,
tends to be similar to those of the a°a°a® polymorph in panels
(a, k). Furthermore, the larger atomic radius of Pb relative to
Sn expands the effective cavity size within the lattice,'* while
the polymorphic diversity provides an improved coordination
site with reduced lattice strain.

With regard to the bond angles, a contrasting trend is
observed in the presence of Cl or Br in the solid solution. For
the CsPb,_ Sn CI, alloys, the alternation of the in-phase/no-
rotation < out-of-phase < in-phase configurations shows an
abrupt decline in symmetry as the Sn metal is incorporated into
the lattice, as evidenced in panels (h) and (j). Among the con-
figurations examined, those exhibiting in-phase rotations, partic-
ularly a*a a*, display the lowest overall lattice symmetry,
consistent with the reduced point-group symmetry expected
for such tilt patterns. The observed behavior can be attributed
to the CI atom’s radius relative to the metallic sites. The incor-
poration of small halides into the crystal lattice increases the
sensitivity of the octahedral rotations, generating a symmetry
break in the angles and deviating from the symmetry patterns
of the polymorphic structures. These results are not observed
in Br alloys, as well as in I alloys,*® which reinforces the role
of atomic radii in governing the structural response of the lattice
to compositional changes.

To evaluate the energetic favorability of alloying in the
CsPb,_,Sn,Cl; and CsPb,_ Sn Br, systems, we quantified the
internal energy of mixing, A, U(x, T), employing an APD sta-
tistical ensemble. As illustrated in Figure 3, the mixing energy
data reveal the excess energy of each configuration relative to
the ground-state pure compounds. The discrete energetic con-
tributions of individual clusters are represented by open sym-
bols, providing a granular view of the configurational
landscape and the competing interactions governing the stabil-
ity of the solid solution.

At T = 0 K, most j configurations exhibited positive excess
energies, with the mixtures between CsSnX; and CsPbX, reach-
ing the lowest excess energies in the polymorphic alloys, espe-
cially for the a*a a* and aa*a  configurations, which
represent the low symmetry patterns and exhibit greater stabil-
ity due to the better cavity/Cs compatibility. However, those
positive values do not mean that the mixing is unfavorable;

https://doi.org/10.1021/acsaem.6c01421
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Figure 3. Excess energy (scatter) and mixing internal energies (A, U) vs composition (x) at 100-800 K, considering all polymorphic degrees
(APD), for (a) CsPb,_ Sn Cl; and (b) CsPb,_,Sn, Br;. Mixing free energies (A, F) vs x in the same temperature range for (c) and (d), respectively.

rather, they indicate that all configurational contributions
(through entropy) must be considered to verify the energy
favorability of the alloy formation. Noteworthy, at the alloy’s
isostructural limit, denoted as a%%a°, substantial Asj values
were observed, exhibiting a tendency to decrease with

increasing Sn composition for high values of x. The trend differs
from other contributions involving more distorted polymorphic
structures, indicating that the high-symmetry polymorphic pat-
tern is less unstable in the presence of the Pb. Furthermore,
we present the dependence of A_; U(x, T) on temperature.
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To explain the observed behavior, Figure 4 shows the probabil-
ities x; as a function of the composition of all polymorphic con-
tributions. At cryogenic temperatures (30 to 100 K), the
predominant contribution of the polymorphic pattern is
aata” for the pure compositions, both for CsPb,  Sn Cl,
and CsPb,_ Sn Br,. Since these represent the most stable poly-
morphs, their dominant contributions to x, lower the free
energy curves as a function of temperature, thereby enhancing
the thermodynamic stability of the alloys. Moreover, a conver-
gence of other polymorphic structures, with contributions from
Xy, is observed as the temperature increases.

Considering the possibility of miscibility gaps for MHP alloys
at room temperature, the stability regarding the free energy of
mixing (A, ,.F) as a function of temperature was also analyzed,
as shown for the APD configuration in Figure 3. In addition to
the energetic contribution described above, configurational
entropy effects are presented by each isostructural polymorph
in Figure S6 of the Supplementary Materials. The results dem-
onstrate the instability of the alloys at the limits of pure Pb and
Sn compositions, as a consequence of positive excess energy of
A, ,U. Using the convex hull formalism, A , F profiles in
Figure 3 show a favorable mixing of CsPbX; and CsSnX, in
the temperature range 100 K < T < 800 K since all curves
are below the straight line connecting these compounds in their
metastable structures at T > 0 K. In addition, the results indi-
cate a subtle trend towards greater stability in alloys with excess
Sn. Along with the greater instability of alloys near the CsPbCl,
limit, this demonstrates how the compatibility of the halide’s
atomic size with the metal is essential, especially for the less
symmetrical polymorphic patterns and the greater stability
resulting from octahedral distortions. As indicated in the struc-
tural analyses related to the metal off-centering in polymorphic
patterns, the compatibility between the components is contin-
gent on the capacity to coordinate Cs with the halides and to
accommodate the cation without generating stress in the crystal
lattice. This supports the lower stability of Cl-based systems in
comparison to Br-based ones.

In order to verify how polymorphic contributions affect the
stability and metastability of CsPb,_ Sn X, against phase segre-
gation as a function of composition and temperature, we com-
puted their T-x phase diagrams from the respective free energy
profiles. The results are shown in Figure Sa for CsPb,_,Sn Cl,,
and CsPb,_ Sn Br; in (b), and the isostructural Glazer’s poly-
morphs results can be found in the Figure S7 in Supplementary
Materials.

We found two critical temperatures for CsPb,_ Sn Cl, alloy,
located at 0.25 < x < 0.61 and 0.95 < x < 0.98 at T = 116.6 K
and T = 102.8 K, respectively. In CsPb,_ Sn Br,, a miscibility
gap between 0.05 and 0.67 is observed, with a critical tempera-
ture of 28.3 K, considerably lower than that of the chlorine-
based alloy. As demonstrated in Figure 3 and indicated at criti-
cal temperatures, the CsPb,_ Sn Cl, systems demonstrate rela-
tive instability at 100 K, resulting in phase segregation near Sn-
and Pb-derived compositions, as well as compositions
approaching the Sn limit. Conversely, the metastability and
phase segregation region for CsPb,_ Sn Br, alloys manifest at
considerably lower temperatures, in compositions with higher
concentrations of Pb.

In the isostructural limits (Figure S7 in Supplementary
Materials), it can be observed that the polymorphic patterns with
a®*b* and a®b b+ symmetry have higher critical temperatures in
the 0.0 < x < 1.0 and 0.2 < x < 0.6 regions for CsPb,_ Sn Cl,
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alloy, while a°°a® and a*a a* form more stable solid solutions.

The phase-segregation regions demonstrates increased suscepti-
bility to high Pb concentrations, whereas Sn-rich alloys exhibit
a reduced response. However, given that a a™a™ is the polymor-
phic form with the most significant contribution in Pb—rich com-
positions, the remaining contributions to the APD ensemble are
reduced, thereby generating the observed behavior. This phe-
nomenon can be discerned in the results of A_, F. In the pure
metal compositions, particularly in the composition with Pb,
the alloy exhibits increased instability compared to the alloy with
excess Sn.

A similar behavior is observed in CsPb,_ Sn Br, alloy, char-
acterized by low critical temperatures and the absence of phase
segregation for a*a a® polymorph. Therefore, in the context of
APD statistics, the regions of (meta)instability become more
pronounced for CsPb,_,Sn Cl,, with phase segregation regions
at cryogenic temperatures near x = 0.5 region, and a smaller
miscibility gap with excess Sn. Conversely, for CsPb,_ Sn Br,
alloy, the miscibility gap becomes wider due to the contribution
of polymorphs in the central region, but at an extremely low
critical temperature of 28 K.

3.2. Polymorphic Effects on the Gap Energy

To describe the behavior of gap energy in response to gradual
changes in the CsPb,_ Sn Cl; and CsPb,_ Sn Br, alloys com-
position, we analyzed gap energy values considering statistical
APD across average values using the GQCA approach. The
results obtained through the DFT-1/24+SOC approach are
shown in Figure 6, with experimental reports being represented
as green filled circles, as well as the isostructural Glazer alloys in
Figure S8 in Supplementary Materials.

As expected, the gap energies (Eg) exhibit a decreasing trend
with increasing Sn content, a trend driven by the narrow-gap
nature of Sn—based MHPs and the reduced electronegativity
difference between the halide and the B-site cation. However,
as indicated by the shaded regions representing statistical uncer-
tainty, the CsPb,_ Sn Cl; system (panel a) displays significant
deviations from the expected Vegard-like linearity. This anoma-
lous behavior is particularly pronounced in the a’6"b* and
ata"a® polymorphs, where the high sensitivity of the
Cl-lattice to octahedral tilting induces a non-monotonic evolu-
tion of the electronic profiles. Such departures from the ideal
trend coincide with compositions where in-phase and out-of-
phase Glazer rotations coexist. The observed curvature in
E, is concomitant with the non-linear distortion of Cl-B—Cl
bond angles, as corroborated by the structural analysis in
Figure 2. Consequently, the application of APD analysis is
essential to decouple the statistical contributions of diverse
polymorphic states at x;, thereby elucidating the structural
origins of the observed gap changes.

Our results, obtained via statistical averaging, show good
agreement with experimental values, demonstrating the robust-
ness of the DFT— 1/2+SOC method for calculating the gap
energy of MHPs. Furthermore, Table S22 in the
Supplementary Materials presents literature values for the pure
compounds calculated using HSE/HSE06+SOC. The results
obtained through the APD are in excellent agreement with both
experimental reports and HSE06+SOC calculations from the
literature, further validating the reliability of the proposed pro-
tocol. Notably, the DFT— 1/24SOC protocol employed here
is computationally efficient, as its computational cost is compa-
rable to that of the standard DFT-PBE approach.”
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Figure 5. Phase diagrams calculated as a function of composition (x)
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regions are depicted in purple, while the metastable ones are shown
in orange. In the white region, the solid solution is stable against phase
segregation. Dashed lines indicate the critical temperatures (T.).

The synthesis of CsPb,_.Sn Cl, alloy into all the
x-compositions interval is very scarce, given that we have kept
the experiment references for x = 0 and x = 1, where one
observes deviations of around —9.3 and —1.8%, respectively,
from the average calculated over APD model through our
DFT-1/2+SOC protocol. However, based on our previous
studies®'*** for the band gap tuning and impact of the poly-
morphism throughout x = 0 — 1 composition interval, our
approach contributes to the design of this alloy from a predic-
tive perspective for the band gap tuning.

Additionally, a sharp curvature is also observed when the Pb
composition of the alloys decreases. Known as the bowing
parameter (b) for the band gap of alloys, it can be calculated
using the expression Ej(x) = (1 — x) E,(CsPbX;) +
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x E(CsSnX;) + b(x) x (1 —x) (X = Cl or Br). The depen-
dence of b on x is shown in Figure S9 in Supplementary
Materials. The non-linear behavior of the parameter b is evi-
dent, resulting from both structural variations and changes in
the magnitude of the spin-orbit coupling contribution, which
is greater in Pb-rich compositions.*!

3.3. Optical Absorption Coefficient and PCE from the SLME
Model Combined with GQCA

The PCE of the CsPb,_ Sn Cl, and CsPb,_ Sn Br; alloys was
subsequently calculated, with the aim of investigating its potential
application in solar cells. The PCE values utilizing the SLME
approach with DFT-1/24+SOC gaps are presented in Figure 7.
These values were calculated from the mean GQCA ensemble
in the APD statistic at 300 K. The curves for CsPb,_ Sn Cl,
and CsPb,_ Sn Br, reveal that, in general, smaller gaps are
related to higher PCE values (see Figure 6). However, the PCE
values of the CsPb,_ Sn Cl, alloy show a steep curve at the limits
of the pure compositions, with CsPbCl, at 7% and CsSnCl, at
17%, and a maximum value at x = 0.75 (19%). This phenome-
non can be attributed to the gap energies of the isostructural
limits and the contribution of the polymorphism (x;) at 300 K
(Figure S8). For CsPb,_ Sn Cl,, the behavior can be associated
with the significant increase in E, observed for the a’b™b™ poly-
morph in Sn-rich compositions. As evidenced by the x, analyses
at 300 K, this polymorph becomes the dominant contribution to
the thermodynamic ensemble at high Sn concentrations. Since
this structure exhibits considerably larger gap energies, the result-
ing blue-shift drastically reduces the calculated PCE values, even
in Sn-rich compositions where lower gap energies would nor-
mally be expected.

In contrast, CsPb,_ Sn Br; exhibits a different behavior. In
this alloy, the dominant polymorph at high Sn concentrations
does not present the same anomalous increase in E, observed
for the chloride counterpart. On the one hand, the substitution
of Pb by Sn reduces E,, which would tend to increase the PCE.
However, Sn-based compounds exhibit intrinsically lower opti-
cal absorption than Pb-based compounds, partly due to the
smaller number of electrons in the Sn atom, which reduces
the absorption strength and consequently the conversion
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efficiency. The competition between band gap narrowing (pos-
itive contribution to PCE) and reduced optical absorption (neg-
ative contribution) results in the nearly constant PCE profile
observed for CsPb,_, Sn Br;. Consequently, the PCE exhibits
a plateau around its maximum value of approximately 29% in
the x = 0.7-1.0 interval.

Interestingly, the highest value of PCE occurs in both cases
before the compositions with narrow gap energies (ie., x =
1.0). To understand this behavior, we correlated the APD gap
energies and total absorbance as a function of composition at
300 K, Figure 8. The optical absorption profile of the alloys is
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Figure 8. Correlation between the gap energy, composition, and total
absorption coefficient () calculated for (a) CsPb,_ Sn Cl; and
(b) CsPb,_,Sn,Br, through APD GQCA statistics at 300 K. The color
map corresponds to the ), obtained via GQCA for the photon energy
range 0.0—4.0 eV.

shown in Figure S10 of the Supplementary Materials. This anal-
ysis reveals that the higher PCE of x = 0.7 (0.5 < x < 0.8) for
CsPb,_ Sn Cl; (CsPb,_ Sn Br,) arises from a compensatory
effect between E, and > since the gap energy is only slightly
lower toward this region of both halide compositions, while its
total absorbance is greater than the pristine CsSnXj in both
cases. However, since pure Sn-based MHP is more prone to
oxidation in air than its Pb-based counterpart,®" > the use of
an alloy could reduce this tendency while increasing the desired
long-term stability of photovoltaic devices.* "% Considering
that the miscibility gaps in this region exhibit low critical tem-
peratures, around T =120 K for CsPb,_ Sn Cl; and 28.3 K
for CsPb,_ . Sn Br,, this range of compositions becomes
extremely viable for stable devices.

Notably, the SLME quantifies the optoelectronic ceiling
imposed by the absorber’s band structure and absorption spec-
trum alone.** Contributions from non-radiative recombination
(Shockley-Read-Hall, Auger), carrier mobility, interfacial losses
and oxidative degradation lie outside its scope.”” The interplay
of these factors ultimately determines the efficiency of a fabri-
cated device.

4. CONCLUSIONS

In summary, first-principles calculations were performed on
the polymorphic behavior of CsPb,_ . Sn X; (X = Cl, Br)
alloys, which were able to highlight the combined impact of
composition and polymorphism on structural, electronic,
and thermodynamic stability properties. The thermodynamic
properties exhibited high sensitivity to specific polymorphic
patterns, particularly in CsPb,_ Sn_Cl,, where the smaller
ionic radius of Cl relative to Br amplifies structural distor-
tions. In both alloys the role of the polymorphic characteris-
tics is crucial for thermodynamic stabilization process under
solar cell operating conditions, i.e.,, for T > 0 K, since the
high symmetry configuration such as a®a°a° contributes min-
imally compared to the other polymorphic configurations.
Critical temperatures were found to be approximately
110 K and 28.3 K for CI- and Br-containing alloys, respec-
tively, thereby broadening the device operating range and
reducing the risk of phase-segregation-driven instability.
Our model was able to capture the weighted polymorphic
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contribution on the optoelectronic performance, such that
around x = 0.70, both compositions exhibit the highest
PCE values, e.g., ranging from above 19 to 29%, in particular
for CsPb,_,Sn Br; by conferring a notable Pb content reduc-
tion and keeping the PCE around 29% for the x = 0.7-1.0
interval.
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