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ABSTRACT: Tin-alloyed halide perovskites are progressively becoming more
popular as slowly their optoelectronic properties start to rival those of the
potentially risky pure lead analogues. However, to push this attractive
semiconductor toward realistic applications, several major issues need to be
solved. This Perspective will start with a description of the fundamental properties
of tin-alloyed halide perovskites, continue discussing their weak points with special
attention on the structural and electronic instabilities, and conclude examining the
effects of the above-mentioned properties on devices. Finally we propose a
plausible roadmap to further boost tin-alloyed halide perovskite devices to
practical applications. We believe this roadmap should start from an understanding
of this family of semiconductors from an atomistic viewpoint, proceeding to the
control of thin-film fabrication, the structural properties, and finally the device
optimization. We hope this Perspective can help to inject new enthusiasm and
facilitate the progress in tin-alloyed halide perovskites, catalyzing their transition
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from the cradle of the laboratories to the reality of their fabrication.

etal halide perovskites have emerged as a magnif-
icent class of semiconductors for the development
of frontier multifunctional devices, especially ones
with optoelectronic functionalities."”” Their prospects could be
anticipated owing to the low-cost scalable processability and
broad window of controllable bandgap.” In spite of the surge
pushing for superior devices, application-minded scientists and
engineers have appealed for reduction or even elimination of
the critical metal lead (Pb) within the perovskite lattice, due to
regulations around the world on the use of toxic elements in
industrial products.” The real impact of Pb on human beings as
well as on ecosystems raises concerns in different communities.
A recent study has compared the capacity of Pb and Sn
coming from metal halide perovskites to penetrate into the
food chain through plants.” As shown in Figure la, the uptake
of Pb by mint plants grown in Pb perovskites-contaminated
soil (250 mg kg™") is several orders of magnitude higher than
that of plants grown in the natural soil.’ In addition, the
collective uptake ability of Pb increases as the Pb concentration
increases (Figure 1b). In contrast, tin (Sn), with the ability to
support similar lattice structures, as it is a member of the same
chemical group as Pb, appears to be environmentally friendlier
than Pb even in high concentrations (Figure 1b). Hence, Sn
perovskites are to be considered safer for the environment and
human health.
For these reasons, Sn-based perovskites have recently
attracted large interest both for their fundamental properties

© 2021 The Authors. Published by
American Chemical Society
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? In particular, the efficiency of
photovoltaic devices using Sn-based perovskites has pro-
gressively grown and recently yielded values beyond 10%.'°~"*
Although studies on Sn-based perovskites appear to be
thriving, the easy oxidization of Sn** to Sn** evidently
destabilizes the perovskite lattice.’” More importantly, tin
vacancies form naturally during the crystallization or due to the
oxidized Sn*', leading to a strong p-type self-doping of the
material, with large consequences for device performance when
using a p-i-n or n-i-p structures.' ">

However, alloying of Sn with other metals provides
unexpected opportunities.'® Encouragingly, alloys of Sn and
Pb perovskites give rise not only to enhanced device efficiency
(respect to pure Sn perovskites) but also to increased band gap
tunability and structural and environmental stability.'”

A recent study has pointed out that SnPb perovskites,
among different photovoltaic semiconductors, have the lowest
environmental impact (Figure 1c)."® All the merits of SnPb
perovskites suggest for them an important position in the

and for device applications.’”
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Figure 1. (a) Photographs of mint plants grown on natural soil and
250 mg kg™' Pb>* perovskite-contaminated soil. The table on the
right gives the measured Pb** content in the corresponding
position. Reproduced with permission from ref 5. Copyright 2020
The Author(s), published by Springer Nature under a Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/). (b) Metal (Pb/Sn) up-
take ability as a function of amount of metal added. The data are
extracted from ref 5. (c) Environmental impact indicators of
single-junction solar cells using different semiconductors,
normalized by related parameters of Si cells. The data are taken
from ref 18.

future of metal halide perovskite optoelectronic devices. In
addition, a peculiar enhanced stability has been observed in
tin—germanium (SnGe)-alloyed perovskites.'” In this Perspec-
tive, we will first discuss the origin and dependence of the
intrinsic properties and stabilities of the perovskites of alloyed
Sn, and then propose the next steps to enhance the properties
of such semiconductors.

Any serious discussion on the electronic properties of solids
should start with an understanding of their lattice structure.
Three-dimensional (3D) metal halide perovskites adopt
structures ranging from standard cubic to distorted tetrago-
nal/orthorhombic.®> In these structures, cations such as
methylammonium (MA*), formamidinium (FA*), and Cs*
fill the spaces between octahedrons, while the halide anions
(CI7, Br, and I7) occupy the octahedron’s vertices and a
divalent metal is in its center.” Interestingly, the low formation
enthalpy of perovskites allows the flexible admixture of
chemical entities at these sites; namely, they can be alloyed.*

Since our intention is to arouse the attention of the
optoelectronics research field, in this context we aim to focus
on the Sn-alloyed triiodide perovskites which show the
narrower band gap among the Pb and Sn perovskites. For a
broader discussion on other types of metal halide perovskite,
we would like to refer the reader to the recent work of
Manna.”'

It has been underlined that, while the cations in the A
position (FA*, MA", and Cs*) make a negligible contribution
to the electronic structure, they can modify the crystalline
structure enormously, having an indirect effect on it. In
contrast, the nature of the divalent metal is fundamental for the
electronic structure, and the band structure near the band edge
is dominated by the octahedral units. Irrespective of the metal
selection, both the valence band maximum (VBM) and
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conduction band minimum (CBM) are located at the same
position of the Brillouin zone, which defines metal halide
perovskites as direct bandgap semiconductors.”' The nature of
the metal can induce also a different degree of spin—orbit
coupling (SOC), inﬂuencin§ the bandgap and eventually
splitting some of the bands.™

In SnPb-alloyed perovskites, the VBM is composed of I p-
states as well as metal(II) s-states, whereas the CBM is almost
entirely governed by the metal(II) p-states (Figure 2a).>
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Figure 2. (a) Schematic of band structure of SnPb-alloyed
perovskites. Reprinted with permission from ref 24. Copyright
2018 American Chemical Society. (b) Bandgap evolution depend-
ent on Sn fraction in SnPb- and SnGe-alloyed perovskites,
respectively. The bowing parameter (b(poying)) in MASNPbI,
perovskite is about 0.44 eV, and the linear parameter (y(bow,-ng))
in MASnGel; perovskite is about 0.60 eV. The data for MASnPbl,
and MASnGel; are extracted from refs 26 and 33.

However, the details differ for pure Pb and Sn perovskites. As
for the VBM of pure Pb perovskites, the contributed ratio for I
5p appears to be 3 times higher than that of the Pb 6s state.”
Instead, in the case of the pure Sn analogue, the shallower-
lying Sn Ss state increases the overlap with the I Sp orbital,
which strongly moves the VBM upward by around 0.7 eV.> In
terms of the CBM, SOC is a relevant effect, as atom mass
scales up from Sn to Pb, where the relative effect on CBM is
about 3-fold increased.”* Hence, the CBM of pure Sn
perovskites lies 0.2 eV higher than that of their Pb analogues.”*
However, when looking at the SnPb-alloyed perovskites, the
VBM and CBM are not in line with any of the parent
compounds. In detail, as the Sn content increases, the alloyed
electronic structure becomes more complex. Due to the orbital
offsets between Sn and Pb, the VBM of the alloyed material
derives from the antibond coupling from Sn Ss and I 6p, while
the pronounced SOC of Pb enables the alloyed CBM to chiefly
adopt Pb 6p states.”> Taking MA-based alloy as an example
(Figure 2b), a nonlinear dependence of the bandgap on the Sn
fraction is presented.25 This odd, nonlinear shift of the
bandgap is known as the bowing effect. It is important to
underline that this is not only occurring in MA-based SnPb
perovskites, but also alloyed systems using other cations,
including FA, Cs, and their mixtures (FAMA, FACs), which
display a similar bowing effect with slightly varied bowing
parameters.'®'”?”*® Interestingly, the bowing effect prevails
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even in the 2D structures and nanostructures where Sn and Pb
are alloyed.””*" The benefit of the bowing effect in SnPb-
alloyed perovskites is to allow obtaining narrower bandgaps
down to 1.2 eV, which is far beyond the values of the pure
compounds. Hence, SnPb-alloyed perovskites can provide an
opportunity for approaching the Shockley—Queisser (SQ)
limit in single-junction solar cells. But even more interestingly,
their bandgap is ideal to fabricate bottom sub-cells in fully
perovskite tandem solar devices or in combination with
another class of materials.>’ In addition, semiconductors of
such a bandgap could have applications in night-vision devices
and sensors.

SnGe-alloyed perovskites have also been reported; however,
at the moment there is very little understanding of these
systems.'” In principle, their electronic structure should
resemble that of SnPb-alloyed perovskites.”” However, the
smaller size of Ge forces the elongation of the Ge—I bond,
resulting in a weak overlap between the orbitals of the alloyed
metals and the I orbitals. Also, the highly distorted [Gel;]”
blocks are easily formed, breaking the lattice symmetry.’’ In
this case, the VBM of SnGe-alloyed perovskites appears to be
less dispersive and shifted. Regarding the CBM, Ge 4p states
have the major contribution.”” Also, the highly distorted
[Gel;]” blocks are easily formed breaking the lattice
symmetry.”> Accordingly, in SnGe-alloyed perovskites, the
dependence of the bandgap variation on metal fraction does
not show the bowing effect but follows a linear trend (Figure
2b).** Furthermore, the A cations (FA*, MA*, and Cs*) can
modify stereochemically the interaction with Ge 4s states,
further controlling the bandgap.34 As it has been reported, Cs-
based analogues can be tuned between around 1.3 eV (CsSnl;)
and 1.6 eV (CsGel;), which is in an interesting range for solar
cells, light-emitting diodes (LEDs), and photodetectors."’
However, such alloyed perovskites are seldom reported for
applications, probably due to the difficulties in material
synthesis and device fabrication.

In view of the electronic structures governed by the mixed
chemical bonds, the physical properties of Sn-alloyed perov-
skites are expectedly largely affected. In fact, the bond
interaction and steric arrangement of octahedral blocks greatly
correlate to the curvature of the bands with consequences on
the electron/hole effective masses,” which have a fundamental
role determining the transport properties of the systems.
Taking SnPb perovskites as an example, higher Sn fractions
reduce the tetragonal—orthorhombic phase transition temper-
ature and decrease electron effective masses. When looking at
the optical properties of SnPb-alloyed perovskites, the exciton
binding energy remains very close to that of the Pb-based
compounds, namely around 16 meV, which makes the excitons
split promptly at room temperature.’>*® The lifetimes of
charge carriers have been reported to range from the very long
one of the parent Pb to the relatively short one of the parent
Sn perovskites, with values from about 43 ns up to 200 ns for
samples of about 50—30 composition.””*" Generally, increas-
ing the Sn ratios is proved to enhance the charge-carrier
mobility, as a result of reducing Frohlich electron—phonon
interaction with increasing optical phonon frequencies.””
However, it is very much dependent on the percentage of
alloying, as some studies have pointed out that, for content of
Sn between 0.5% and 20%, a defect-rich region is reached with
prevailing non-radiative recombination.”® It is also important
to underline that Sn-rich samples do not show excitonic
signatures even at very low temperature.7’9 However, the
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However, the alloying process should
not be taken as an explanation of every
physical property. Instead, compre-
hensive factors such as the number of
trap states, the local chemical environ-
ment, and the test conditions should
be considered carefully before elabo-
rating how the physical properties
evolve.

alloying process should not be taken as an explanation of every
physical property. Instead, comprehensive factors such as the
number of trap states, the local chemical environment, and the
test conditions should be considered carefully before
elaborating how the physical properties evolve.

Before discussion on the structural stabilities of Sn-alloyed
perovskites, a couple of related factors, including the entropy
and lattice parameter, are introduced. In principle, for an
alloyed crystalline system, the local degree of configurational
freedom increases, leading to an enhancement of the mixin%
entropy and thus, overall, to an enhanced structural stability.’
The Goldschmidt factor, which gives an indication of the phase
stability of a certain perovskite,”” in the Sn-alloyed phase is
insignificantly changed with respect to that of the pure Sn
phase, also showing that Sn-alloyed perovskites are thermody-
namically stable.

In general, when exposed to ambient conditions, Sn>* is
known to be oxidized into Sn**. The instability problem is
notorious for pure Sn perovskites."’ Surprisingly, Sn-alloyed
perovskites show much enhanced stability against air, which is
an important factor determining the interest in these systems.

A Sn atom, lacking lanthanide shrinkage, has a smaller
ionization energy than Pb, thus more easily losing its valence
electrons.” Furthermore, the standard reduction potential of
Pb* (+1.67 V) is much larger than that of Sn*" (+0.15 V),
showing that Pb*" is more reluctant to be oxidized.*' The
unstable thermodynamic nature of Sn** can lead to
complicated degradation routes, where several triggering
factors have been proposed including oxygen, solvents,
temperature, light, pressure, etc. ! Hence, more investigations
are needed to identify the factors affecting the degradation
mechanism.

However, for SnPb-alloyed solids, the degradation pathway
appears to be different due to the local complex coupled Pb—X
and Sn—X (X = halide) bonds. The alloyed material is mainly
degraded into I, SnO,, and Pbl, while the pure one is
degraded into SnO, and SnI,.*” This phenomenon stems from
the fact that surrounding Pb>* suppresses the presence of
multiple adjacent Sn>' interactions, which increases the
activation energy for breaking Sn—I bonds from 537 meV
for the pure Sn perovskites to 731 meV for the alloyed
system.”” A Pb content of 50% or higher can decrease the
degradation rate by orders of magnitude.*” A recent study has
verified by X-ray photoelectron spectroscopy that the
degradation product is L,."> More importantly, the authors
verified that the degradation is located at the crystal surface,
where 1, is further catalyzed into I~ species by uncoordinated
I” anions. On account of I;~ formation, surface iodide
vacancies are created, making the metal under-coordinated
(Figure 3a).” Such surface-activated degradation is suggested

https://doi.org/10.1021/acsenergylett.1c00289
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Figure 3. Instability origin of (a) SnPb- and (b) SnGe-alloyed
perovskites. Here, the red, green, and purple octahedral units
represent [PbI]*", [SnI]*", and [Gels]*", respectively. Dashed
circles in (a) denote Sn vacancies. In (b), the shell with blue-red
molecules indicates the native oxide surface, and the yellow arrows
indicate Ge filling into Sn vacancies. Possible strategies to improve
stability involve (c) OD nanocrystals surrounded with ligands, (d)
complex surface lattice with 2D/hollow-3D structure, and (e)
minimizing surface area using single crystals.

to occur spontaneously even in inert conditions and can be
accelerated in working devices and harsh environments.
Interestingly, density functional theory simulations uncovered
energetically favored Sn®" oxidation at the crystal surface, in
line with the experimental ﬁnding.44 In parallel, formation of
Sn** in bulk is unfavorable, and, when present, Sn*" species
undergo spontaneous reduction with the release of a pair of
holes in the valence band, leading to formation of Sn vacancies
and p-doping (Figure 3a).*" In response to bulk Sn vacancies,
surface under-coordinated Sn atoms facilitate Sn** nucleation.
Rationalizing the experimental results and the above-
mentioned reaction loop, crystal surfaces should be responsible
for the Sn** oxidation dynamics in SnPb-alloyed perovskites.
For SnGe alloys, stability studies are still at an early stage.
Recently, the inorganic CsSnGel; has emerged for its
stability.'” An investigation on polycrystalline CsSnGel, films
revealed the presence of an amorphous Sn-containing Ge*'-
rich native oxide (<5 nm) on the film surface, which protects
the CsSnGel; bulk from oxidation (Figure 3b)."” Meanwhile,
Sn species within the oxide are supposed to block volatile Ge
sub-oxides, further reinforcing the lattice of the oxide surface.
Another recent study on CsSnGel; nanocrystals unveils that
the native Sn vacancies can be readily filled by introducing
Ge® to enhance the bulk stability.*> However, due to the
limited knowledge about the chemical composition of surface
and bulk, no agreement is reached yet regarding the origin of
the improved stability in SnGe-alloyed perovskites.
Considering the current understanding of the factors
affecting the stability of Sn-alloyed systems, diverse methods
have been proposed to further suppress their degradation,
especially on surfaces. The most common state-of-the-art
strategies are depicted in Figure 3c: (i) Zero-dimensional
colloidal nanocrystals.””~*” Using rationally designed organic
ligands, chemical interactions on crystal surface can be
suppressed. Hydrophobic organic ligands anchored to the
nanocrystal surface also prevent corrosion by water.*® (ii)
Complex lattices. Assembling low-dimensional (2D) or
artificial nanostructure (hollow 3D) close to the crystal surface
can significantly change the surface chemistry and formation
energy of unwanted species, thus lowering the oxidation
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rate.*”™* (iii) Minimizing surface area. Single-crystal or even
monocrystalline films, with low surface/bulk ratio, are expected
to intrinsically reduce surface activated Sn*' sites and
consequently stabilize the crystal.”® Again, the key idea of
these methods lies in the management of the crystal surface,
which determines the long-term stability for Sn-alloyed
perovskites.

Again, the key idea of these methods
lies in the management of the crystal
surface, which determines the long-
term stability for Sn-alloyed perov-
skites.

Owing to the advantages of Sn-alloyed perovskites, we turn
now to highlight their applications especially in the
optoelectronics field. Here, SnPb perovskites are mostly
exploited for their bandgaps (as low as 1.2 eV) which, as
discussed above, are ideal for both single-junction and tandem
solar cells. Notably, most advanced devices using Sn-alloyed
perovskites adopt an inverted structure. In the normal
structure, the generally used electron-transporting layers
(ETLs) TiO,, SnO,, and ZnO do not favor the crystallization
of Sn-alloyed perovskites; the rich oxygen interfaces probably
also accelerate the oxidization of the Sn sub-lattice.”
Furthermore, the lithium or cobalt salts used as dopants in
the hole-transporting layer (HTL) 2,2',7,7'-tetrakis(N,N-di-4-
methoxyphenylamino)-9,9’-spiro-bifluorene (Spiro-OMe-
TAD) and even their acetonitrile solvent can break the weak
Sn—X (X = halide) bonds, decomposing the Sn sub-lattice.”*
In addition, the hole-transport ability of Spiro-OMeTAD is
generally improved after it is partially oxidized, which however
also oxidizes the surfaces of the Sn-based material. Instead, in
the inverted structure, no dopants and high-polarity solvents
are involved after the active layer deposition, which act as a
protection for the Sn sub-lattice. Hence, when this class of
perovskite is used as an intrinsic semiconductor, the inverted
structure appears more suitable at the moment, at least when
limited to HTLs and ETLs generally used for perovskites-
based devices.

In Figure 4a we report the evolution of the power
conversion efficiencies (PCEs) depending on the bandgap
for single-junction and tandem solar cells using alloyed
systems. Starting from a PCE of 14.8% in 2016, the SnPb
perovskites-based single-junction device underwent lattice
tuning, transporting layer optimization, and 2D structure
introduction, to reach nowadays, with assistance of a
zwitterionic antioxidant, the astonishing PCE of
21.7%.'72737:3855=59 15 4 gimilar fashion, the PCE of the
two terminal tandem devices using a SnPb bottom cell has
grown from the early 17.0% to reach today 25.6%.'”°"" >’
Such a swift but brilliant trend made SnPb-alloyed perovskites
one of the first candidates to enter in the optoelectronic
market.

Recently, a SnGe-alloy-based single-junction solar cell
displayed a promising PCE up to 7.11% with relatively good
stability, which holds great promise for the future.'”

While the alloyed systems have gained popularity in solar
cells, other applications are lagging behind. A recent work has
used SnPb-alloyed perovskites for the fabrication of a NIR
LED, showing an external quantum efficiency (EQE) of 5.0%
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Figure 4. (a) Power conversion efficiency (PCE) progress of
single-junction and two-terminal tandem solar cells using SnPb-
alloyed perovskites with different bandgaps. (b) Schematic of
lithography-assisted epitaxial growth-and-transfer method for
single-crystal thin film. Reproduced with permission from ref 53.
Copyright 2020, The Author(s), under exclusive licence to
Springer Nature Limited. (c) Grazing-incidence wide-angle X-ray
scattering (GIWAXS) patterns of spin-casted and layered
(PEA,Sn, ;Pb, iI,)-templated FASn,Pb,:I; films from ref 61,
submitted for publication 2021.

at 917 nm.%° To this end, further exploration on improving
LEDs based on SnPb-alloyed perovskites can unveil pleasant
surprises.

Summary and Outlook. In summary, the research
community has witnessed the soaring progress of Sn-alloyed
halide perovskites. Better understanding their peculiar

Better understanding their peculiar
electronic structure, deciphering their
elusive degradation route, and lever-
aging their tunable bandgap are of
great significance to accelerate the
progress in optoelectronics.

electronic structure, deciphering their elusive degradation
route, and leveraging their tunable bandgap are of great
significance to accelerate the progress in optoelectronics. In
spite of the present achievements, the way to practical
application still seems long, due to the high complexity of
such alloys. There is no doubt that further progress will require
coordinated contributions from different fields including
physics, chemistry, and engineering. In the following we
provide a list of the necessary steps that in our opinion should
be undertaken to strengthen the understanding of the
properties of Sn-alloyed perovskites and enhance their
performance in optoelectronic devices.

(1) A highly reliable and scalable method of deposition is
prerequisite to fabricate Sn-alloyed perovskite-based devices.
Highly crystalline and defect-free systems are also fundamental
to allow distinguishing intrinsic from extrinsic material
properties. Taking the crystal structure and surface-activated
degradation into account, a model of a monocrystalline film
encapsulated with rationally selected organic ligands/inorganic
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layer should be highly preferred. Recently, an integrated
method of lithography-assisted epitaxial growth and transfer
has been proposed to fabricate single crystals of SnPb
perovskites with preciselzf controlled thickness, area, and
composition (Figure 4b).>> Despite the superior quality and
stability obtained, the fabrication costs and skills needed make
the process rather challenging to implement in large-scale
fabrication. Instead, our group has developed a scalable
fabrication, which involves the initial deposition by blade-
coating of a Ruddlesden—Popper SnPb perovskite as a growth
template, which is then converted into FASnPbl; by an in situ
reaction with FAL®' The formed film possesses a highly
preferred orientation, differing from the spin-cast films of the
alloy (Figure 4c). We believe this deposition method will have
an important future in the scalable growth of stable Sn-alloyed
perovskites.

(2) Optimizing device structure for different Sn-alloyed
perovskites is a key to continue improving device performance.
Unitl now, most Sn-alloyed perovskites-based optoelectronic
devices have adopted similar device structure for Pb perov-
skites. Although some of them produce superb performances,
the distinct electronic band structures as discussed above will
limit the charge-carrier extraction/injection efliciency due to
the under-considered energy level alignment between active
layer and transporting layers. With respect to the solar cells,
our group has proposed a polymer-based HTL (PCP-Na) with
a suitably matched VB level to suppress both the interface and
bulk charge recombination, thus greatly improving device
efficiency.” Furthermore, it is important to notice the
importance of these layers in the deposition of the Sn-alloyed
material, as the surface energy of the HTL (or ETL)
determines their growth and crystallization. Hence, carefully
designed novel organic molecules as well as inorganic
compounds are expected to further promote optoelectronic
device performance.

(3) Sn-alloyed perovskites-based optoelectronic devices
suffer from significant non-radiative recombination due to Sn
vacancies, in turn limiting device performances. Hence,
efficiently removing or reducing the quantity of Sn vacancies
is a key to facilitate Sn alloy device development. Notably, the
previous discussion points out that Sn** formation in bulk has
a high probability to induce Sn vacancies and self-p-doping.
Therefore, the suppression of Sn* formation at any stage,
namely, in the precursors and during fabrication, storage, and
measurements, should be highlighted. Additives such as SnX,
(X = halide) in low concentrations are known to limit Sn>*
oxidization in the precursors.”’ Other strategies such as the
addition of reducing agents like Sn® and hydrazine, other metal
doping, and the use of large organic cations have been used to
further mitigate Sn vacancies prior to their formation.”' After
thin-film fabrication, the most diffuse approach has been to
protect the Sn-alloyed perovskites from ambient conditions;0
this approach together with the use of highly crystalline films
seems the most successful. Recently, we have demonstrated
that field effect transistors made with the most sensitive pure
Sn-based perovskites can be stored for 20 months in a
glovebox with a resulting improvement of the device
performance.®”

(4) A comprehensive investigation of the properties at
different length scales is essential to fully understand such
alloyed perovskites. So far, most fundamental studies are
dedicated to identify the collective properties. However, ideal
homogeneous properties cannot be obtained in mixed
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compositions.”® Most likely, the spatial heterogeneities varying
from Sn-rich to Sn-deficient domains could entail local
inhomogeneities. Accordingly, the focus should be on
combining diverse techniques to exactly examine the material
structure and correlate the fundamental property with the fine
structure from atomistic scale to device scale. In particular,
real-time methodologies under careful control can be used to
visualize the properties at different scales.

(5) Assessment and critical analysis of the device’s
operational stability in different environments should be
reached for accelerating applications. The difference in
chemical sensitivity between surface and bulk and the
thermodynamics of phase transition impacts the potential
degradation pathways. With respect to realistic devices, the key
investigations lie in symmetrically decoupling and integrating
the individual roles of sub-structure and test factor. This task
requires advanced characterization and simulation tools to
validate chemical reaction and physical properties simulta-
neously.

In conclusion, the current comprehension of Sn-alloyed
halide perovskites could appear as too limited to draw a
possible future landscape. However, we believe that the above
suggested steps are the best possible strategy to progressively
exploit such semiconductors. Importantly, leveraging Sn-
alloyed halide perovskites to meet industrial optoelectronic
criteria cannot lag behind the fundamental investigations on
their physical properties. Nonetheless, one should bear in mind
that imperfections even in pure compounds can disturb the
understanding; it is therefore fundamental to continuously
double-check obtained experimental results. At the end, we
hope this Perspective not only underlines the critical evolution
of Sn-alloyed halide perovskites but also gives motivation to
the research community to further work on this fascinating
system to deepen our current understanding and advance
devices made with them.
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