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The unique photophysical properties of halide perovskites have placed them ahead of other photovoltaic (PV)
materials in the areas of photoconversion efficiency (PCE) and energy level alignment with common contacts.
The PCE is currently closing in on the predicted theoretical limit. However, the poor stability of this class of
materials under ambient conditions is a drawback. It has limited the extensive exploitation of their properties
and has slowed down their uptake in the global PV market. Notably, the unique properties have been attributed
to the optimal orbital overlap between the lead cation (Pb®*) and halide anion making up the inorganic
framework of the crystal lattice. Although Pb is toxic, its presence is key to the unique opto-electronic
properties of halide perovskites. Therefore, it must be retained while measures are taken to stabilize the lattice
so as to suppress Pb leakage and the migration of other ionic components. One way to approach this is by
multiple lattice site substitution which yields a multi-component perovskite (ABX3) configuration, where the A-,
B- and X-sites are occupied by more than one element which can synergistically compensate for the
composition-induced instability through an increase in ion migration activation energy. The resulting multi-
component perovskite (MCP) is commonly known as multi-cation mixed-halide perovskite. Therefore, in this

review, we discuss the various approaches adopted recently to achieve higher stability in MCPs. The approaches
Received 30th May 2025

Accepted 7th August 2025 are grouped into the focus areas of material identification, composition engineering, materials engineering,

defect passivation, phase stabilization, photophysical property enhancement and device engineering. We discuss
DOI: 10.1039/d5ta04375a the challenges in stability evaluation of perovskite PV devices. Finally, we draw conclusions based on the various

rsc.li/materials-a reports and give an outlook on pertinent research directions to further advance the PV applications of MCPs.

1 Introduction bandgaps,'™ high carrier mobility,* long carrier diffusion

lengths,® low exciton binding energies® and high photo-
Halide perovskites are known for their unique properties which ~luminescence (PL) quantum yield.” They have found applica-
include high optical absorption coefficients,! tunable tions in solar cells,*>**° photodetectors,* light emitting
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diodes,** lasers," radiation sensors** etc. In particular, halide
perovskite-based solar cells have attained an unprecedented
photoconversion efficiency (PCE) of ca. 27% in just over
a decade of their emergence.” This can be attributed to their
fascinating photophysical properties coupled with strategic
optimization measures such as composition, morphological,
crystal phase, structural and interface engineering. Their PCE
now rivals those based on silicon (Si) heterostructures. They
have achieved this feat with easier, cost effective, more facile
and industrially viable fabrication processes. Halide perovskites
allow composition engineering which favors bandgap tunability
from ca. 1.5 eV to ca. 3.2 eV, paving the way for their application
as absorber layers in top and bottom sub-cells of an all-
perovskite tandem solar cell.’®” The tandem structure yields
efficiencies which surpass the Shockley-Queisser limit (33.7%)
predicted for single junction solar cells.'®*’

A halide perovskite lattice is represented as ABX;. The A-site
is occupied by monovalent organic cations such as methyl-
ammonium (MA"), formamidinium (FA"), guanidinium (GA")
etc. as well as monovalent inorganic cations such as cesium
(Cs"), rubidium (Rb"), potassium (K") etc. Similarly, the B-site is
occupied by divalent inorganic cations such as lead cation
(Pb**) and tin cation (Sn**). The X-site is occupied by halides
such as chloride (Cl ™), bromide (Br™) or iodide (I"). The B-site
cation is octahedrally coordinated with 6 X-site halides to
form a corner-sharing [BXe]'~ complex while the A-site cation
occupies the cuboctahedral void formed by the corner-sharing
[BXs]'™ complex and compensates the negative charge on the
complex, stabilizing the resulting 3D perovskite lattice.>® Due to
the poor stability of halide perovskites, the lattice structural
integrity can be easily compromised by intrinsic and extrinsic
factors such as ion migration and moisture respectively,
resulting in degradation and loss of photoactive properties.
Incidentally, each lattice site can be occupied by more than one
cation (A- and B-sites) and more than one halide (X-site) to form
a multi-component perovskite (MCP) configuration commonly
referred to as a multi-cation mixed-halide perovskite.®*%**>*
Such structures can be easily fabricated through post-synthetic
lattice-site exchange or cross-exchange as well as through
bottom-up synthetic processes where stoichiometric ratios of
the precursor materials are reacted.>*>*

The ease with which the components fit into their respective
lattice sites to maintain the 3D perovskite structure integrity can
be predicted by the Goldschmidt tolerance factor (¢) obtainable
from the equation ¢ = (r + rx)//2(rs + rx), where r, 75 and r are
the ionic radii of the components of A-, B-, and X-sites,
respectively.”>*® For the 3D structure to be maintained, ¢ must
be close to unity, specifically in the range of 0.8 < ¢ < 1.0.
Although ¢ is effective in predicting the phase stability of various
perovskite compositions, it is an empirical method. Hence, it
has limitations as there are many other possible compositions
beyond its scope, raising the need for an advanced, accurate
and all-encompassing technique for stability prediction of the
3D perovskite structure. The inorganic octahedral metal-halide
framework, made of the [BX,]'~ complex, is mainly responsible
for the optoelectronic properties of perovskites while the A-site
cation influences the stability and physicochemical

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

properties.””*® Since the A-site cations form an ionic bond with
the [BX]'~ complex, they do not contribute states to the band
edges. Such states result from the covalent bonding in the
[BX,]*~ complex formed by the hybridization of the B-site and X-
site orbitals.>* Moreover, A-site cations can indirectly influence
the perovskite band structure through the B-X bond length and
angle changes, octahedral tilting and steric interactions. For
example, the bandgap decreases when the smaller ionic radius
Cs' is replaced with the larger ionic radius MA" due to
a decrease in the Pb-X-Pb bond angle.”®

Achieving an MCP favours improved material stability.
Having more than one cation in the A-site creates synergistic
compensations amongst the constituent cations by adjusting ¢
to ensure the stable incorporation of ordinarily incompatible
cations and to maintain the 3D structure. For instance, FA" is
thermodynamically too large and should not fit into the
cuboctahedral space at room temperature. Such incorporation
should yield a non-photoactive phase. Moreover, mixing the FA"
cations with other cations of different sizes and shapes
favourably alters ¢ and stabilizes the photoactive a-phase at
room temperature.*>** Such lattice site composition changes to
maintain a 3D perovskite structure are also evident in the X-site
as t, which can be increased by the partial substitution of the
larger FA" with a smaller cation such as MA", decreases after
partially substituting the larger I with the smaller Br~ in the
(FAPDI;); (MAPDBr;), perovskite.®>** Hence, increases in ¢
caused by the A-site substitutions can be compensated and
brought within the ideal range by substitutions in the X-site,
leading to the realization of 3D structural integrity in MCPs.

Beyond the empirical ¢, theoretical techniques to predict the
stability of perovskites also exist. For example, Sun et al
searched for optimum MCP compositions to achieve decent
stability against stressors through machine learning.** In
particular, the expansion of compositional space through
stability prediction using machine learning can be based on
models predicting specific quantities such as the enthalpy of
mixing and octahedral distortions from an extensive dataset of
first-principles  calculations validated by experimental
results.>® The prediction is independent of precursor material
types or concentrations. Notably, both empirical and theoretical
methods are limited when individually applied. The empirical
methods can easily prove the feasibility of a given perovskite
configuration albeit with low-throughput. Similarly, the theo-
retical method can predict a large number of possible config-
urations with high-throughput though it is unable to practically
demonstrate their stability. Therefore, a combination of
empirical and theoretical techniques capable of effectively
leveraging on the high-throughput predictions and corre-
sponding experimental proofs of concept cannot be over-
emphasized in the determination of optimized perovskite
compositions. In addition to the mixed A-site cations and X-site
halides, mixed metal cations in the B-site and their influence on
the perovskite opto-electronic properties and 3D structural
stability have been explored.’”**

Notably, the need to achieve high stability of MCPs has been
on the front burner recently owing to the goal of adequately
exploiting their fascinating opto-electronic properties which is
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limited by poor structural stability. Current research work has
taken various approaches to extend the frontiers of knowledge
relating to the stability of MCPs with focus on areas such as
materials discovery and modification strategies.***” These
efforts have also paid attention to the behavior of this class of
materials in the presence and absence of stressors such as
temperature,**™° humidity,”*** oxygen®* and light.****** In
particular, studies have revealed that MCPs are ionic materials
and their degradation is directly related to stress-induced ion
migration which must be suppressed to achieve highly func-
tional materials and devices.**® Burns et al. demonstrated
a reduction in the ion migration through a partial substitution
of I with Cl™ in the X-site of the perovskite lattice.*” A- and X-
site substitutions of perovskite such as FAPbI; to achieve
C50.05(FAo.83MAo.17)0.05Pb(10.83Bro.17); further revealed that an
increase in the activation energies (E,) of the mobile ions within
the lattice is responsible for the suppression of ion migration,*
suggesting the merits of multiple ion substitution on the
degradation of halide perovskites. Furthermore, Yang et al
showed the effectiveness of additives in ensuring high stability
in solar cells based on MCPs.*® The additives form an ionic
polymer network capable of passivating defects and immobi-
lizing ions by creating chemical bonding, electrostatic and
steric physical barriers. Defects act as degradation catalysts.
Hence, other ways to reduce defects, reported by Li et al.,
include the control of film crystallization through a coordina-
tion bond formation between such additives and the Pb>" of the
MCP.>* The organic cation (e.g., FA") migration is also sup-
pressed by forming hydrogen (H) bonding with the additive.

Uncontrolled crystallization causes incomplete conversion
of PbI, to perovskite during annealing. Moreover, by balancing
the chemical interaction rate with the wettability of substrates,
the crystallization kinetics can be effectively controlled. There-
fore, the formation of multiple chemical bonds such as H bond,
coordination bond and ionic bond between additive compo-
nents and the organic cations, Pb>* and Sn>" components of
perovskite strengthens interfacial contacts and passivates the
defects.* The additive's moderate hydrophobicity also inhibits
heterogeneous nucleation and favors perovskite crystallization.
As shown by Cacovich et al,*® an absence of PL peak shifts
indicates the suppression of defect-induced phase segregation
and surface recombination. Furthermore, defects formed due to
the uncontrollable crystallization based on B-site cation mixing
can also be suppressed as demonstrated by Shen et al. through
multi-functional additive engineering by controlling the
perovskite crystal growth via H and coordination bonding with
Pb** and Sn**.*® It inhibits Sn*" oxidation and alleviates inter-
face stress.

Evidently, the development of MCPs is multifaceted and
various strategies have been proposed to achieve the highest
quality in this class of materials. Therefore, in this review
article, we discuss the various strategies recently reported to
advance the stability MCPs starting with the identification of
new materials as well as the exploration of optimal functional-
ities in existing ones based on computational and experimental
techniques. We also discuss measures of stability improve-
ments in existing configurations through composition
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engineering, materials engineering, defect passivation, phase
stabilization, photophysical property enhancement and device
engineering. We conclude with a summary and an outlook on
future research directions to further advance the PV applica-
tions of MCPs.

2 Material identification

The search for an optimum composition in MCPs requires
a combination of systematic experimental and computational
studies.>***»** To achieve environmentally stable and device-
efficient perovskite semiconductors, compliant source mate-
rials must be prioritized. The source materials must have the
capacity to yield perovskites exhibiting decent stability against
stressors.

MCPs are ionic compounds composed of multiple cations
(i.e., organic and/or metal ions) and anions (halides) in the
applicable A-, B- and X-sites. The synergistic effects of the
multiple components confer better stability on MCPs relative to
the single-cation single-halide perovskite configurations.
Moreover, the multi-component characteristics require a care-
ful control to minimize conflicting composition dynamics
capable of jeopardizing their thermodynamic stability. For
example, differences in ion mobility E, can trigger ion migra-
tion which is a major degradation pathway in halide perov-
skites.®> Hence, we focus on both the cationic and anionic
components in identifying suitable MCPs as this is also crucial
to the other characteristics such as the morphology, photo-
physics and device performance of MCPs. In particular, careful
control of alloying and structural properties can yield photo-
stable perovskites with optimized photophysics as shown in
Fig. 1(a) which is the photon energy (Ep,) changes as a function
of excitation time for CsyFA(;_)Pb(Bro 4Io.6); films. At y = 0.20,
E,1, shows only a marginal change over the 30 min of excitation
while a large decline can be seen at y = 0.05 and 0.60 indicating
higher structural stability and less severe halide segregation aty
= 0.20 unlike at the lower and higher Cs ratios. Similarly,
a decline in structural stability as well as increase in alloy
energetic disorder and electron-phonon coupling are respon-
sible for the steady increase in the FWHM of the PL spectra up
to x = 0.8 followed by a slight decrease for Cs 1,FAg g3Pb(Br,-
I(1_y)3, from the 100% iodide (x = 0) to 100% bromide (x = 1)
range as shown in Fig. 1(b). Therefore, it is evident that rational
processing of both the cationic and anionic components of
MCPs is crucial to the identification of suitable material
configurations.

To identify such perovskite materials, a physics-constrained
sequential learning framework exhibiting superior search effi-
ciency has been explored.* It can identify stable MCPs by fusing
data from high-throughput experimental degradation tests and
first-principles calculations of phase thermodynamics into an
end-to-end Bayesian optimization algorithm using probabilistic
constraints. 1.8% of the compositional space of Cs,MA,
FA,_,_,Pbl; perovskite was sampled and the Csy.1;MA o5
FA, goPbl; configuration exhibiting an FA-rich and Cs-poor
region, Region I in Fig. 1(d), shows the highest chemical and
structural stability. It is also ca. 17 and 3 times more stable than

This journal is © The Royal Society of Chemistry 2025
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Fig.1 (a) Changes in average PL emission photon energy (Egn) of Cs, FA_,)Pb(Brg 4l0.6)3 films at y = 0.05, y = 0.20 and y = 0.60. (b) FWHM of the

PL emission spectra of Csg 17FA0.83Pb(Bryl1_x)3 films as a function of Br—

content x. Inset shows the correlation between PL peak energy and Br™

content with fitting function. Reproduced from ref. 62 with permission from The Royal Society of Chemistry, copyright 2017. (c) Ranges of
bandgap (Eg), Urbach energy (Es4). absorbance (A) and aged to fresh absorbance ratio (Asgea7sa/Afresnzsa) Of CsMAFA,Pbls alloys at 520
locations. Reproduced from ref. 63 with permission from Wiley-VCH GmbH, copyright 2023. (d) Non-linear instability landscape (/(6)) within the
CsyMA FA,_,_,Pbls compositional space with stability in the order of Region | > Region I > Region lIl. (e) Comparison of percentage ratios of PCEs

after damp heat degradation tests between Region IV I/Br-based PSCs

and Region | I-based PSCs. (f) Optical changes as a function of degra-

dation time showing Region | as the most stable region. Reproduced from ref. 34 with permission from Elsevier Inc., copyright 2021. (g)
Normalized PL peaks of the photodegradation of materials showing three different degradation pathways denoted as Type 1, Type 2 and Type 3.
Reproduced from ref. 21 with permission from Elsevier Inc., copyright 2023. (h) Fitted plot of bandgap (Eg) as a function of Sn: Pb ratio for 43
reported perovskites and histograms indicating corresponding distributions with respect to Sn : Pb ratio and bandgap. Inset is the bandgap values
of the perovskites in ascending order. Reproduced from ref. 77 with permission from Springer Nature Ltd, copyright 2022.

MAPDI; and the widely reported Csg5(MAg.17FA0.83)0.05
Pb(I.83Bro.17)3 respectively. Fig. 1(d) shows a non-linear insta-
bility landscape (I(¢)) within the Cs,MA,FA; , ,Pbl;
compositional space. The instability index (I.) shows
a descending trend from Region III to I with the downward
arrow indicating the magnitude of the stability of Csgq7-
MA 03FA s0Pbl; against MAPbI;. Hence, provided MA ratio is
kept low and ¢ is close to unity, some MA-containing triple-
cation compositions can exhibit comparable I. with their
CsFA-based counterparts. The superior stability of Region I is
further evident from the least change in optical properties

This journal is © The Royal Society of Chemistry 2025

relative to prolonged exposure to stressors as shown in Fig. 1(f).
The synergistic contribution of halide ratio to the stability is
evident in Fig. 1(e) as the devices based on Region I composition
outperform those based on other compositions during the
degradation test as their “after PCE to initial PCE” ratios are
closer to 100%.

The scope of compositional space can be expanded through
a high-throughput optical characterization technique which
identifies, studies and establishes a library of tunable alloys
through composition grading. Graded layers of CsPbl;, MAPbI;
and FAPDI; were deposited by Moradi et al. on top of each other

J. Mater. Chem. A, 2025, 13, 32964-33011 | 32967
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at different gradient directions (i.e., perpendicular for MAPbI;
on CsPbl; followed by opposite for FAPbI; on MAPDI;) to ach-
ieve a stack of CsPbI;/MAPDbI;/FAPDI; through slot-die coating.*
The resulting spatially varied compositions of Cs,MA,FA;_,_-
Pbl; single film were screened using a high-throughput robot-
ized optical spectrometer. The organic cations, MA" and FA",
support the perovskite structure stability, while the inorganic
cation, Cs', supports the crystallization of pin-hole free films. By
studying the stability of the alloys against moisture, targeted
stable perovskite configurations can be obtained. In particular,
Fig. 1(c) shows the changes in bandgap (Eg), Urbach energy
(Eu7s4), absorbance (4) and aged to fresh absorbance ratio
(Aaged7salAresh7ga) Of CsyMA,FA,PbI; alloys at 520 locations. It
can be seen that the properties vary between 1.51 and 1.6 eV, 18
and 20 meV, 0.270 and 0.338, and 0 and 1 respectively from the
FA-rich region to the MA- and Cs-rich regions. The increase in
bandgap and decrease in absorbance can be attributed to lattice
shrinkage due to the transition from the larger FA" to the
smaller MA" and Cs".**%5 The relatively small Urbach energy at
784 nm indicates low energy disorder suitable for high perfor-
mance in cells.®*”” The more the deviation of Aygea7ga/Afresn7sa
from unity, the higher the instability of alloys in the region.
Hence, CsyMAFA,PbIj is stable provided x < 0.1; 0.1 <y < 0.25;
0.75 < z < 0.9 with near-unity ¢.

A similar strategy is the high throughput measurements of
multi-cation mixed-halide perovskites formulated and pallet-
ized on a chip by Wang et al. to quantitatively determine their
structure-property relationships.”® Mapping a series of
FA,_,Cs,Pb(I,_,Br,); perovskite to composition ratios, struc-
ture, bandgap, crystallographic phase and photostability facil-
itates the identification of perovskite alloys exhibiting a pure
cubic phase, optimal defect chemistry, superior stability and
adequate bandgap ca. 1.7 eV, suitable for perovskites on Si
tandem solar cells. The normalized PL peaks in Fig. 1(g) show
that the photodegradation of the materials follows three
different pathways which are seen as a red-shifted single
emission peak (Type 1), red-shifted double emission peaks
(Type 2) and a complete loss of emission peak (Type 3). More-
over, most compositions undergo Type 1 photodegradation,
indicating a low instability score. In particular, FAq ;75CSg.225-
Pb(Iy.749Br¢.251)3 was found to exhibit the most superior pho-
tostability which can be attributed to the low concentration of
halide vacancy.®*7°

The datasets obtained from these methods can be processed
by density functional theory (DFT) and used to train surrogate
models to achieve better property prediction and perform
inverse design using genetic algorithm.” The datasets can be
based on properties such as decomposition energies, bandgaps
and PV efficiencies of a large number of MCPs compared with
similar properties obtained from first-principles functionals.
Also, the DFT and experimental datasets for each property can
be used to train multi-fidelity random forest regression models
using descriptors that one-hot encode, such as composition,
phase and fidelity, which also include known elemental or
molecular properties of the components occupying the A-, B-
and X-sites of the perovskite lattice. The resulting optimized
models, which can be combined with genetic algorithm using
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an objective function, can predict thousands of experimentally
promising compounds exhibiting low decomposition energy,
suitable bandgap and efficiency.

Furthermore, due to the oversimplifications associated with
single-parameter empirical descriptors such as ¢, models
capable of providing a comprehensive view of the structures
over a wide compositional space are a better choice. Stability
predictions through machine-learning based on models pre-
dicting specific quantities such as the enthalpy of mixing and
octahedral distortions coupled with an extensive dataset of first-
principles calculations validated by experimental results have
proven to facilitate the determination of the optimal mixing
ratio of the cations and anions irrespective of the type and
concentration. Park et al. built a model to predict the properties
of perovskites made of B-site cations such as Ge**, Sn**, Pb*", X-
site halides, i.e., I, Br, Cl~, and a range of A-site cations such
as MA" and dimethylammonium DMA".”> Using DFT, calcula-
tions of enthalpy-of-mixing for eight concentrations of each pair
of ions selected were made. The dataset obtained gave trends
capable of training a cubic-phase stability predictor and
mapping the entire concentration range. The analyses of the
experimental MA,DMA, _,Pbl; showed that the effective ionic
radius of DMA" is significantly larger than that of MA*. Hence
its weighted-average radius and deviation from cubic structure
are expected to show a monotonic increase with increasing
concentration due to ¢.”>”* However, a non-monotonic behavior
can be achieved at small DMA" (<2 mol%) concentrations.

Similarly, mixing Sn*" and Pb*" in the B-site yields bandgap
tunable perovskites capable of realizing near infra-red opto-
electronics. The attendant non-linear bandgap changes as
a function of Sn:Pb ratio (ie., bandgap bowing) have been
attributed to structural and chemical effects due to changes in
compositional characteristics.”””” As shown in Fig. 1(h), the
wide deviation of R*> (0.705, gray line) from ideality and the
disordered shaded area reveal the difficulty of determining the
relationship between Sn: Pb ratio and bandgap through tradi-
tional methods. The limited knowledge from such methods can
be advanced with machine learning which can give deeper
insight into the phenomenon towards effective material control
and optimization. This has been achieved by Cai et al. with the
MASn,Pb, _,I; perovskite series through structural evolution
and SHAP library analyses, revealing that the bandgap bowing
involves an initial rapid drop in bandgap value at lower Sn
concentration (=<0.2 Sn: Pb ratio) followed by a plateaued low-
bandgap region at higher Sn concentration.”” It also shows
that the bowing effect facilitates deviation of PV parameters
such as Ji. and V,. from the Shockley-Queisser theory which can
be attributed to crystallographic distortion-induced deep-level
traps and enhanced +2 to +4 oxidation susceptibility due to
increasing Sn content. The machine learning predictions and
experimental validation pinpoint an optimal Sn : Pb ratio of 0.6
for high-performance PSCs.

As shown in Table 1, Pb-halide perovskites exhibiting various
compositions have been reported to-date, with remarkable
progress in the aspects of device efficiency. Although substan-
tial progress has also been reported for the material and device
stability, a lot of improvement is still required in this aspect in

This journal is © The Royal Society of Chemistry 2025
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