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Chemical stability and instability of inorganic
halide perovskites

Yuanyuan Zhou *a and Yixin Zhao *bc

Inorganic halide perovskites (IHPs) have recently attracted huge attention in the field of optoelectronics.

IHPs are generally expected to exhibit superior chemical stability over the prevailing hybrid organic–

inorganic perovskites that are widely used in optoelectronic devices such as solar cells and light-

emitting devices. This is primarily owing to the elimination of weakly-bonded organic components in the

IHP crystal structure. Nevertheless, many recent studies have revealed that IHPs still suffer significant

issues in chemical instability, and thus, a lot of effort has been made towards the stabilization of IHPs for

high-performance devices. In this context, a great deal of interest in the chemistry and perovskite

community has been emerging to understand the chemical (in)stability of IHPs and develop engineering

strategies for making more robust perovskite devices. This review will summarize the past research

progress in this direction, give insights into the IHP (in)stability, and provide perspectives for the future

effort in making stable IHP materials and devices.

Broader context
Halide perovskites (HPs) are a family of new-generation semiconductor materials, which are broadly divided into two types, hybrid organic–inorganic HPs and
inorganic HPs. While hybrid HPs have attracted huge attention for application in various (opto)electronics such as solar cells, light-emitting devices, radiation/
photo detectors, scintillators, transistors, and memristors, inorganic HPs are also emerging as an intrinsically or thermally more stable alternative to hybrid
HPs. Regardless of the promise, inorganic HPs still undergo degradation, which affects the device performance significantly. Therefore, there is an urgent need
to gain insights into the chemical stability and instability in inorganic HPs, which will help the development of high-performance perovskite (opto)electronic
devices that are sufficiently durable for real-world applications. The chemistry and materials science emerging from the study of inorganic HPs may have a
long-lasting impact on other materials with similar behaviors.

1. Introduction

In recent years, halide perovskites have emerged as a new
generation of semiconducting materials that are catalyzing a
revolution in the field of optoelectronics.1–7 These halide
perovskite materials are not only easy to synthesize by using a
variety of solution-/vapor-based methods, but also exhibit out-
standing optoelectronic properties such as long carrier diffusion-
lengths, moderate carrier mobility, high light-absorption coefficients,
and tunable optical bandgaps.8–10 Halide perovskites are also
exceptional for their intrinsic tolerance to defects as the defect
states in these materials are usually within the valence and

conduction bands, or very shallow.11–13 Therefore, there is a huge
amount of interest in developing high-performance perovskite-
based optoelectronic devices including, but not limited to, solar
cells, light-emitting devices (LEDs), photo-/radiation-detectors,
and scintillators.14–17 Especially, the power conversion efficiency
(PCE) of perovskite-based solar cells (PSCs) has swiftly climbed to
a certified 23.7%,18 since Miyasaka et al. reported the first PSC
with a 3.8% PCE in 2009.5 The halide perovskites that have been
most widely studied in the literature exhibit a 3D crystal structure
with a general chemical formula of ABX3, where A is a monovalent
cation such as methylammonium (CH3NH3

+, MA+), formamidinium
(HC(CH2)2

+, FA+), and Cs+, B is a divalent cation such as Pb2+ and
Sn2+, and X is a halide ion such as I�, Br�, and Cl�. Fig. 1a shows
the crystal structure of 3D halide perovskites of ABX3. Empirically,
the crystal structure of an ABX3 compound is determined by
Goldschmidt’s tolerance factor t, defined as,19

t ¼ rA þ rX
ffiffiffi

2
p

rB þ rXð Þ
; (1)

a School of Engineering, Brown University, Providence, RI 02912, USA.

E-mail: yuanyuan_zhou@brown.edu
b College of Environmental Science and Engineering, Shanghai Jiao Tong University,

Shanghai 200240, P. R. China. E-mail: yixin.zhao@sjtu.edu.cn
c Shanghai Institute of Pollution Control and Ecological Security, Shanghai 200092,

P. R. China

Received 6th December 2018,
Accepted 20th February 2019

DOI: 10.1039/c8ee03559h

rsc.li/ees

Energy &
Environmental
Science

REVIEW

Pu
bl

is
he

d 
on

 0
7 

M
ar

ch
 2

01
9.

 D
ow

nl
oa

de
d 

by
 B

ro
w

n 
U

ni
ve

rs
ity

 o
n 

3/
16

/2
01

9 
4:

32
:3

9 
PM

. 

View Article Online
View Journal

http://orcid.org/0000-0002-8792-2213
http://orcid.org/0000-0002-8663-9993
http://crossmark.crossref.org/dialog/?doi=10.1039/c8ee03559h&domain=pdf&date_stamp=2019-03-06
http://rsc.li/ees
http://dx.doi.org/10.1039/c8ee03559h
https://pubs.rsc.org/en/journals/journal/EE


Energy Environ. Sci. This journal is©The Royal Society of Chemistry 2019

where rA, rB, and rX are the ionic radii of the A-cation, B-cation,
and X-anion. When t is between 0.8 and 1.0, the crystal favors a
3D perovskite structure. When t 4 1.0, a NH4CdI3-type crystal
structure is usually favored. When t o 0.8, a CsNiBr3-type crystal
structure is most likely to form. Besides t, the octahedral factor m is
another important empirical parameter, which is defined as,20,21

m = rB/rX, (2)

where rB and rX are the radii of the B-cation and X-anion.
A m value of 0.4 to 0.9 contributes to the formation of stable BX6

octahedra.21 Due to these structure restrictions (simultaneous
satisfaction of both t and m conditions), there are actually a very
limited number of combinations of A, B, and X ion types
that can lead to 3D perovskites. The most popularly studied
3D halide perovskites amongst them are methylammonium
lead halide (CH3NH3PbX3, MAPbX3), formamidinium lead
halide (HC(NH2)2PbX3, FAPbX3), cesium lead iodide (CsPbX3),
and cesium tin halide (CsSnX3). Nevertheless, recent research
progress in the HP field has revealed a lot more perovskite-inspired
compounds, which show very interesting optoelectronic and
chemical properties. These new compounds typically include the
layered Ruddlesden–Popper type perovskite phases (A2BX4),22,23

layered Dion–Jocobson type perovskite phases (ABX4),24,25 A3B2X9

compounds,26,27 A2B0B00X6 or A2BX6 double-perovskite phases,28

and A4BX6 compounds,29,30 all of which have been later embraced
in the broad HP family.

Halide perovskites can be broadly divided into two types,
hybrid organic–inorganic halide perovskites (HHPs) and inor-
ganic halide perovskites (IHPs), depending on the chemical
nature (organic or inorganic) of A-site ions, as shown in Fig. 1.
Fig. 1b and c shows the high-resolution transmission electron
microscopy (TEM) characterization results of the prototypical
MAPbBr3 HHP and CsPbBr3 IHP, where the structural difference
in the A-site ion of ABX3 could be resolved at the atomic scale.
The CsPbBr3 IHP contains only symmetric, spherical cations in
A-sites, while organic, asymmetric, and polar MA+ cations can be
observed in the MAPbI3 HHP in Fig. 1b. The polar MA+ cations
could also have varied orientations at specific atomistic sites in
the MAPbI3 HHP. Until now, regarding the photovoltaic (PV)
applications, the state-of-the-art PSCs have still employed HHPs
as light absorbers.33–35 However, it is generally argued that these
HHP-based PSCs suffer from low intrinsic or thermodynamic
stability issues due to the inclusion of organic MA+ and FA+

cations, which are volatile in nature. This significant issue has
stimulated a surge of interest in using IHPs to replace HHPs for
some PV applications.36–38 Moreover, for non-PV optoelectronic
applications such as LEDs, radiation-detectors, and scintillators,
IHPs have shown even more promise due to their suitable optical
properties, as well as much more robust stability under external
stimuli such as electric bias and radiation.39 Although a lot of
attention has been attracted by IHPs for the sake of the superior
stability over their HHP counterparts, the chemical stability
of IHPs themselves has also become a concern. In this review,
first, insights into the origins of IHP stability and instability
are provided. Then, the reported strategies in the literature that
address the instability issues of IHPs are reviewed. Finally,
we present perspectives on promising future directions towards
stable IHP materials and devices.

2. Mechanistic origins of stability and
instability of inorganic halide
perovskites

The low stability of typical HHPs like MAPbI3 has been noticed
since the early stage of PSC research.41 Nagabhushana et al.40,42

experimentally measured the formation enthalpies of the MAPbI3

HHP based on acid-solution calorimetry, showing that MAPbI3 is
intrinsically/thermodynamically unstable and prone to decom-
position to its binary halide components (MAI and PbI2) even in
the absence of external stimuli such as moisture, oxygen, heat,
and irradiation. This is highly consistent with the theoretical
prediction by Zhang et al.40,43 who show the decomposition
reaction of MAPbI3,

MAPbI3 - MAI + PbI2 (3)

is exothermic (at 0 K and zero pressure), independent
of atmospheric factors (see Fig. 2a). Substitution of A-, B-,
and X-site ions with other corresponding ions can tune the
formation energies, resulting in more stable compounds. In

Fig. 1 (a) Schematic representation of the typical ABX3 crystal structure
of halide perovskites. The nature (organic or inorganic) of A-site ions
determines the types of all-inorganic halide perovskites and hybrid
organic–inorganic halide perovskites. (b) The structural model and
simulated projected potential map of the prototypical MAPbI3 HHP based
on high-resolution TEM characterization. Adapted from ref. 31 with per-
mission requested from the American Association for the Advancement
of Science (AAAS). (c) The structural model and phase image of the
prototypical CsPbBr3 IHP based on based on high-resolution TEM char-
acterization. Adapted from ref. 32 with permission requested from the
American Chemical Society (ACS).

Review Energy & Environmental Science

Pu
bl

is
he

d 
on

 0
7 

M
ar

ch
 2

01
9.

 D
ow

nl
oa

de
d 

by
 B

ro
w

n 
U

ni
ve

rs
ity

 o
n 

3/
16

/2
01

9 
4:

32
:3

9 
PM

. 
View Article Online

http://dx.doi.org/10.1039/c8ee03559h


This journal is©The Royal Society of Chemistry 2019 Energy Environ. Sci.

particular, for these IHPs with A-sites occupied by Cs+, the
formation energies become generally higher than those of the
HHP counterparts. This is consistent with the experimental
observations.40,43–45 Zhang et al.40,43 have further determined the
true thermodynamic stability using the Gibbs free energy as shown
in Fig. 2b, which takes into account the contributions from internal
energy, pressure, and temperature (vibrational and configurational
entropy). It is shown that the vibrational contribution is compar-
able for the reactant and products of reaction (3) and therefore does
not influence the MAPbI3 or MASnI3 stability. However, for
the configurational entropy, the energy differences for MAI with
different MA+ orientations are much smaller than those for MAPbI3

and MASnI3 HHPs.40,43 This suggests that MAI may have higher
configurational entropy than MAPbI3 and MASnI3 HHPs,
decreasing the stability of the perovskite structure.40,43 Once
MA+ ions are fully replaced by Cs+, the vibrational entropy can
slightly enhance the stability of the perovskite structure, as the
vibrational free energy decreases faster than those decomposition
products as a function of temperature as shown in Fig. 2b.40,43

Meanwhile, the configuration entropy becomes less important in
the all-inorganic compounds as the Cs+ cation itself is symmetric
without multiple configurations.40,43 All these combined
experimental–theoretical results basically explain the superior
intrinsic or thermodynamic stability of IHPs over HHPs.

There are some other factors contributing to the possibly
enhanced stability of IHPs over HHPs. Aristidou et al.47,48 have
shown that MAPbI3 HHP degradation under light and oxygen is
initiated by the reaction of superoxide (O2�) with the protonated
MA+ moiety in HHPs. In this context, inorganic cations such as
Cs+ are free of acid protons, which improves the tolerance of
perovskites to oxygen under light. Also, many theoretical and
experimental studies have shown that IHPs are purely halide-
ion conductors while both organic-cations and halide-ions are
mobile in HHPs,49–52 implying IHPs have an inherently more
rigid crystal structure to resist electrochemical changes under
external stimuli.

While the above analyses provide reasonable rationales
for considering IHPs as more stable materials than the HHP
counterparts, in fact, many important IHPs are found to be not
stable enough under external stimuli such as moisture, light,
heat, and oxygen. In a recent perspective article by Ju et al.,46

the degradation mechanisms for all kinds of halide perovskites
have been well summarized (Fig. 3), which include polymorphic
transition, hydration, decomposition, and oxidation. Different
from HHPs, IHPs are free of hygroscopic organic cations, in
which context the hydration of IHPs may not occur frequently.
Thus, the dominating degradation mechanism for IHPs can
be either polymorphic transition, decomposition, oxidation, or

Fig. 2 (a) Calculated formation energies for different HHPs or IHPs with Perdew–Burke–Ernzerhof (PBE) and van der Waals (vdW) exchange–correlation
functionals. A positive number indicates that the compound is stable at 0 K. (b) Calculated vibrational free energy of the MAPbI3 HHP, MASnI3 HHP and
CsSnI3 IHP as a function of temperature (T). Adapted from ref. 40 with permission requested from Chinese Physical Society.
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their combinations. It will also be highly dependent on the
specific perovskite composition.

The most typical lead-based IHP composition is CsPbI3. The
CsPbI3 perovskite is usually known as the ‘black’ polymorph
(a-phase), and it exhibits a bandgap of 1.8 eV, which is suitable
for PV applications. However, the tolerance factor (t) of CsPbI3

is calculated as 0.80 based on the ionic radii of Cs+, Pb2+, and I�

(Table 1). The relatively low t results in the structural instability
of a-CsPbI3 (space group Pm%3m; a = 6.201 Å), which can easily
transform to its ‘yellow’ nonperovskite polymorph (d-phase,
space group Pnma) that is thermodynamically more stable at
ambient temperature. This perovskite-to-nonperovskite poly-
morphic transition becomes even more facile when moisture
is present, although the catalytical role of moisture has not
been fully understood. For lead-free IHPs, the most typical
compound is CsSnI3. While the CsSnI3 IHP (g-phase at room
temperature) has an ideal bandgap of 1.3 eV for single-junction
PSCs, this compound is unstable mainly due to the facile

oxidation of Sn2+ to Sn4+ in ambient air.6 In this context, the
following sections will primary focus on discussing the stabili-
zation protocols for these two materials (lead-based CsPbI3 and
lead-free CsSnI3) by addressing the polymorphic transition and
oxidation issues, respectively. There are also some emerging IHP
materials with relatively complex compositions (e.g. Cs2AgBiI6)
which are thermodynamically prone to decompose regardless of
the all-inorganic compositions, which will also be involved in the
discussion. In order to present a clear overview of the current
progress in stabilizing IHPs, the stability results of representative
studies by various groups are summarized in Table 2. Never-
theless, these stability results may not be directly compared with
each other since there are no standardized test conditions for
evaluating perovskite materials and devices.

3. Stabilization of lead-based
inorganic halide perovskites
3.1. Element doping/alloying – tuning the tolerance factor
and inducing lattice strain

As described above, the low chemical stability of CsPbI3 is
mostly due to the relatively low t (0.80) of this compound,44

compared to that (B0.91) of its HHP counterpart MAPbI3. The
low t is attributed to the small ionic size of the Cs cation.
Obviously, t can be tuned by incorporation of new ions in the
ABX3 crystal structure, which will lead to a change in the
average radii of A-, B-, or X-site ions. Meanwhile, the size
difference of the incorporated ions to A-, B-, or X-sites should
be small enough to avoid phase segregation. For the A-site,
organic cations such as FA+ and MA+ are good candidates for
tuning t and stabilizing the perovskite phase. But the resulting
stabilized perovskite contains the volatile FA+ and MA+ cations
regardless of their small amount, making intrinsic thermal
stability a concern. Unfortunately, there is no inorganic cation
suitable for increasing t in the CsPbI3-based compound as Cs is
the largest-size Group-I element that is nonradioactive. Another
way to increase t is to substitute some portion of I anions
with the smaller-size Br, which will form CsPbI3�xBrx alloy
perovskites and retain the all-inorganic composition. Sutton
et al. have reported the enhanced phase stability of CsPbI3�xBrx

compared with CsPbI3 for the first time,54,55 which is further
confirmed by several following reports.56–61 However, the Br
alloying induces an undesired blue shift of the absorption edge
and an enlarged bandgap, e.g. the popularly studied CsPbI2Br
exhibits an absorption edge of 680 nm and a bandgap of
1.9 eV.62 Note that the bandgap of CsPbI3 is B1.8 eV, which
is already too large as absorber materials in single-junction
solar cells. In this context, there is a need to develop strategies
that enhance the perovskite phase stability without increasing
the bandgap, and doping/alloying the B-site of CsPbI3 with
various smaller-size metal cations such as Sn2+,63–65 Ge2+,66

Bi3+,67 Sb3+,68 Eu3+,53,69 and Mn2+ 70,71 is employed to achieve
this goal (Fig. 4a).72

Sn2+ exhibits the most similar chemical properties to Pb2+

and the radius of Sn2+ is only slightly smaller than Pb and thus

Fig. 3 Illustration of degradation mechanisms of halide perovskites under
key environmental factors (moisture, light, heat, and oxygen). Adapted from
ref. 46 with permission requested from Elsevier.

Table 1 Estimated radii of typical organic and inorganic ions in halide
perovskites, which can be used for calculating the Goldschmidt’s tolerance
factor. The data are adopted from ref. 73–76

Ion type Radius (Å)

Cs+ 1.67
Rb+ 1.52
NH4

+ 1.46
MA+ 2.17
FA+ 2.53
DMA+ 2.72
Pb2+ 1.19
Sn2+ 1.18
Ge2+ 0.73
Sn4+ 0.69
Ag+ 1.15
In3+ 0.80
Eu3+ 0.95
Sb3+ 0.76
Bi3+ 1.03
Ti4+ 0.61
Mn2+ 0.70
I� 2.20
Br� 1.96
Cl� 1.84
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CsPb1�xSnxI3 can easily form, which enables effective tuning
of the tolerance factor. It is shown that although CsSnI3 is
unstable in ambient air due to the oxidation sensitivity of Sn2+,
CsPb1�xSnxI3 (in the material form of nanocrystals) with a
low Sn2+ content can exhibit high phase-stability in ambient
conditions as well as extended absorption in the near-infrared-red
region.64 Sn2+ substitution in CsPbI3 could be used in combi-
nation with Br� substitution, resulting in stable CsPb1�xSnI3�xBrx

alloy perovskite phases with suitable bandgaps.63 Mn2+ incorpora-
tion has been shown to be highly effective in stabilizing either
CsPbI3 perovskite thin films or nanocrystals.70 Since the size
difference between Mn2+ and Pb2+ is relatively large, only a very
slight amount of Mn2+ can be possibly accommodated in the
CsPbI3 crystal structure with the occurrence of phase separation.
Theoretical calculations have revealed that the Mn2+ doping levels
are located within the conduction band. Therefore, Mn-doping

induces negligible change in the absorption features. In addi-
tion, Mn2+ doping has shown a positive effect on thin film
formation.71 These combinations lead to the enhancement of
the photovoltaic (PV) performance of CsPbI3 or CsPbI3�xBr3

PSCs.71,77 Aliovalent B-site doping with Bi3+, Sb3+, or Eu3+ is also
proven to strongly enhance the phase stability of the CsPbI3 or
CsPbI3�xBrx perovskites. In addition to tuning the tolerance
factor, such aliovalent doping induces slight distortion of the
perovskite crystal structure via the naturally coupled formation
of iodine vacancies. These additional vacancies could induce
lattice strain in the crystal, showing a positive effect in stabilizing
the perovskite crystal structure. Energy dispersive spectroscopy
studies show a uniform dopant element distribution when less-
than-5 mol% Bi3+ or Eu3+ is incorporated (Fig. 4b).53,67,69 In a
recent study,53 the Eu-doped CsPbI2Br PSC with a wide bandgap
of 1.9 eV show an impressive PCE of 13.71% (Fig. 4c). As seen

Fig. 4 (a) Schematic illustration of stabilization of CsPbI3�xBrx using a B-site doping/alloying strategy. (b) High-angle annular dark-field imaging (HAADF)
TEM image of Eu-doped CsPbI2Br and the corresponding Pb and Eu elemental mapping. (c) Current density–voltage curve of the best-performing
Eu-doped CsPbI2Br PSCs. (d) Comparison of the stability of CsPbI2Br PSCs with and without Eu doping. Adapted from ref. 53 with permission requested
from Elsevier.
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in Fig. 4d, the high performance could be retained with 93%
of the initial efficiency after 350 h operation of the PSC under
100 mW cm�2 continuous white-light illumination using the
maximum-power point-tracking measurement, demonstrating
much better stability over the doping-free CsPbI2Br PSC. All
these studies clearly demonstrate the effectiveness of various
doping methods in stabilizing IHPs, and one promising future
direction will be to explore co-doping strategies with multiple
elements, which may have synergic and optimal effects in
stabilizing IHP materials and devices.

3.2. Nanocrystal-induced phase stabilization

While early studies have revealed that CsPbI3 perovskite bulk thin
films or large crystals are not stable in the a-phase at ambient
temperature,78 the CsPbI3 nanocrystals that are synthesized
via solution-phase methods have exhibited an interesting
phenomenon of size-dependent phase-stability. Kovalenko
and coworkers have found that the a-CsPbI3 nanocrystals with
100 to 200 nm size quickly degrade into the d-phase, but the
a-CsPbI3 nanocrystals with 4 to 15 nm size can stay in the a-phase
upon storage for one month at ambient temperature.79 The
nanocrystal-induced stabilization of the CsPbI3 perovskite
could be reasonably attributed to the high surface energy of
nanocrystals or the high surface micro-strain on nanocrystals.
Later, Swarnkar et al. have for the first time demonstrated the
use of CsPbI3 perovskite nanocrystals in PSCs as shown Fig. 5a,
and reported a high PCE of 10.77% (a record at the time) with a
very high open-circuit voltage of 1.23 V.37 A typical TEM image
of the as-studied CsPbI3 perovskite nanocrystals is exhibited
in Fig. 5b, showing the perfect perovskite lattice, and these

nanocrystals retain their a-phases after 60 days storage in
ambient conditions, as indicated from the XRD results in
Fig. 5c. Regarding CsPbI3 perovskite nanocrystal based PSCs,
the surface ligands of the nanocrystals play a double-edged-
sword effect. On one hand, the ligands serve as a capping
layer that protect the nanocrystals from segregation and then
coarsening into large-size nanocrystals or bulk crystals that are
intrinsically unstable. On the other hand, the ligands may
block the conduction of charge carriers to some extent. To
address this dilemma, in a later study by Luther et al., a post-
treatment using organic halide salts (e.g. FAX) was employed to
enhance the electronic coupling between CsPbI3 perovskite
nanocrystals while maintaining the nanocrystal morphology.36

The mobility of CsPbI3 perovskite nanocrystal assembled thin
films was increased from 0.23 to 0.50 cm2 V�1 s�1 with retained
high chemical stability. The resulting CsPbI3 nanocrystal based
PSCs exhibited a certified PCE of 13.43%. While there are a few
other excellent studies on developing CsPbI3 perovskite nano-
crystal based PSCs,36,80–82 existing effort in this direction is still
highly limited in the literature. Future effort in tailoring surface
defects, ligand–crystal interaction, and the morphology of
nanocrystals, as well as understanding and engineering of
device structures, will lead to more stable and efficient IHP
nanocrystal based solar cells.

3.3. Additive–crystal interaction

Incorporation of suitable nonvolatile additives in CsPbI3 precursor
solutions is an alternative method to crystallize and stabilize
CsPbI3 in its perovskite phases, because these additives are able
to tailor the surface energy, reduce the grain size, and form

Fig. 5 (a) Schematic illustration of the CsPbI3 nanocrystal based perovskite solar cells. (b) TEM image of colloidal a-CsPbI3 nanocrystals. (c) XRD patterns
of the a-CsPbI3 nanocrystals after storage in ambient conditions for 1 and 40 days. Adapted from ref. 37 with permission requested from AAAS.
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nanoscale encapsulation layers of CsPbI3 perovskite grains. The
first type of additives is long-chain ammonium cations. As
shown in Fig. 6a, Fu et al.83 have shown that the incorporation
of oleylammonium (OA+, B1.7 nm in length) in the solution
processing stabilizes the CsPbI3 perovskite in the cubic a-phase
whereas the use of phenylethylammonium (PEA+, B0.6 nm in
length) additives stabilizes the CsPbI3 perovskite in the tetra-
gonal b-phase where the octahedra are slightly tilted. Note that
the exact crystal structure of the b-CsPbI3 perovskite is not fully
revealed yet in that study. A plausible mechanism responsible
for this method is the strong molecular interaction of the
additive phases with as-crystallized CsPbI3, which tunes the
surface energy and stabilizes the CsPbI3 perovskite phase
kinetically. With either OA+ and PEA+ additives, the CsPbI3

perovskites show no obvious phase degradation after 4 month
storage in ambient conditions.83

Polymers are another type of effective additives. Li et al.84

have incorporated poly-vinylpyrrolidone (PVP) into the solution-
processing of CsPbI3 perovskites. They have claimed that PVP
has amide groups with chemical properties similar to –NH3

groups in those ammonium-based additives.84 Therefore, PVP
also interacts with CsPbI3 via molecular bonding (Fig. 6b). The
as-deposited CsPbI3 perovskite thin films with PVP additives are
highly stabilized, exhibiting impressively long carrier diffusion
lengths of B1.5 mm. The resulting PSCs show a PCE of 10.74%,
close to that for the CsPbI3 perovskite nanocrystal based PSCs.
Regarding the device stability, 75% of the initial PCE is retained
after the encapsulated PSC is exposed to ambient air with
B50% relative humidity (RH) for 500 h. In another study by
Beomjin et al.,86 the poly(ethylene-oxide) (PEO) polymer has
also been used to inhibit the d-phase formation during the

solution processing of CsPbI3 perovskite thin films and promote
low-temperature perovskite crystallization. High-performance
red-light LEDs (brightness of B101 cd m�2; external quantum
efficiency of 1.12%; emission bandwidth of 32 nm) are achieved.
Although PEO doesn’t have the necessary functional groups to
form strong chemical bonds with CsPbI3 like PVP, Beomjin
et al.84 have found that PEO scaffolds provide a confined
environment for the crystallization of the CsPbI3 perovskite,
leading to the formation of CsPbI3 perovskite small-grains
that are fully encapsulated. Note that, similar to the case of
CsPbI3 perovskite nanocrystals, the phase stability increases
with a decrease in the grain size in the CsPbI3 perovskite bulk
thin film. This is partially responsible for the good stability of
PEO-incorporated CsPbI3 perovskite thin films. Since polymers
are a very large family of materials with highly tunable mole-
cular structures and properties, it may be possible to develop
more effective additives for stabilizing IHPs using synthetic
polymers with specially-designed functional groups.

Large polar organic molecule additives are also useful for
making stable CsPbI3 perovskite thin films. Recently, Wang
et al. have shown that sulfobetaine zwitterion additives exhibit
an obvious effect in stabilizing CsPbI3 perovskites and achieved a
PCE of 11.4% in the resulting PSCs.85 The proposed mechanism
for zwitterion-induced CsPbI3 perovskite stabilization is schema-
tically shown in Fig. 6c. It is claimed that the zwitterion not only
hinders the rapid crystallization of the CsPbI3 perovskite in the
conventional additive-free ‘one-step’ deposition process, but also
induces a decrease in the grain size in the resulting thin film.85

The grain size in this perovskite thin film is only B30 nm,
similar to that of the CsPbI3 perovskite nanocrystals. The grain
size decrease could be attributed to the enhanced heterogeneous

Fig. 6 (a) Schematic illustration showing the formation of a- and b-CsPbI3 using OA and the PEA ligand additive. Adapted from ref. 83 with permission
requested from ACS. (b) Schematic illustration of stabilizing the CsPbI3 perovskite using PVP. Adapted from ref. 84 with permission under the Creative
Commons Attribution 4.0 International License. (c) Schematic illustration of stabilizing the CsPbI3 perovskite phase with zwitterions. The zwitterion
molecules segregate at grain boundaries during the CsPbI3 perovskite crystallization. Adapted from ref. 85 with permission requested from Elsevier.
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nucleation sites and the constraint effects induced by the large-
molecule polar zwitterion.85

The use of other types of additives such as HI has been also
demonstrated for CsPbI3 perovskite stabilization, although the
underlying mechanisms may still be under debate. For exam-
ple, Heo et al. and Xiang et al.87,88 have both observed that HI
significantly reduces the processing temperature, resulting in
stable a-CsPbI3 perovskite thin films. Tensile lattice strain is
observed in such a-CsPbI3 perovskite thin films by Xiang
et al.,87 which may contribute to the phase stability. However,
it has been recently argued by Ke et al.76 and Noel et al.89 that
the HI additive decomposes DMF, in situ forming dimethyl-
ammonium (DMA+). Ke et al.76 have claimed that DMA+ with
an ionic radius of 0.272 nm could be incorporated in the
perovskite structure, forming Cs1�xDMAxPbI3 (x = 0.2 to 0.5)
with more ideal tolerance factors.76 In order to elucidate
this discrepancy regarding the role of the HI additive, more
systematic studies may be valuable in the future. Nevertheless,
this HI-additive method has been combined with the PEA+-
additive method by Wang et al.,90 leading to CsPbI3-based PSCs
with PCEs up to 15.07%. It is promising that this PSC keeps
92% of its initial PCE after two months storage in ambient
conditions (20 to 30% RH at B25 1C).90

3.4. Surface post-treatment or functionalization

Surface post-treatment of as-deposited thin films, leading to
the formation of thin functionalization layers, is another new
promising stabilization method for CsPbI3 perovskites. In a
recent study by Wang et al.,91 a PEAI layer was solution-deposited
on the top of a CsPbI3 perovskite thin film, followed by thermal

annealing (see Fig. 7a). This treatment doesn’t produce layered
perovskite phases on the film surface, because there is a
relatively high energy barrier for the cation-exchange reaction
of CsPbI3 to PEA2PbI4. But instead, a PEA+ cation-terminated
surface is formed as shown in Fig. 7a. This is actually consistent
with the previous report claiming that alkyl-ammonium cations
stabilize CsPbI3 nanocrystals through replacement of the
surface Cs+ cations.92 Wang et al.91 have further shown this
simple PEAI post-treatment not only significantly enhances the
phase-stability of the thin film, but also forms a hydrophobic
barrier for resisting moisture ingression. The resulting CsPbI3

PSCs show an impressively high PCE of 13.5%. In a later
approach by Wang et al.,93 PEABr has been used instead of
PEAI, which simultaneously functionalizes the film surface and
induces gradient Br-doping into the film bulk. The stabilized
PCE output of CsPbI3-based PSCs is further improved to
16.3% and 91% of the initial PCE can be retained when the
device is stored in N2 with 500 h continuous white-light LED
illumination.93 Beyond PEA+ cations, other organic cations with
tailored functional groups such as NH3

+C2H4NH2
+C2H4NH3

+ 94

may exhibit more beneficial effects on enhancing the stability
of lead-based IHPs, which is an interesting research direction
in the future.

3.5. Engineering of crystal symmetry and dimensionality

The cubic a-CsPbI3 polymorph (space group Pm%3m) is the most
commonly claimed in the reported CsPbI3 perovskite thin films
or nanocrystals. In fact, CsPbI3 also has two other perovskite
polymorphs, tetragonal b-CsPbI3 and orthorhombic g-CsPbI3,
with slightly tilted octahedra. Interesting, both b-CsPbI3 and

Fig. 7 (a) Schematic illustration of the CsPbI3 perovskite thin film surface terminated with PEAI. (b) XPS spectra of the PEA–CsPbI3 perovskite compared
with CsPbI3 and PEAI thin films. (c) Stability of the CsPbI3 and PEAI-treated CsPbI3 thin films upon exposure to ambient conditions (B85% RH, RT) for
0.5 h. Adapted from ref. 91 with permission requested from Elsevier.
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g-CsPbI3 have been claimed to show better stability than
a-CsPbI3.95,98,99 Syntheses of b- and g-CsPbI3 perovskites
can be enabled through incorporating suitable additives or
dopants in the solution processes.83,95 In a very recent study,
Zhao et al.95 have shown that a small amount of H2O addition
in the CsPbI3 precursor solutions facilitates direct crystal-
lization of CsPbI3 perovskite thin films in the g-phase instead
of the a-phase. As shown in Fig. 8a, the crystal structure of the
g-CsPbI3 polymorph is confirmed based on the Rietveld refine-
ment of the XRD pattern. The g-CsPbI3 crystal exhibits a space
group of Pbnm (lattice parameters: a = 8.646 Å, b = 8.818 Å,
c = 12.520 Å, a = b = g = 901). In Fig. 8b, the calculated Gibbs free
energy relative to the bulk d-CsPbI3 as a function of surface area
(linear relationship) using density functional theory (DFT) is
plotted. The line slope indicates the surface free energy. The
bulk free energy difference (when the surface area is zero) of
g-CsPbI3 to d-CsPbI3 is 20.9 kJ mol�1. From Fig. 8b, Zhao et al.95 have
shown that when the surface area is greater than B8600 m2 mol�1

(corresponding to a film with roughly 100 nm grain size), g-CsPbI3

starts to show a lower Gibbs free energy than d-CsPbI3, suggesting
a relatively higher phase stability. By tuning the added amount
of H2O, they have successfully prepared phase-pure g-CsPbI3 thin
films with B100 nm grain size in ambient conditions, which
show a high PCE over 11%. Impressively, almost no efficiency
loss is observed when the unencapsulated device is stored in the
ambient environment for months or after continuous device
operation under one-sun illumination for hours in the ambient
environment. In the future, other synthetic methods such as
pressure-assisted annealing may be employed to form new
g-CsPbI3 thin films. It is also promising to synthesize surface-
functionalized or doped g-CsPbI3 thin films, which could be
even more stable.

The crystal dimensionality of CsPbI3 can be altered through
incorporation of large organic cations into the crystal structure
(instead of on the crystal surface), forming layered Ruddlesdon–
Popper or Dion–Jacobson halide perovskite phases, so-called
‘quasi-2D’ perovskites. This is similar to the case of HHPs.100

Note that the terminology of ‘quasi-2D’ or ‘2D’ was adopted in
the related original studies and thus used in the discussion
here, although such terminology may not be appropriate.
The ‘quasi-2D’ approach has early been utilized to stabilize
the a-CsPbI3 perovskite for red-color LEDs.101 Here, the
1-naphthylmethylamine cation is introduced to form ‘quasi-2D’
perovskites, contributing to LEDs with a high external quantum
efficiency of 3.7% and luminance of B440 cd m�2.101 This
dimension-engineering method has also been introduced for
stabilizing bulk CsPbI3 perovskite thin films for PV applications.
Liao et al.102 have shown that BA cations added into CsPbI3

perovskite precursors form a ‘quasi-2D’ BA2CsPb2I7 perovskite,
which exhibits a low crystallization temperature (B100 1C) and
enhanced phase stability against humidity and heat. However,
the crystal structure of BA2CsPb2I7 has not been fully studied in
this study and thus it remains unclear whether BA2CsPb2I7 is a
single-phase composition. The PSCs made using BA2CsPb2I7

exhibit a PCE that is lower than 5%, which could be related to
the low phase-purity. In a more promising approach by Zhang
et al.,96 a ‘quasi-2D’ CsPbI3-based perovskite can be also formed
by incorporation of divalent ethylenediaminium or butylene-
diaminium lead iodides in CsPbI3 perovskite thin films, which
leads to very promising film stability for more than one week
under environmental conditions (100 1C, dry air), as revealed in
Fig. 8c. These new ‘quasi-2D’ CsPbI3-based PSCs show stable PCEs
up to 11.8%. In a later study, Jiang et al.97 have systematically
mixed PEAI of controlled amounts in the CsPbI3 precursor

Fig. 8 (a) Rietveld refinement of the XRD pattern of the as-synthesized orthorhombic g-CsPbI3 perovskite, showing a space group of Pbnm.
(b) Calculated Gibbs free energy of g-CsPbI3 and a-CsPbI3 polymorphs relative to bulk d-CsPbI3 as a function of surface area using DFT. Adapted
from ref. 95 with permission requested from ACS. (c) XRD patterns of CsPbI3�0.025EDAPbI4 before and after storage under environmental conditions
(100 1C, dry air) demonstrating its good stability. Adapted from ref. 96 with permission under a Creative Commons License. (d) Schematic illustration
of the crystal structures of PEA2Csn�1PbnX3n+1 with various n values. The relative decomposition energies of the PEA2Csn�1PbnX3n+1 crystals based on
DFT calculations are also shown. Adapted from ref. 97 with permission requested from Elsevier.
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solution, and claimed the formation of ‘quasi-2D’ PEA2Csn�1PbnI3n+1

perovskites with various n values from 1 to N. A similar approach
using the PEA+ cation is also reported by Li et al.103 Such
crystal-dimensionality engineering could be combined with
the X-site anion alloying method, contributing to even more
impressive perovskite stability. Jiang et al. have shown the PSC
device made using the quasi-2D PEA2Csn�1Pbn(I2/3Br1/3)3n+1

perovskite with an optimal n value of 40 exhibits a high PCE
exceeding 11%, which has a retention of 93% after 40 days
storage (unencapsulated) in ambient conditions. Regardless of
the great device performance and stability, one may keep in
mind that single-phase high-member Ruddlesdon–Popper
phases are generally very difficult to synthesize due to the
thermodynamic limit.104 The exact composition and micro-
structure of the PEA2Csn�1Pbn(I2/3Br1/3)3n+1 (n = 40) perovskite
in Fig. 8d will need to be further confirmed. It is highly possible
that when n 4 5, instead of ‘quasi-2D’ perovskite phases, the
perovskite thin films may consist of CsPbI3 perovskite grains
that are functionalized by PEA+, thus leading to the apparently
enhanced stability. In addition, Zhang et al.96 have also found
that in these ‘quasi-2D’ CsPbI3 perovskites, the grain size is
usually smaller, which could be another contributing factor to
the observed stability. Moreover, the exact crystal symmetry of
these claimed ‘quasi-2D’ CsPbI3 perovskites has not been
revealed. It is envisioned that a systematic study on the effects
of the organic-cation type on both crystal dimensionality and
symmetry in CsPbI3 will help discover new phases of stable
‘quasi-2D’ CsPbI3 perovskites.

3.6. Defect and microstructure engineering

Regardless of the high defect tolerance of IHPs in terms
of optoelectronic properties, a high concentration of defects
(e.g. vacancies, grain boundaries, pinholes) allows fast diffusion
of ionic and molecular species within IHPs, affecting the long-
term chemical stability. In this context, controlling the defects
and microstructures in IHPs becomes important, which can be
achieved with new processing methods. In a very recent study,
Chen et al.109 have showed a new route to make CsPbI2Br IHP
thin films. They have applied gradient thermal annealing to
control the grain growth, and then treated as-crystallized thin
films with isopropanol antisolvent. This method leads to
CsPbI2Br thin films with very low defect densities and thus
excellent tolerance of the CsPbI2Br PSC devices to moisture
and oxygen (90% of the initial PCE after aging for 120 h under
100 mW cm�2 UV irradiation). In another study, Zhu et al.110

have reported an ‘intermolecular-exchange’ method for CsPbIBr2

films, where a CsPbIBr2 thin film deposited using the conven-
tional ‘one-step’ method was post-reacted with a sequentially-
deposited CsI layer. The resulting thin film shows no pinholes, a
very low density of grain boundaries, and high crystallinity. PSCs
(carbon-electrode) using this thin film yield PCEs up to 9.16%
with long-term stability (without encapsulation; 90% of the
initial PCE after 60 days storage in 45% RH at 25 1C). Several
other methods such as solvent-controlled growth,106 flash
annealing,111 dual-source vapor deposition112 and precursor
solution engineering113–115 are also demonstrated to fabricate

defect-less IHP thin films for stable high-performance IHP solar
cells and LEDs. It is expected that accurate manipulation of
defects and microstructures in IHPs will complement the other
stabilization methods as mentioned before. However, there is
still a lack of mechanistic understanding of the exact role of
various types of defects and microstructures in the chemical
stability of IHPs, calling for theoretical–experimental coupled
effort in the future.

4. Stabilization of lead-free inorganic
halide perovskites

The development of lead-free IHPs is still in its infancy stage.
Especially in PV applications, lead-free IHP based PSCs usually
exhibit very low PCEs.46 The other applications of lead-free IHPs
such as LEDs and photodetectors are just being developed.116,117

But the restriction of lead use in future devices is not trivial, and
there is a pressing need to develop stable lead-free perovskite
materials for PV and optoelectronic applications. The following
discussion will have a focus on reviewing previous efforts in
stabilizing the lead-free CsSnI3 perovskite, which has been the
most popularly studied. The reported methods that show great
promise are grain encapsulation, native-oxide surface passiva-
tion, and B-site cation replacement.

4.1. Grain encapsulation

The lead-free CsSnI3 compound has two polymorphs at ambi-
ent temperature: the black g-CsSnI3 perovskite (space group
Pnma; a = 8.6885 Å, b = 8.7182 Å, c = 6.1908 Å) and the yellow
d-CsSnI3 nonperovskite (space group Pnma; a = 10.350 Å,
b = 4.7632 Å, c = 17.684 Å).120 More severely, the Sn2+ in CsSnI3

is very sensitive to oxygen in ambient conditions, and easily
gets oxidized to Sn4+, forming Cs2SnI6 with a double-perovskite
structure (space group Fm%3m; a = 11.65 Å). Although Cs2SnI6

has a favorable bandgap of B1.6 eV, it doesn’t show good PV
properties due to the low intrinsic deep-level defects.119 Degrada-
tion of the g-CsSnI3 perovskite occurs via either first conversion to
d-CsSnI3 and then Cs2SnI6, or direct conversion to Cs2SnI6. This
has been schematically shown in Fig. 9a. The latter mechanism
appears to be the case for thin films,121,122 although the underlying
reason remains unclear.

To prevent Sn2+ oxidation, Marshall et al.107 have used a
SnCl2 additive in the solution processing of g-CsSnI3 thin films.
As illustrated in Fig. 9b and c, the resulting thin film contains
g-CsSnI3 grains with SnCl2 encapsulation layers (on film surfaces,
at grain boundaries, or at pinholes). Fig. 9d and e compare
the absorption spectra evolution of the SnCl2-free and SnCl2-
encapsulated CsSnI3 perovskite thin films with an increase of
the exposure time to ambient air. The reduction in the film
absorbance (e.g. at 500 nm) slowed down significantly once
the SnCl2 additive is added. SnF2

123 and SnI2 additives124 have
been also reported to stabilize CsSnI3 PSCs, which may work
under similar mechanisms. However, Marshall et al.107 have
also performed a systematic study on the effect of tin halides
(i.e. SnF2, SnCl2, SnI2, SnBr2) on the g-CsSnI3 stabilization.
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While all tin halides show positive effects, SnCl2 is claimed to
be the best for the following reasons: (i) Cl does not replace/
exchange I in the g-CsSnI3 crystal structure, making SnCl2 easily
aggregate on the grain surfaces; and (ii) SnCl2 is much more
soluble than SnF2. In this context, the stability of SnCl2-
incorporated CsSnI3 PSCs (hole-transporting-layer-free) is claimed
to be comparable to these lead-based PSCs with the same device
architecture when tested in ambient air at 50 1C under continuous
light illumination.

Although the grain-encapsulation method via additives has
shown its promise, one of the major challenges associated with
this method is the difficulty in achieving full encapsulation of
grains with continuous stable secondary phases. Although pre-
vious reports have shown the possibility of full grain encapsulation
for lead-containing HHP thin films,125–127 suitable additives need
to be developed for the CsSnI3 perovskite. In this context, one
promising direction is to tailor the chemical properties of additives
and perform more accurate engineering of CsSnI3 grain micro-
structures. The grain-encapsulation layer itself can be further
chemically engineered with more antioxidant properties. Such
effort may lead to more stable and efficient lead-free CsSnI3 PSCs.

4.2. Native-oxide surface passivation

Recently, Chen et al.108 have shown a unique approach of
‘native-oxide passivation’ for stabilizing CsSnI3 based perovs-
kite thin films. In this method, ultra-sensitive Ge is incorpo-
rated in the CsSnI3 crystal structure, forming CsSnxGe1�xI3

perovskite alloys. Such alloys are ultra-sensitive to ambient air
due to the existence of Ge. As shown in Fig. 10a, immediately
upon the film being exposed to ambient air, a dense surface
layer of GeO2 native oxide is formed on the CsSnxGe1�xI3

perovskite thin film, which protects the film bulk from further
oxidation. In this work, Chen et al. have demonstrated the
CsSn0.5Ge0.5I3 composition as the proof of concept. It has been
shown that the Goldschmidt tolerance (B0.94) and octahedral
(B0.4) factors in CsSn0.5Ge0.5I3 are also ideal for the structural
stability of the CsSnxGe1�xI3 alloy crystal in addition to native-
oxide passivation. The chemical stability of the CsSn0.5Ge0.5I3

perovskite thin film is compared with the CsSnI3 IHP, the
CsPbI3 IHP, and the prototypical MAPbI3 HHP by monitoring
the intensity of the characteristic XRD peak of each phase.
It can be seen in Fig. 10b that the CsSn0.5Ge0.5I3 perovskite
retains its phase after exposure to environmental conditions

Fig. 9 (a) Schematic illustration showing the phase conversion of the g-CsSnI3 perovskite to the d-CsSnI3 nonperovskite and Cs2SnI6 double-perovskite.
Adapted from ref. 118 with permission requested from the American Physical Society (APS). (b) Top-view SEM image and (c) schematic illustration of the
SnCl2-encapsulated CsSnI3 perovskite thin film. Evolution of UV-vis absorption spectra of (d) the SnCl2-free and (e) SnCl2-encapsulated CsSnI3 perovskite
thin films with an increase in the exposure time to ambient air. Adapted from ref. 107 with permission requested from Nature Publishing Group.
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(45 1C, 80% RH) for 72 h, showing significantly better stability
than CsSnI3, CsPbI3, and even MAPbI3. Regarding the device
performance and stability, CsSn0.5Ge0.5I3 PSCs show a maximum
PCE of 7.11% and a stabilized PCE output of 7.03%. After 500 h
continuous operation in a dry nitrogen atmosphere under one-
sun-intensity illumination, 93% of the initial PCE can be
retained. Regarding the device stability in air, the CsSn0.5Ge0.5I3

PSC shows 91% retention of the initial PCE after the device is
stored for 100 h under one-sun-intensity illumination. This is the
best stability of all lead-free perovskite PSCs reported to date.

Native-oxide passivation represents a new direction for
stabilizing the lead-free CsSnI3 perovskite. Nevertheless, further
improvement would be required. For example, GeO2 is still
relatively hydrophilic,128 which renders the surface layer not
stable in a humid environment. It may be worthwhile to explore
other alternative elements that could replace Ge and form more
hydrophobic native-oxide surface layers. This concept may be
generic for stabilizing a variety of lead-free IHPs that are not
limited to CsSnI3.

4.3. New IHPs with stable B-site cations

The stability of CsSnI3 can be mitigated via replacement of
the unstable Sn2+ with other stable metal cations. The B-site
cation replacement can lead to different crystal structures with
different chemical formulas depending on the valence states of
the B-site cation. Bi3+ and Sb3+ have been used to form crystals
with a chemical formula of A3B2X9. However, this reduces the
crystal dimensionality from 3D to 1D, leading to significantly
increased bandgaps and anisotropic properties which are not
favorable for solar cell applications.129

In this context, metal cations with +4 oxidation states are
explored for B-site replacement, forming special vacancy-ordered
double perovskites with A2BX6 compositions. Ju et al.46 have
reported a new family of vacancy-ordered double perovskites
Cs2TiX6, X = I�, Br�, or Cl�, based on chemically stable
titanium(IV) as the B-site cation. Ti is in its +4 oxidation state
in Cs2TiX6, making this compound chemically resist further
oxidation. The stability of the Cs2TiX6 series has shown clear
advantages over HHP compounds with similar bandgaps, which
has been proved experimentally. In a parallel study by Chen
et al.,130 a thin film of Cs2TiBr6 is processed using a two-step
vapor-deposition method. Excellent optoelectronic properties
(long carrier diffusion lengths of 4100 nm) have been measured
in ambient conditions, which could be partially attributed to
its high chemical stability. Note that for air-sensitive CsSnI3

perovskites, good optoelectronic properties could be only mea-
sured under a vacuum. The stability of Cs2TiBr6 thin films is
tested by applying thermal (200 1C, 6 h, N2 atmosphere), light
(one-sun, encapsulated), and moisture (23 1C, 80% RH, 6 h)
stresses; no degradation is observed and the Cs2TiBr6 PSC
shows stable performance (only 6% decay of the initial PCE)
after storage in environmental conditions (70 1C, 30% RH, ambient
light). Palladium (Pd4+) is another alternative B-site cation, which is
reported by Sakai et al.,131 although Pd is a relatively expensive
metal. The resulting Cs2PbBr6 double-perovskite compound
exhibits good photoluminescence properties and a favorable
band gap of 1.6 eV. Like Cs2TiBr6, very strong water-resistance
is observed for Cs2PdBr6. Pd is also in its stable +4 oxidation
state in Cs2PdBr6, which renders this material in principle not
oxygen-sensitive. Nevertheless, Cs2PdBr6-based PSCs have not

Fig. 10 (a) Schematic illustration of the CsSn0.5Ge0.5I3 perovskite thin film, which immediately forms a dense surface layer of native oxide (Sn-doped
GeO2) upon air exposure. This surface layer stabilizes the film effectively. (b) Monitoring the intensity variation of the characteristic XRD peak of the
CsSn0.5Ge0.5I3, CsSnI3, MAPbI3, and CsPbI3 thin films with an increase of the exposure time to ambient conditions. Adapted from ref. 108 with permission
under the Creative Commons Attribution 4.0 International License.
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been reported until now. Another possible method for B-site
cation replacement is to form regular double perovskites of
A2B0B00X6, where B0 and B00 are in their +1 and +3 oxidation
states, respectively. Possible compounds may include, but
are not limited to, Cs2AgBiX6 and Cs2AgInX6. Especially the
Cs2AgBiBr6 double-perovskite has been reported with a long
photoluminescence lifetime of 660 ns at room temperature,
and it is significantly more thermal- and moisture-stable than
the MAPbI3 HHP. One demerit of Cs2AgBiBr6 is that this
compound exhibits a relatively large bandgap of 1.91 eV.132

Although exchanging I with Br in Cs2AgBiBr6 invariably reduces
the bandgap, Cs2AgBiI6 has been predicted to be thermodyna-
mically unstable in the bulk, and thus, no successful synthesis
of bulk Cs2AgBiI6 crystals or thin films has been reported.133

Promisingly, Creutze et al.134 show that Cs2AgBiI6 phases could
be made in nanocrystals via an anion-exchange process starting
from Cs2AgBiBr6. The successful stabilization of Cs2AgBiI6 in
nanocrystals is similar to the case of a-CsPbI3 as discussed
in Section 3.2. This nanocrystal approach opens up a new
possibility to synthesize or stabilize new lead-free IHPs that
are considered as unstable or non-existing in the bulk.

5. Summary and perspectives

IHPs completely eliminate the instability issues associated with
volatile and hygroscopic organic cations in their hybrid organic–
inorganic counterparts, offering the promise of relatively high
intrinsic or thermodynamic stability against decomposition to
the binary halide products. Nevertheless, many of the important
IHPs (e.g. CsPbI3, CsSnI3) still suffer from severe chemical
degradation under environmental conditions, which is mostly
caused by either polymorphic transformation, oxidation, or their
combination. While the reported stabilization protocols as
reviewed above provide feasible solutions to mitigate this out-
standing issue to some extent, we envision that the following
research directions could be of great importance for further
enhancing the stability of IHP materials and devices:

(i) Revealing the exact degradation mechanisms of IHPs via
in situ characterization. Advanced synchrotron-based135 and
TEM-based characterization136 may find great use here as these
techniques offer desirable resolution for understanding nano-
scale materials/device behaviors. Roles of ion-types, defects
(interstitials and vacancies), crystal morphologies, and micro-
structures (grain boundaries, orientation, etc.) in the IHP
degradation processes could be understood through a combi-
nation of conventional and in situ characterization. There have
been some pioneering in situ studies revealing the degradation
mechanism of HHPs.137 Similar methods could be applied to
IHPs for probing the degradation mechanisms of IHPs (oxidation
and polymorphic transition) which are usually different from
those (hydration and decomposition) for HHPs.

(ii) Precise tailoring of the compositions/microstructures of
IHP thin films at the nanoscale. This should be guided by the
valuable inputs from in situ and high-resolution diagnostics of the
IHP degradation. Continuous grain-boundary functionalization126

using chemically-engineered additives is one promising direc-
tion, which will provide a complete encapsulation layer for
individual grains in thin films, leading to the most reliable
protection. Furthermore, new stabilization methods can be
invented by integrating several established methods (additives,
nanocrystals, surface/grain boundary functionalization, etc.).

(iii) Rational design and synthesis of new stable IHP materials
with the aid of high-throughput computational screening processes.
The previous research in this direction has led to the discovery
of some good perovskite materials (e.g. Cs2TiX6) potentially
with more desired features such as less-toxicity and more ideal
bandgaps. In the future, artificial intelligence processes will be
required to be developed for rapid prediction of new stable IHP
materials that are suitable for optoelectronic applications.

(iv) Design of novel architectures for IHP optoelectronics.
Some studies have shown fabrication of new IHP–ETL or IHP–HTL
interfaces (e.g. MoOx–CsPbIBr2,138 ZnO/C60–CsPbI2Br59) and
electrode materials (e.g. carbon139) that not only allow better
charge extraction, but also provide device encapsulation func-
tion. But this direction has still been much less explored for
IHPs compared with that for HHPs. Therefore, more effort
in understanding the surfaces and interfaces of IHPs as well
as the degradation of IHPs at the device scale will accelerate
the innovation of new IHP device structures where IHPs are
highly stabilized.
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