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Shedding Light on the Moisture Stability of Halide

Perovskite Thin Films

Kun Sun and Peter Miiller-Buschbaum

To date, remarkable progress has been achieved in the power conversion
efficiency of perovskite solar cells (PSCs). Nevertheless, the instability and
degradation of PSCs under external stimuli still shadow the prospectus of their
commercialization. As a notorious culprit deteriorating the stability of PSCs,
moisture-induced degradation is thereby an important aspect. Herein, a com-
prehensive review of moisture effects on the halide perovskite film, in particular
the moisture-induced degradation mechanism and methods toward enhancing
the stability, is discussed. In detail, the benefits for perovskite films having

a certain amount of water incorporation are elucidated, and the underlying
moisture-induced structural degradation and decomposition process of perov-
skites are summarized. Light is also shed on the methods to enhance the
moisture stability of perovskites, particularly a 3D/2D heterostructure. Thereby,
this review will enlighten the readers of understanding moisture-induced

degradation and the development of stable perovskites.

1. Introduction

As next-generation solar cells and in particular perovskite solar
cells (PSCs) are featured with low costs, easy fabrication, and
high power conversion efficiency (PCE), they have recently
received tremendous interests. To date, by virtue of composi-
tional engineering, surface passivation, and engineering the
charge transport layer,'™ the PCE of PSCs has reached
25.6% in champion devices.”! In addition, the versatile fabrica-
tion methods (e.g., slot-die coating, spray coating, doctor-blade
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coating) and possibilities of applying flexi-
ble substrates enable mass production as
well as novel applications (e.g., electric
propulsion,  solar-powered  deep-space
missions).[*® While PSCs are on the verge
of commercialization, however, the long-
term stability of PSCs still remains their
bottleneck in real-world applications.
Perovskites tend to degrade upon exposure
to external stressors (e.g., UV light, heat,
humidity, oxygen), and even an inert
atmosphere would induce degradation,
i.e., vacuum-induced lattice shrinkage and
morphology deformation.”) Previous stud-
ies illustrated that light exposure can break
the relatively weak bonds in perovskites,
leading to halide vacancy and therefore
the enhancement of ion migration.'” In
addition, heat-induced degradation results
in a structural change and aggravated ion
migration in perovskites, i.e., the formation of voids and iodine
and lead migration.!""'? To this end, understanding degradation
mechanisms of perovskites under external stressors is required to
enhance their long-term stability.

However, different failure mechanisms of moisture-induced
perovskite degradation are raised including ion migration, phase
segregation, hydration, decomposition, and others,**** which
may result from the different testing conditions, perovskite com-
positions, fabrication methods, and so on. Therefore, we review
and summarize the moisture-induced degradation mechanisms
from the perspectives of structural changes and chemical decom-
positions. In addition, the failure mechanisms of 3D perovskites,
2D perovskites, and 3D/2D perovskites under humidity are sum-
marized based on theoretical calculations and experimental
results from the literature. We highlight the importance of
surface, grain boundary, and defects of perovskites, where the
moisture-induced degradation is mostly initiated and exacer-
bated. More importantly, the recent approaches to address the
moisture instability are discussed, including compositional
engineering (anion, cation, combination of anion and cation),
encapsulation methods, and particularly 3D/2D heterostruc-
tures. Notwithstanding 2D perovskites may degrade in the
presence of water, it can still block a moisture permeation,
suppress ion migration, and reduce the defects, leading to the
overall enhanced moisture resistance. We believe that when com-
bining an encapsulation method and a 3D/2D heterostructure,
the humidity instability is no longer a major constraint concern-
ing the commercialization of PSCs. This way, PCSs will success-
fully make a breakthrough toward broad commercialization.

© 2023 The Authors. Energy Technology published by Wiley-VCH GmbH
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2. Moisture Effects on Perovskites

Moisture can influence the perovskite crystallization, growth,
orientation, and structure integrity from many aspects,
e.g., perovskite precursor, spin coating process, and annealing
steps.[*! In this section, we focus on the benefits of water incor-
poration into the perovskite film and the structural degradation
as well as the decomposition processes in terms of moisture-
induced degradation.

2.1. Benefits of Moisture

3D perovskites are sensitive to moisture. Nevertheless, a certain
level of water can be beneficial for crystal growth as well as an
enhanced crystallinity, thereby giving rise to a better perovskite
film quality.!"®*% For instance, excess cesium bromide and coex-
istence of moisture can enhance the crystallinity of CsPbI;_,Br,
by promoting the transformation of the intermediate phase
Cs;_,Br, to CsPbs_,Br, (Figure 1a,b).”!! It was reported that
the reaction between organic salts and inorganic Pbl, frame
can be accelerated by the controllable moisture treatment. As
a consequence, the fast crystallization process of the intermedi-
ate perovskite film is achieved and leads to a high-quality perov-
skite film with significantly suppressed defects.”?) To be noted,
defects in a perovskite film can be healed during annealing at
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humidity conditions, as evidenced by ex situ photoluminescence
measurements.'”) In addition, a moderate water content can also
be used to regulate the structure of the perovskite film.**! For
example, Qiao et al. uncovered that adding an optimal amount
of water in the MAI solution facilitates the preferential crystal
growth in the (100) plane of a sequentially deposited perovskite
film, which leads to the formation of perovskite films with fewer
defects.?l Chen et al. utilized insitu grazing incidence wide-
angle X-ray scattering (GIWAXS) to monitor the perovskite film
annealing at different humidity conditions and posited that
incorporation of water (40% RH) during annealing enhances
the texture orientation of the perovskite (Figure 1c).**
Moreover, moisture could provide an aqueous environment to
enhance the diffusion length of mobile ions in the precursors,
thereby assisting the recrystallization along with grain growth
and ending up with a high-quality perovskite film with enhanced
charge mobility.? In addition to the 3D perovskite, water
molecules also play a vital role in 2D/quasi-2D perovskite
counterparts assisting crystal growth as well as suppressing
2D perovskite phases.*”! For instance, the incorporation of water
in the precursors of (BA),MA4Pbsl;s-based perovskite films
imparts the modulation on the crystal orientation and phase
distribution of n-value components by the formed hydration
(MAI-H,0), resulting in the enhancement of interphase charge
transfer (Figure 1d,e).”® Moreover, the humidity-assisted
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Figure 1. a) Schematic illustration of the structural evolution of the CsPbl;_,Br,. b) High-resolution transmission electron microscopy (HRTEM) images
of a-CsPbl;_,Br,/Csl;_,Br, with different moisture treatment times indicated in the images, where the lattice fringes representing the Csl,_,Br, are
eventually vanishing after moisture treatment. Reproduced with permission.?'! Copyright 2019, American Chemical Society. ¢) Schematic illustration
of the structural evolution of perovskites by water treatment, where three stages include initial solution, halide exchange process, and complete formation
of oriented crystals. The exchange process and the formation of hydrated phase are attributed to the water incorporation into precursor lattice and the
hydrogen bond between MA™ and H,0O molecules. Reproduced with permission.?>! Copyright 2021, The Authors. Published by Elsevier. d) 2D GIWAXS
pattern of pristine (top) and aqueous precursor-based (bottom) (BA),MA,Pbsl¢ perovskite thin films. ) Schematic illustration of crystal orientation of
pristine (top) and aqueous precursor-based (bottom) (BA),MA,Pbsl¢ perovskite thin films, indicating the formation of oriented crystals assisted by water
incorporation. Reproduced with permission.?®! Copyright 2020, Wiley-VCH.
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annealing process leads to the reduction of trap densities and
facilitates the charge transfer between different 2D perovskite
phases.”?! First-principles calculations manifested that these
benefits originate from the passivation of iodine vacancy by water
molecules and the increased decomposition energy of 2D
perovskite.

2.2. Moisture-Induced Degradation of Perovskites

An appropriate level of humidity in general increases the
coverage of perovskite thin films and promotes the crystallization
of perovskite crystals, thus resulting in perovskite films with a
better quality. Nevertheless, excess water impairs the perovskite
crystallinity and structural integrity and promotes the extraction
of cation and halide out of the perovskite, whereas the water con-
tent driving the perovskite degradation is still under debate.***!
For instance, 50% RH induces the formation of the nonperov-
skite FAPbI; phase and on the contrary, 60% RH has a limited
impact on the structural stability of MAPbI;.B%?% In this
subsection, the degradation process, particularly the plausible
intermediates, and degradation products of perovskites are
elucidated by reviewing experimental and theoretical results.

It was reported that surface crystallographic defects, e.g.,
vacancy or lattice distortion, initiate perovskite degradation
under humidity.** Molecular dynamic calculations unraveled
that MAI-terminated surfaces undergo a rapid solvation process
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induced by the interactions between Pb and water molecules,
whereas Pbl,-terminated surfaces are more stable under humid-
ity. Nevertheless, the rapid dissolution of the exposed facets is
exacerbated along with the formation of water-solvated Pb spe-
cies after PbI, vacancy defects are introduced on Pbl,-terminated
surfaces, suggesting that vacancy-type defects initiate and accel-
erate the moisture-induced degradation.?>! Likewise, another
study showed that PbI, vacancies can be formed during hydra-
tion, resulting from the largely reduced kinetic barrier of I™
migration. Apart from PbI, vacancies, point defects such as I
and MA vacancies are also easily formed in the hydration process
in comparison to the formation of MAI vacancy. These defects, in
turn, create deep transition levels, resulting in the degradation of
perovskites.>®! In addition, it is reported that the halide vacancy
at the perovskite surface can trap the migrated I and Br~ with
the help of water, leading to Br-rich and I-rich phases. As such,
the moisture-induced phase segregation is likely taking
place with the aid of halide vacancies and ion migration.l*”)
Moreover, the moisture was found to initiate perovskite degrada-
tion at the atmospheric interface and then move to the grain
boundary,?**% in which the grain boundary contains an amor-
phous intergranular layer (Figure 2a) allowing the fast penetra-
tion of moisture into the perovskite films.*"! With the further
uptake of water into perovskite film, the degradation expands
toward the grain interiors along the in-plane direction
(Figure 2b—d),***! accompanied by a slight expansion of the
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Figure 2. a) HRTEM cross-sectional image showing the amorphous intergranular film between two adjacent grains, where the lattice and grain are
indexed based on the simulation results of diffraction patterns. Reproduced with permission.*!! Copyright 2017, Royal Society of Chemistry.
b) Overlap between the orientation map of (100) perovskite peak and the intensity map of Pbl,, where the blue and yellow boxes represent the mois-
ture-induced perovskite degradation at the grain surface and boundary, respectively. c) Magnified image of (b). Schematic illustration of d) moisture
propagation path and e) grain fragmentation at the degradation region. Reproduced with permission under the terms of the Creative Commons CC BY
license.*! Copyright 2022, The Authors. Published by Springer Nature.
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grains,*”l or the formation of a large cluster with the adjacent
grains.*? In addition, the water-induced degradation can also
lead to the grain fragmentation (Figure 2e), resulting from
the tensile strength in the top region.*”’ The tensile strength
originates from the annealing process where the top surface
of the film cools down faster than other film regions, and in turn
accelerates the degradation and provides the driving force for
crystal fracture.!*? It is also worth mentioning that the degrada-
tion rate is sensitive to the grain size, with smaller crystals being
more affected.*"*?!

Researches on the moisture-induced decomposition of perov-
skite, in particular MAPDI3, have been well studied. In general,
water can easily penetrate into perovskites due to the lower
absorption energy (~0.3eV),* and be regarded as a catalyst
to induce perovskite hydration and even decomposition. For
instance, Kelly et al. reported that the formation of a hydrated
intermediate phase (CH3NH;),Pbls.2H,0 is the first step of
moisture-induced degradation (Equation (1)), as evidenced by
the in situ Grazing incidence X-ray diffraction (GIXRD), where
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the formation of hydrate phase is likely attributed to the hydro-
gen bonds of H,0 and CH;NH; ™! In addition to the
(CH3NH;3),Pbls.2H,0 hydrate, another degradation product of
monohydrate MAPDbI;- H,O (Equation (1)) was found under
high humidity environment (80% RH), along with the additional
grain boundaries.!***”! Likewise, our previous work also revealed
that moisture induced the formation of metastable hydrate
phases along with the domain swelling (Figure 3a), thus giving
rise to the round and pebble-like crystals (Figure 3b).*? The
moisture-induced hydration process is always accompanied by
the structure change from 3D crystals to 1D structure and 0
D framework.*®! With a numerical model simulating the water
diffusion process in the perovskite structure, Xu et al. proposed
that a certain level of structural imperfection initiates the
degradation assisted by the collapse of the perovskite into 1D
chains.!*®) This hydration transformation process is independent
of film thickness because water molecules propagate along the
grain boundary and in-plane direction.*"*®! Moreover, the
hydration process is also partially reversible upon storage in
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Figure 3. a) Water uptake seen in representative 2D GISANS data with direct beam, specular beam, Yoneda peak, and cut position being marked. The
scattering intensity is enhanced and the Yoneda peak shifts to the specular position after D,O permeation. b) A dry MAPbI; film and films after 1.5 and 6 h
exposure to D,O vapor, where the faceted crystals become round-shaped during hydration. Reproduced with permission.*? Copyright 2018, American
Chemical Society. c) Insitu TEM images of morphology evolution from MAPbI; to Pbl,. d) Contour in situ X-ray diffraction (XRD) plot of MAPbI; film
versus time under 85% RH, where the characteristic peaks are indicated in the image. e) The peak intensity evolution over time, where the black, red, and
blue represent the (110) plane of MAPbls, (101) plane of MAPbI;-H,0, and (001) plane of Pbl,, respectively. Reproduced with permission.** Copyright
2020, Wiley-VCH.
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vacuum or in low RH, which, in turn, indicates the formation of
CH;NH;Pbl; hydrate 424659

4 CH3NH;PbI; + 4H,0 = 4[CH;NH;Pbl;-H,0]

= (CH;NH;),Pbl-4H,0 + 3PbI, M
Further uptake of water fractures the hydrogen bonds between
the organic cation and metal or halide ion and forms new hydro-
gen bonds with perovskites, leading to the high-mobility ions.”"!
For instance, a hydrolysis reaction of MAPDI; is taken place in
the moisture environment and gives rise to the PbI, and aqueous
MAI, and at last volatile compound CH3;NH, and HI
(Equation (2) and (3)).2%*? In another case, Sauvage et al. pro-
posed that there are two stages in terms of moisture-induced deg-
radation. First, the formation of monohydrate MAPbI;-H,0
(Figure 3c) and the corresponding disappearance of MAPDI;
after 200 min exposed to 85% RH. Second, the growth of decom-
position product (Pbl,) of MAPbI;-H,0 starts accelerating in
particular after 400 min (Figure 3d,e).**! Interpretations of
MAPDI; under humidity contrary to the abovementioned degra-
dation process are referred to literatures.**>°!

)
CH3NH3PbI3 (S) — CH3NH3I (aq) + Pblz (S) (3)

Analogous to the MAPDI; perovskites, mixed cation/halide
perovskites also tend to degrade and decompose in the presence
of water.?®*¢=8) For example, the formation of Pbl, and PbBr,
of MAPIL  FAgg3sMAg17Pb(los3Broay)s, and  FAgg3Csoay
Pb(log3Bro17); under 90% RH was revealed by time-of-flight
grazing incidence small-angle neutron scattering.®” On the
other hand, moisture can induce phase segregation of mixed
halide perovskites.*>®" Sauvage et al. discovered a new phase
of mixed halide perovskite by in situ XRD (Figure 4a), manifest-
ing the phase segregation after exposure to humidity.""*! In terms
of the tin-based halide perovskites under humidity, Kaiser et al.
compared the moisture stability of MAPbI;, MASnl;, and
DMASnBr; through ab initio molecular dynamics simulations
(AIMD). The facile solvation of surface tin—iodine bonds results
in the fast decay of MASnl3, whereas MAPDI; remains robust in
the presence of water molecules (Figure 4b). By contrast, the
amorphous surface layer of hydrated 0 D SnBr; complexes acts
as a shield layer and thus protects the inner structure of
DMASnNBr; from degradation (Figure 4b).[%

Likewise, inorganic perovskites suffer from moisture instabil-
ity as well, particularly phase transitions triggered by humidity. It
was found that CsPbl; undergoes a phase transition from a high-
temperature cubic phase to a low-temperature orthorhombic
phase under humidity (Figure 4c,d).*>** Through thermody-
namic calculations, another possible degradation mechanism
of CsPbl; was raised by Rubel et al. that CsPbl; is dissolved
in water, resulting in the formation of Cs*, I~, and Pbl,
(Equation (4)).5% The absorbed water molecules can generate
vacancies in the crystal lattice and lower the energy barrier of
phase transition, thus aggravating the moisture-induced phase
transition.!®”! Notably, the reduction of free-energy barrier of
halide vacancy leads to a large enhancement of the transition
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rate.[°®) In addition, free-energy calculations illustrated that the
increased halide vacancies under humidity can be ascribed to
the large solvation enthalpy of halide ions and their correspond-
ing lower formation energy.*’! Likewise, in the case of CsPbI,Br
being exposed to humidity, the degradation is attributed to the
phase transition from perovskite a phase to nonperovskite &
phase.®® It is worth mentioning that there is a slight distortion
of interatomic distances in the top layer of y-CsPbl; (220) perov-
skite surface in the presence of water molecules, whereas a large
distortion is observed in the MAPDbI; surface. This behavior man-
ifests that water molecules are prone to interact with MAPbI;
surface in comparison to the y-CsPbl; surface, as evidenced
by the first-principles calculations.*” To wrap up, moisture-
induced phase transition in inorganic perovskites is fundamen-
tally different from the degradation process of hybrid perovskite
MAPDI;, where the hydration and decomposition process of
MAPDI; under humidity have been described above.

CsPbl; = PbI, + Cs* + I~ (4)

2D perovskites, derived by isolating the corner-sharing Pblg
octahedra sheets with bulky organic cations, have been proven
to exhibit superior stability and water resistance in comparison
to their 3D counterparts.”®” Nevertheless, evidence shows that
2D and quasi-2Ds degrade in the presence of moisture, and give
rise to different degradation products under different conditions.
For instance, Jin et al. proposed that largen phases of
(PEA);(MA),_1Pb,I3,,;  (PEA=CeHsC,H,NH;") directly
degraded into n=1 phase and MAI and Pbl, under 85%
RH.”? In contrast to the aforementioned degradation process,
a structural transformation from 2D/quasi 2D layered perovskite
to 1D perovskite-like chains and, to the end, the formation of
PbI, were detected.’®! The variations in degradation products
can be likely attributed to the different film composition,
fabrication methods, film quality, and testing protocols
(e.g., relative humidity, vacuum, and inert gas).">”* In addition,
the interaction between uncoordinated defects and water
molecules should also be taken into account in terms of
moisture-induced  2D/quasi-2D  degradation.”®!  Moreover,
3D/2D perovskites experience rapid disproportionation under
humidity, i.e., transformation from quasi-2D perovskite with
higher n phase into relatively stable lower n 2D perovskite
(Figure 5a,b)."®””! However, they disclosed that 2D perovskite
inhibits the formation of Pbl,, manifesting the suppression of
MA* and I” ion migration. More recently, Bach et al. introduced
the 2D perovskite layer on top of 3D layer to enhance the stability;
however, they discovered that the 2D perovskite decompose into
BAI and 3D perovskite after aging under 85% RH for 5 days, as
revealed by XRD measurements. The decomposition is ascribed
to the crystals imperfection and structural defects, resulting from
the rapid crystal formation.”"!

In the case of synergistic effects of humidity and other stres-
sors, perovskites degrade even faster. For instance, the elevated
temperature and light illumination result in perovskite rapid deg-
radation, resulting from the formation of additional recombina-
tion centers.”® Recently, a study revealed that FA,gsCsq15PbI;
experiences a phase separation (8-CsPbls, 8-FAPbI;, Pbl,) and
the evaporation of FA' under light and humidity, while no
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Figure 4. a) Ab initio molecular dynamics simulations of MAPI;, MASnl;, and DMASnBr;, manifesting water permeation into the MAPI structure, the
surface dissolution of MASnl;, and the formation of hydrated 0 D SnBr; complexes under humidity. Reproduced with permission under the terms of
the Creative Commons CC BY license.®”! Copyright 2022, The Authors. Published by American Chemical Society. b) Contour insitu XRD pattern of
CsMAFA film under 85% RH versus time, where the black, blue, and red crystallographic orientations correspond to the CsMAFA perovskite, Pbl,,
and segregated CsPb,Brs, respectively. The left image represents the zoom-in evolution of (110) diffraction peak of CsMAFA upon exposure to humidity.
Reproduced with permission.'"! Copyright 2022, Zhengzhou University. Published by John Wiley and Sons. c) Schematic illustration of moisture-induced
phase transformation from high-T CsPbl; (left) to low-T CsPbl; (right), where the white, gray, and purple atoms denote cesium, lead, and iodine, respectively.
d) llustrative energy diagram of CsPbls (red curve) in comparison to common moisture-induced modification (faint red curve) of the energy scheme,
manifesting the lowered phase transformation barrier after water incorporation. Reproduced with permission.®l Copyright 2021, Elsevier.

decomposition and change in the spatial change of FA upon
exposure to either light or moisture alone.””!

Despite tremendous efforts that have been devoted to the
stability-related investigations, the absence of unified measuring
protocols leads to discrepancies in the degradation rate and prod-
uct. Therefore, to have reproducible and comparable results, we
recommend researchers to investigate the failure mechanism

Energy Technol. 2023, 11, 2201475 2201475 (6 of 15)

under ISOS protocols.®” In light of the reversible hydration pro-
cess and degradation rate of perovskites,[gl] real-time characteri-
zation methods are required and prioritized to have a full picture
of the degradation process.®? In particular, we highlight the
usage of insitu grazing incidence X-ray scattering techniques,
which feature short measurement times, a large probed sample
area, and good statics,®*~®¢ thereby enabling the precise and full

© 2023 The Authors. Energy Technology published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.entechnol.de

ADVANCED
SCIENCE NEWS

Energy Technology

ion, Conversion, Storage, Distribution

www.advancedsciencenews.com

(@) * Sethe A0 s 4 4
MAPI\2 & Bap
Pbl,
i 300 Tin @ CH;NH,Pbl, « H,0
I 240 min m =5 PEAMAPI
~ m = 3 PEAMAPI
180 min _
& * m =2 PEAMAPI
i i 120 min
L i 60 min
K 30 min
B 20 min
10 min
0 min

5 10 15 20 25 30 35 40 45
20(°)

www.entechnol.de

(b) |
A d - . i -
i . water
. .
o, e [2 "‘ *" molecules
(> aperes ¥y
(0]
=
)
»
8-
—
[
Q
[a]
N

) 3D perovskite
3D perovskite

Figure 5. a) In situ XRD patterns of MAPbI3/2D thin film under 90% RH, where the characteristic peaks are labeled with different symbols, as indicated in
the image. b) Schematic illustration of moisture-induced degradation of 3D/2D thin film. The left image shows the intact 3D/2D heterostructure, whereas
the right image suggests the disproportionation of m =5, 2D perovskite (m refers to the number of inorganic sheets) into MAPbl; and more stable 2D
perovskite with m = 2 or 3 phase. The resulted 2D perovskites with m = 2, 3 phases impede the I~ and MA™ diffusion, and thus further decomposition to
Pbl, and volatile compound. Reproduced with permission.”® Copyright 2019, American Chemical Society.
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Interface Passivation by Using 2D Perovskites

Figure 6. Schematic illustration of the surface passivation by 2D perovskites, in which the possible functionalities of 2D perovskite are illustrated.
Moreover, the 2D capping layer on top of 3D layer can block water penetration. Reproduced with permission.l*®! Copyright 2022, Wiley-VCH.

detection of perovskite growth and degradation.®**”] When
using neutrons instead of X-ray, due to the contrast enhance-
ment via deuteration of the water, in particular the water
distribution inside the perovskite films can be traced.**”*!

3. Strategies to Enhance Moisture Stability

In this section, we summarize the methods of enhancing
the moisture stability of perovskites, including composite engi-
neering, encapsulations, and in particular formation of 3D/2D
heterostructure. We highlight the combination of 2D and 3D

Energy Technol. 2023, 11, 2201475 2201475 (7 of 15)

perovskite for the following reasons (Figure 6): 1) Defects such
as MA/FA/I/Pb vacancies and uncoordinated lead halide clusters
can be formed in the fabrication process,® % along with cracks
and pinholes during crystallization, which initiate the degrada-
tion of perovskites upon exposure to humidity. 2D perovskite
can fill in these vacancies, interact with uncoordinated ions,
and embed in the cracks, grain boundaries, and pinholes in
the film,*>%? thereby eliminating defects and promoting the
quality of perovskite films; 2) Intrinsic instability and instability
under external stressors of the perovskite still limit its application
in the real world. Given the rather low formation energy and
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small radius of MA and FA cations, it is easy for them to escape
from the perovskite lattice under external stimuli. In addition, 3D
perovskites are vulnerable to humidity, as discussed in the
previous section. In this regard, as a blocking layer on top of
3D perovskite layer, 2D perovskites can prevent the invasion
of external stressors and suppress ion migration, arising from
the hydrophobicity as well as the large formation energy.”®?!

3.1. Composite Engineering

The vacancies such as organic cation and halide vacancies, with
lower formation energy,[94] are normally located on the surface or
grain boundary of perovskites and are prone to diffuse into the
interior of the crystals. With being exposed to external stimuli,
the degradation is initiated at these sites and aggravated within
the whole crystal, thus resulting in the decomposition of the per-
ovskites. Composite engineering, in this perspective, has shown
to be an important strategy to reduce the inherent vulnerability
of perovskite with respect to external stimuli, i.e., partially
or completely replacing the anions/cations. For instance,
Bach et al. revealed that doping Rb™ and K*' into
CSO_OSFA0A79MA0A16Pb12449B1’0A51/BAI 3D/2D perovskites gives
rise to high crystallinity, better film morphology, and superior
moisture resistance, which, in turn, enhances the PSCs perfor-
mance and stability under humidity and heat (85 % RH,
85 °C).’Y The introduction of organic bulky cation can be, on

www.entechnol.de

the other hand, applied to enhance the perovskite stability against
humidity. Phenethylammonium was utilized to partially substi-
tute MA* in MAPDI; and found to be beneficial for obtaining
perovskites with large crystal sizes and less trap densities. As
a result, the PSCs retained 75% of initial performance storage
under 50 4 10% RH for 30 days.®! In addition, MAPbI; perov-
skites with acetamidinium (AA) substitution exhibited remark-
able moisture resistance (Figure 7a) and carrier lifetime under
ambient exposure (72 + 3% RH), which is due to the strength-
ened electrostatic interaction and stabilized AA cation inside
the perovskite matrix.

It was reported that water and oxygen-induced perovskite
degradation is exacerbated at the vacancy sites. Employing anion
engineering to partial substitution of halide with other
anions can reduce defects and thus alleviate the perovskite deg-
radation.”® For example, thiocyanate (SCN™) can greatly
enhance the stability of perovskites by reducing the formation
of I vacancies.*® This is due to the stronger interaction between
Pb," and SCN~ compared to the bond of I™ and Pb, ", resulting
from the strong bond between lone pairs from atom S and N and
Pb ions.””*®! In addition to SCN ™, acetate ions (OAc™) is also in
favor of enhancing the stability of perovskites, which was
achieved by the high crystallinity and the reduction of uncoordi-
nated Pb after the substitution of ClI” with OAC™. As a
consequence, the PCE of MAPbCl;_,(OAc™),-based PSCs main-
tained 84% of its initial PCE after 800 h operated at 70% RH."%)

(a)
AA % 0% 10% 20%
0 Days . &
y . ﬁ s ‘i:(
e - : D‘:tb‘:t_on:tz‘n‘ Corroded oci’ti“cf'g\egfti\‘n i & \F“‘-
& cx:{ ‘c xfz ft{ ©° by water @ ‘nt; &ctg fﬁc no[)egradatiorm//
2 Days 4 L .4 4. 4 L . d.. w/
v flve e e oo fTee (flee v
\B &d) \%
Ve la, T K
4 Days i T Il
Y e < TR S T 0 - - I < e st
‘R Swe N °°°°bp-CD°° @ & Sge °° resistance S @ S go. @ S go *°
bl e e S Ve cglie ot ot ve cfdhe et
oo flee fdoe flee oo fdee fdoe e o flee o fdee
8 Days | S+ K P Ao
CH,NH,* B-CD CH,;NH, I, H,0

Figure 7. a) Stability of MAPbI; with different amounts of AA substitution at 85 °C and 75% RH. Reproduced with permission.["*”! Copyright 2020,
American Chemical Society. b) The top left and right images show the molecule structure of f-cyclodextrin molecules and the interaction of perovskites
with p-cyclodextrin. The middle and bottom images illustrate the moisture-induced degradation mechanism of pristine MAPbl; and the working principle
of B-cyclodextrin. Reproduced with permission."""! Copyright 2018, Royal Society of Chemistry.
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Likewise, Pan et al. utilized superhalogen BH, to partially
replace I, and they found that the superhalogen BH, can
reduce the defects and enhance the film quality. Such an
effect is related to the compensation of iodine vacancies with
BH, substitution and its interaction with methylamine
molecules by dihydrogen bonding. Therefore, a hysteresis-free
MAPDI;_,(BH, ™), device preserved 90% of the initial PCE upon
exposure to 50 £ 10% RH for 1200 h.

In addition to A and X site modification, doping and substi-
tution of the B site is an alternative way to enhance humidity
resistance of perovskite materials. However, there are only a
few studies focusing on the substitution of B sites because both
structural and energetic requirements need to be fulfilled. The
valence band is constituted of p orbitals of halide anions and s
orbitals of B site cations, while the conduction band is formed
by the p orbitals of B site cations."®” In other words, the substi-
tuted elements need to fulfill the abovementioned condition to
form a suitable band alignment, which, in turn, limits the
candidates of B site substitution. DFT calculations suggest that
Ge and Sn doping is the most promising strategy among all other
B cations (e.g., Mg, Zn, Cd) to enhance stability while achieving
desired bandgaps.'®! Additionally, by scanning Kelvin probe
microscopy, Hsieh et al. found that the adhesion of Sn-doped
perovskite thin films is much lower compared to that of pure
perovskite thin film (CsPbBrs), indicating that Sn-doped perov-
skite thin films exhibit higher water resistance under 75% RH
condition."”? Tn addition, Ni has stood out to enhance the mois-
ture resistance of perovskite materials, resulting from the
improved integrity and short-range order of the crystal lattice
with Ni incorporation. Such integrity is attributed to the strong
preference of Ni ions for octahedra coordination with halide ions,
which, in turn, eliminates the halide vacancy. As a result, devices
retained 90% of initial efficiency after storage under 10-20% RH
for 800 h.1"°* It should be pointed out that local lattice strain facil-
itates the formation of defects, which is the major source induc-
ing perovskite degradation under humidity. By incorporating
selected B-site dopants (e.g., Cd), the lattice strain can be relaxed

Monoamine
cation

www.entechnol.de

and the formation energy of defects is concurrently increased.
As such, PSCs reserved 90% of their initial efficiencies after
30 days of storage at 50% RH.**

In addition, recent studies illustrate that combing anion and
cation engineering largely promotes the hydrophobicity and
quality of perovskite films, therefore leading to the enhancement
of moisture resistance. For example, CsPbI,Br perovskites exhib-
ited an excellent water resistance up to 100 h immersing into
water, arising from the reduced crystal defects as well as
improved crystallinity.'®" Likewise, by carefully tuning the crys-
tal growth, Li et al. demonstrated a high-quality CsPbI,Br film
with robustness against moisture, oxygen, and UV light.'”]
In summary, point defects (e.g., Vi, Via) with relatively lower
formation energy are shown to initiate or accelerate perovskite
degradation because of their affinity to water molecules. The local
lattice strain exacerbates the formation of defects, while compo-
sition engineering has shown to be an effective way to address
moisture instability of perovskites by relaxing the lattice strain
and suppressing the defects formation.

To retrieve the long-term tolerance of perovskites, various
functional molecules such as hydrophilic polyvinyl alcohol
(PVA) and 2-aminoethanethiol (2-AET) were introduced
into perovskite film."°*'%”) Functional molecules can directly
enhance water resistance by interacting with water mole-
cules,'%! or indirectly by regulating nucleation and crystalliza-
tion and passivating the defects.'®*''% For example, doping
B-cyclodextrin (B-CD) into the perovskite precursor was demon-
strated to facilitate the crystallization and enhance the stability
against humidity, which was attributed to the supermolecule
interaction with organic cation by hydrogen bonding
(Figure 7b).""") Additionally, the incorporation of 1,2-bis
(chlorodimethylsilyl)ethane (Si—Cl) molecules was shown to be
an effective method to alleviate water erosion in terms of the
inorganic perovskites (CsPbls). The Si-OH solid protection
was achieved by the chlorinated CsPbl; with a hydrolysis product
of hydrogen chloride (HCI), improving the crystallization and
phase stability.!'*

- Diamine

' ’ l~|| cation

Guanidine
cation

= n=2

n=3

Figure 8. Schematic illustration of 2D and quasi-2D perovskites, including RP, DJ, and ACI crystal structure. Reproduced with permission."**! Copyright

2022, Wiley-VCH.
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3.2. 3D/2D Heterostructure

2D layered perovskites (Figure 8), in which inorganic sheets are
separated by organic bulky cations, have recently attracted signif-
icant interests because of their superior stability, in particular
stability against humidity.'** In general, 2D perovskites can
be divided into three types, namely, Dion-Jacobson (D]),
Ruddlesden—Popper (RP), and altering cations in interlayer
(ACI) space perovskites. RP and DJ perovskites have general for-
mulas of (A’),A,_1B,.X3,.1 and A”A,, 1B, X3, 1, respectively, in
which A’ and A” represent the monovalent bulky cation (e.g.,

ion, Conversion, Storage, Distribution

www.entechnol.de

aliphatic or aromatic-based cation) and divalent organic spacers,
A is organic cation in inorganic slabs, and n refers to the number
of [Pblgls~ octahedra layer.!''*]

Considering the superior water resistance of 2D perovskite, it
is feasible and reasonable to combine 2D perovskite with 3D per-
ovskites. Many attempts have been devoted to enhance both PCE
and the stability of 3D perovskites using 2D perovskites,
e.g., mixing a 2D solution with 3D precursors or forming
a 2D/3D heterostructure.">™”)  For example, Snaith
et al. introduced n-butylammonium (BA) cations into a
FA83Cs0.17Pb(I,Br; )3 3D perovskites and the corresponding

Figure 9. a) Cross-sectional images of FAg3Cs0.17Pb(lo.6Bro.4)s (top left) and BAg oo (FA0.83CS0.17)0.91Pb(lo.6Bro.4)s devices (top right), where the bottom
illustration shows the self-assembled 2D/3D heterostructure. Reproduced with permission.l"'® Copyright 2017, Nature Publishing Group. b) 2D GIWAXS
patterns of FAPbI; film (top) and FAPbI;/FEAI film (bottom), in which the green and orange circles indicate the § and y phases of 2D perovskites, respec-
tively. c) Contact angle measurement of water droplet on the surface of 3D/2D (left) and 3D perovskite film (right) with timeline indicated, manifesting the
excellent moisture stability of 3D/2D perovskite. Reproduced from [138]. Copyright 2019, The Authors, some rights reserved; exclusive licensee AAAS.
Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC). d) Scanning electron microscopy (SEM) image of
FAPbI;/PEA,Pbl, film, indicating that 2D perovskite is located at the grain boundary. Reproduced with permission under the terms of the Creative
Commons CC BY license."*” Copyright 2018, The Authors. Published by Springer Nature.
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devices sustained 80% of their original efficiency under
40-50% RH. The formation of 2D perovskite platelet, which is
interspersed between 3D perovskite grains (Figure 9a), leads
to the suppression of nonradiative charge recombination and
thus the enhanced stability."*® In addition, with the addition
of C¢H1gN,0,Pbl, (EDBEPDI,) microcrystals into 3D perovskite
solutions, the grain boundaries are passivated by the formed
phase-pure 2D perovskites, thus boosting the PCE and the sta-
bility against moisture.'* In terms of 2D/3D stack, recently
a 2D/3D heterostructure layer containing FABr-doped 4-fluoro-
phenethylammonium iodide (4FPEAI) 2D perovskite layer was
achieved, which largely boosts the humidity resistance and
PCE of 3D perovskite. Such enhancement is ascribed to the bet-
ter formation of 2D capping layer and the grain boundaries pas-
sivation.""” In addition, the smaller organic cations and
halogens with lower activation energy can easily migrate under
external stimuli and cause perovskites degradation. In this per-
spective, a 2D perovskite layer is expected to mitigate the ion
migration due to the insulating bulky organic cation. Table 1 lists
the 2D perovskites used, 3D perovskite composition, and the cor-
responding stability against humidity by doping 2D solutions
into 3D precursors and forming the 3D/2D heterostructure.
Recently, a 2D perovskite layer containing a pentafluorophenyle-
thylammonium (FEA) cation was introduced on top of 3D
FAPDI; perovskite (Figure 9b) and found to endow PSCs with
good operational stability against humidity (=40% RH)
(Figure 9c). This 2D perovskite layer can mitigate the ion migra-
tion and facilitate the charge transport, as well as consuming the
nonperovskite phase of FAPDI;. It should be pointed out that 2D

www.entechnol.de

perovskite layer can passivate the grain boundary (Figure 9d) and
suppress ion migration at the same time. Not limited to that, 2D
perovskite can also promote the formation of cubic FAPbI; phase
during crystallization, thus yielding perovskites with greatly
enhanced moisture stability."?% In addition to grain boundary
passivation and suppression of ion migration, 2D perovskites
with alkyl ammonium cations (e.g., tetra-methyl ammonium
[TMA], tetra-ethyl ammonium [TEA]) act as a barrier layer hin-
dering the absorption of water molecules on the reactive Pbs.
sites and confer perovskite crystals with considerably enhanced
moisture resistance. Such improvement is correlated with the
bulky hydrophobic ammonium cations and the change of surface
of Pbs.~I;. bonds.'*!! More recently, inverted PSCs with 3D/2D
heterostructure exhibited extraordinary stability and passed the
damp-heat test (85 °C, 85% RH). The nonradiative recombina-
tion associated with trap states at perovskite surface is greatly
suppressed by 2D perovskite passivation. Notably, the 2D
perovskite layer acts as a barrier layer blocking the ingression
of oxygen and moisture and concurrent as a defect passivation
layer, particularly at elevated temperatures.'*? Likewise, by
gradient dimensionality engineering, Chen et al. incorporated
tertiary butyl as spacer cations in 3D perovskites and found that
devices with 3D/2D heterojunction endow excellent moisture,
thermal, and light stability. Such enhancement of stability is
ascribed to the reduced defect density, manifesting the effective
defect healing by 2D perovskite layer.'?*! In another case, a local-
ized D] 2D/3D heterostructure was achieved by partially covering
the 3D perovskite surface, which greatly enhances the moisture
stability and does not impede the charge transfer. As a result, the

Table 1. Summary of the enhancement of moisture stability by 2D/3D heterostructure.

2D perovskites Component of 3D perovskites Moisture stability Other condition References
EDBEPbI,4 MAPbI; >90% of initial PCE, 1000 h, 65% RH Addition of 2D precursor [115]
into 3D precursor
BAI FAo.83Cs0.17Pb(l0.6Bro.4)3 >80% of initial PCE, 1005 h, 45% RH Addition of 2D precursor [118]
into 3D precursor
4FPEAI C50.05(FA0.55MA0,05)0.95Pb (10.95Br0.05) 3 >86% of initial PCE, 1080 h, 85% RH Addition of FABr in 2D precursor [119]
>67% of initial PCE, 500 h, 85% RH, 85 °C
BDAI, FA-based mixed perovskite >86% of initial PCE, 1300 h, 70% RH Localized 2D/3D heterostructure [124]
>75% of initial PCE, 200 h, 70% RH, 80°C
BAI (FAPbI3)0.95(MAPbBr3)0 05 >97.3% of initial PCE, 1083 h, 85% RH, RT Solid-state in-plane growth [92]
BAI Cs0.05(MAg10FA0.85)Pb (lo.50Bro0.10)3 >90% of initial PCE, 1000 h, 70 & 5% RH, 60+ 5 °C - [139]
OLAI C50.03(FA0.50MAo.10)0.57Pbls PCE > 19%, 1000 h, 85% RH, 85 °C - [122]
DMePDAI, FAg.85MA¢.1C50.05Pbl2.9Bro >73% of initial PCE, 740 h, 85% RH - [140]
BABr Rbo.05Cs0.05[(FA0.83MA0.17)]0.9 No PCE degradation, 45 days, 30% RH, dark storage Thermal annealing [1471]
Pb(lo.83Bro.17)3 after 2D perovskite coated on
top of 3D perovskite layer
BEAI, MAPbDI; >85% of initial PCE, 1000 h, 55% RH, dark storage - [142]
PYAI (Cs0.17FA0.83) Pb(lo.8Bro2)s >72% of initial PCE, 1000 h, 65% RH, 65 °C Addition of 2D crystals [143]
into 3D precursor
Gul FA-based mixed perovskite >80% of initial PCE, 30days, 75% RH, dark storage GuCl bulk incorporation [144]
TBHCI FA-based mixed perovskite >89% of initial PCE, 1656 h, 10-20% RH, RT, dark - [123]
XDAI MAPbI; >80% of initial PCE, 1000 h, 60% RH Addition of NH,SCN [145]
CEAI FA-based mixed perovskite >98% of initial PCE, 600 h, 40 +20% RH, dark - [146]
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2D/3D devices retain their 86% performance after aging at 70%
RH for 1300 h.["**

To sum up, 2D perovskites with hydrophobic organic bulky
cation are preferentially located at the grain boundary and thus
block the moisture permeation because the moisture-induced
degradation is mainly initiated at the grain boundary. In addition,
2D perovskite can also reduce the defects such as cationic and
halide vacancies, crystal imperfections, etc., which exacerbate
the moisture-induced decomposition of perovskites. However,
the 2D/3D heterostructure has an adverse impact on the
charge extraction due to the poor charge transport cross
bulky organic cation as well as the quantum well structure
of 2D perovskites.'* Therefore, further structural studies of
controlling the vertical crystal growth of 2D perovskites are
required to achieve well-aligned 2D perovskite and facilitate charge
transport.[uﬁ]

3.3. Encapsulation

As a shield of providing an inert and sealed environment and
isolating the perovskites from external stimuli, an ideal encapsu-
lant should be endowed with hydrophobicity, low-oxygen perme-
ation, and a benign barrier to volatilization."*”'?8] Encapsulation
methods can be classified into two categories, namely, single thin
film (STF) and multiple thin film encapsulations (MTF), depend-
ing on the film thickness and the number of the barrier layer.
Epoxy and polymethyl methacrylate (PMMA), as hydrophobic
materials, are suitable for making STF, irrespective of the rigid
and flexible substrate.'>*7"*!] Nevertheless, the poor wettability
of hydrophobic materials in turn results in relatively poor adhe-
sion to the substrate, leading to the formation of pinholes.*? In
addition to the adhesive layers, water can also permeate into per-
ovskites through the sealing materials.!"** Thereafter, it is of par-
ticular significance to further develop new encapsulation
materials and methods. For instance, it was found that the phase
segregation and species volatilization under oxygen and humid-
ity are suppressed by a solvent-free and low-temperature melting
encapsulation method with paraffin as encapsulant."** Notably,
the encapsulated device exhibits 1000h operational lifetime
under MPP tracking, as well as good thermal and moisture sta-
bility. Another encapsulation method of utilizing the ethylene
glycol-induced intermediate layer does not require harsh fabrica-
tion conditions and can minimize the damage of plasma-
enhanced atomic layer deposition to the PSCs. As a result, the
PSCs retained 95% of its initial performance after aging at
809 RH over 2000 h.[*]

4. Conclusion and Outlook

The instability of perovskites remains a hurdle hindering
commercialization despite the great achievement in terms of
PCE. In particular, the effect of external stimuli on the perovskite
stability should be carefully taken into account when employing
photovoltaics in a real-world environment. Thus, understanding
the degradation mechanism under different stressors is of
utmost significance to enhance the long-term stability of perov-
skites. We have discussed the positive effects of a certain amount
of water on the perovskite film and reviewed the degradation
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mechanisms of different perovskites ranging from 3D to 2D
under humidity. Accompanied by hydration, disproportionation,
and even decomposition, water-induced degradation is found to
initiate at the surface and propagate along the grain boundary
and in-plane direction, and at last leads to the grain fragmenta-
tion. In addition, we unfold the related methods in terms of
improving water resistance, particularly forming the 3D/2D
heterostructure. The 2D capping layer can, on the one hand,
block the water permeation by its hydrophobic bulky organic
cation. On the other hand, it can passivate the defects and
suppress the ion migration, therefore leading to the enhance-
ment of moisture stability. Among the 3D/2D heterostructures,
we highlight the usage of the D] phase as 2D perovskite layers.
The DJ phase has the advantages of structural stability and lattice
stiffness compared to the RP phase, arising from stronger hydro-
gen bonds between the organic spacers and inorganic layers, a
shorter interlayer distance between two inorganic layers, and
stacked unit cells with perfect alignment. We also highlight
the importance of unifying the testing conditions in order to have
reproducible and comparable results. In the future, endeavors
should be particularly devoted to the encapsulant as well as
encapsulation methods.

We expect that 3D/2D heterostructure together with adequate
encapsulation methods can effectively mitigate the perovskite
instability against humidity.
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