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Impact of H,O on organic—inorganic hybrid
perovskite solar cells

Jianbing Huang, ©*® Shunquan Tan, & °° Peter D. Lund @ and
Huanping Zhou (¢

The performance and stability of organic—inorganic hybrid perovskite solar cells (PSCs) is sensitive to water
and moisture in an ambient environment. Understanding how H,O influences the perovskite material is
also important for developing appropriate control strategies to mitigate the problem. Here we provide a
comprehensive review on the effect of water on the state-of-the-art lead-based perovskite solar cells
in terms of perovskite material design, perovskite film preparation, device fabrication, and photovoltaic
application. It is found that a moderate amount of water can facilitate nucleation and crystallization of the
perovskite material, resulting in better perovskite film quality and enhanced PSC performance. The perovskite
materials are irreversibly destroyed by H,O after a certain level of water, but they exihibit better tolerance
than initially expected. Humidity resistant fabrication of high-performance PSC devices and modules should
therefore be favoured. Generally, water shows a negative effect on the long-term stability and lifetime of
PSCs. To reduce the effects from water during outdoor operation, attention should be paid to different
protection methods such as varying the perovskite composition, optimizing the electron/hole transport
layer and encapsulation of the device.

1. Introduction

“State Key Laboratory of Multiphase Flow in Power Engineering,

School of Energy and Power Engineering, Xi’an Jiaotong University, P. R. China. In 2009 an organic-inorganic hybrid perovskite material was
E-mail: huangib@mail. xjtu.edu.cn; Fax: +86-29-82669033; Tel: +86-29-82665591  incorporated into a dye-sensitized solar cell (DSSC) as a light

» School of Chemical Engineering and Technology, Xi'an Jiaotong University, absorber for the first time. Though the initial efficiency was low
P. R. China

¢ Department of Materials Science and Engineering, College of Engineering,

Peking University, P. R. China

(3.8%), the new material exhibited good crystallinity, suitable
optical properties, and unique electronic properties." By opti-

“ Department of Engineering Physics/Advanced Energy Systems, School of Science, mizing the fabrication process, choosing new core materials,

Aalto University, Espoo, FI-00076 AALTO, Finland

Jianbing Huang

2284 | Energy Environ. Sci., 2017, 10, 2284-2311

and designing a better photovoltaic device structure, the energy

Jianbing Huang received his PhD
degree in Chemical Engineering
and Technology in 2008 from
Tsinghua University, China. He is
currently an Associate Professor at
the State Key Laboratory of Multi-
phase Flow in Power Engineering,
School of Energy and Power

Shunquan Tan received his BS
degree in  September 2017,
majoring in Chemical Engineering
at Xi’an Jiaotong University. He
currently works as a research
associate in Peking University.
His research interests mainly
focus on renewable energy and
Engineering,  Xi’an  Jiaotong relevant  materials, including
University, China. His research perovskite materials and
interests include solid state ionics, perovskite solar cells.

new energy materials, thermo- | a——N
chemical hydrogen production, and Shunquan Tan
combined heat and power from

renewable energy.

This journal is © The Royal Society of Chemistry 2017


http://orcid.org/0000-0002-8473-185X
http://orcid.org/0000-0001-7575-1990
http://orcid.org/0000-0002-4819-3847
http://orcid.org/0000-0003-4882-5354
http://crossmark.crossref.org/dialog/?doi=10.1039/c7ee01674c&domain=pdf&date_stamp=2017-10-03
http://rsc.li/ees
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ee01674c
https://pubs.rsc.org/en/journals/journal/EE
https://pubs.rsc.org/en/journals/journal/EE?issueid=EE010011

Open Access Article. Published on 21 September 2017. Downloaded on 7/13/2025 1:14:34 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

conversion efficiency of perovskite solar cells (PSCs) has
recently achieved a value of >22%.”

The light-harvesting perovskite material RAMX; commonly
refers to a 3D organic-inorganic hybrid compound in which RA
is a monovalent organic cation (methylammonium (CH;NH;",
MA"), or formamidinium (HN = CHNH;", FA")), M is a bivalent
metal (Pb**, Sn*"), and X is mostly a halide anion (ClI~, Br~
or I7). Capable of being mixed with cations (e.g. adding FA" into
MAPDI; or partially replacing Pb** with Sn>*) or anions (e.g.
mixing various halides) in crystal units, RAMX; can be adjusted
to obtain a moderate bandgap (E) for a single junction solar
cell (1.1-1.4 eV) or tandem solar cell (~1.8 €V).> For example,
MAPDI; possesses the lowest Eg of 1.6 eV." A suitable bandgap
could cover most of the visible light region from ~400 nm to
800 nm, and potentially expand to the infrared region.” In addition,
the diffusion length, carrier lifetime, and mobility, though
these vary by composition, are apt for separation and collection
of charge carriers in solar cell devices.

RAMX; perovskites possess intrinsically simple growth
kinetics, and PSCs resemble other thin film solar cells in terms
of their device structures and materials to some extent, which
make PSCs easy to be fabricated and potentially a low-cost
photovoltaic technology.®” The device architecture of PSCs
can be divided into two distinct types: regular n-i-p PSCs and
inverted p-i-n PSCs. In this review, unlike in most of the
previous studies, we consider an integrated architecture shown
in Fig. 1: electrode/second functional layer (SFL)/perovskite/
first functional layer (FFL)/transparent conductive oxide (TCO)
substrate. Here, FFL refers to the functional layer between the
perovskite and TCO substrate, and SFL refers to the functional
layer between the perovskite and electrode. In the n-i-p archi-
tecture, the FFL can accept and transport photoexcited electrons,
generally using metal oxides such as ZnO, TiO, (mesoporous
and planar) etc. Correspondingly, the SFL acts as a hole
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Fig. 1 Schematic of different PSC device architectures.

selective acceptor. Inversely, in the p-i-n architecture the FFL
is used to separate the excited holes and deliver them toward the
TCO and the SFL is responsible for the transport of electrons.

Though the efficiency of PSCs is comparable to that of
commercial solar cells (e.g. me-Si, ¢-Si, CdTe),>° one of the
major barriers in front of their commercialization is the poor
material and device stability."*™'* A great deal of studies show
that the PSC is very likely to degrade in an ambient environ-
ment. Moisture (or water) is one of the major degradation
triggers for the perovskite material itself and the PSC.

In earlier studies, H,O was widely regarded as harmful to
MAPDI; perovskite by turning it back to Pbl, and MAI irreversibly,
which results in loss of optical absorption and severe electron-
hole recombination. However, Zhou et al. in 2014 reported that
annealing under humid conditions could actually greatly improve
the film quality and its electronic behavior, demonstrating a
positive role of water." Later, many studies have proposed that
H,0 may have both advantageous and disadvantageous effects
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Fig. 2 Structure of the review. Highlighting the role of water in perovskite
materials from different aspects.

on RAMX; perovskites and PSCs. However, comprehensive
understanding of the role of H,O in organic-inorganic hybrid
perovskites and PSCs has seldom been discussed in previous
reviews. Here we review the effect of water on the state-of-the-
art lead-based perovskite solar cells from a broad perspective,
covering perovskite material design, perovskite film prepara-
tion, device fabrication, and application to pave the way for the
development of high-performance and reliable PSCs. The struc-
ture of the review is illustrated in Fig. 2.

This review discusses the impact of water on lead-based
perovskite solar cells in perovskite material preparation and
operation stages, but also relevant strategies for improving their
resistance against water. The preparation routes for the formation
of perovskite films are considered with a discussion on how
water in various states affects crystallization and film quality.
Water-induced degradation routes will be comprehensively
reviewed along with the final chemical products, and optical
and electronic properties. Furthermore, based on the water-
induced degradation mechanisms, several approaches will be
provided for better moisture resistance.

2. H,O in perovskite film preparation

Preparation of a perovskite film requires multiple steps: formation
and collection of perovskite ingredients, preparation of perovskite
precursors, and perovskite film growth, all of which provide
opportunities for intrusion of H,O. Therefore, for a better under-
standing of possible routes for water penetration, we first describe
the representative deposition methods with the related crystal-
lization mechanisms.

2.1 Film preparation methods

A smooth, pinhole-free and highly crystalline RAMX; perovskite
film is generally prepared by four representative processes (see
Fig. 3A using MAPDI; as an example): one-step solution deposition
(OSSD), sequential solution deposition (SSD), dual-source vapour
deposition (DSVD), and vapour-assisted solution deposition
(VASD).1,7,14—17

2.1.1 One-step solution deposition (OSSD). OSSD is imple-
mented with the first step that RAX (RA = methylammonium,
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formamidinium) and PbX, (X = I, Br, Cl) simultaneously at
the mole ratio of 1:1 or 3:1 are added to polar solvents
(DMF, DMSO, GBL, etc.)."'® After stirring constantly at a certain
temperature, the clear solution is spin coated or drop coated
on the first functional layer. This is followed by annealing the
as-formed perovskite film to evaporate solvents and ensure the
crystallization of RAPbX;.

Perovskite films in OSSD experience different crystallization
growth mechanisms depending on the annealing temperature
and annealing time."®?° When the substrate temperature is at
or below 100 °C, the perovskite film experiences a multistage
formation mechanism with three stages: the initial solution
stage, the transition-to-solid film stage, and the transformation
stage from intermediates into a crystalline perovskite film;
however, when the substrate temperature is increased from
100 to 180 °C, the formation mechanism of the perovskite film is
changed to the “direct formation mechanism”.'® An approximate
time scale for each one of the stages and their evolution was
established during the annealing of MAPbI; films at 100 °C in air,
including the nucleation of small crystallites (i), a transitional
stage during which a large number of grain boundaries are
formed as precursors vanish (ii), an actual crystal growth period
where different crystals coalesce (iii), and a final stage (iv) where
the material is eventually formed.” In addition, a hot-casting
technique at 180 °C was developed, during which the high
substrate temperature at spin coating induces the formation of
perovskite crystals. It was recently proposed that a Volmer-
Weber growth mechanism occurs with island shaped grains,
followed by integration into perovskite films.>'

2.1.2 Sequential solution deposition (SSD). SSD is a two-step
deposition method in which RAX and PbX, are dissolved in solvents
separately.'* The Pbl, DMF solution is spin-coated and forms a Pbl,
film at first, then transforms into a MAPbI; film by reacting with the
MAI iso-propanol solution. Annealing is normally needed to com-
pletely transform the unreacted Pbl, to MAPbI;.

Fu et al. reported two crystallization formation routes for SSD,
depending on the concentration of MAI in iso-propanol (Fig. 4).*
When the concentration of MAI is lower than 8 mg mL ™", a solid-
liquid interfacial mechanism takes place and the as-formed
MAPDI; film will gradually block the MA" from further reacting
with the inner PbI,; whereas, a dissolution-recrystallization
pathway occurs at >10 mg mL~" MAI solution, during which a
quick formed MAPbI; film covers the Pbl, surface immediately,
demanding longer reaction time or higher MAI concentration to
fulfill the reaction via the formation of Pb,>". It should be also
noted that similar competing pathways are proposed to control
the growth of freestanding MAPbI; crystals, in situ transformation
and dissolution-crystallization mechanisms.*

2.1.3 Dual-source vapour deposition (DSVD). Vapor-based
deposition techniques in which the ingredients are converted to
gaseous states, reproducibly produce high-quality and dense
perovskite films. DSVD, a dual chemical vapor source deposition
technique, was developed by Snaith and his colleagues in which
MAI and PbCl, precursor salts are co-evaporated under vacuum
to deposit a MAPbI;_,Cl, film followed by further annealing to
realize full crystallization."® Afterwards, a sequential evaporation

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (A) Preparation methods of perovskite films. (B) Comprehensive overview of the existence of water molecules in the preparation steps.

method and chemical vapor deposition were developed as is in the range of 0.05 < y < 0.5.>° The dark MAPb(I,_,Cl,);
DSVD derivatives.”*® With a higher Cl content (y ~ 0.5), the (y = ~0.02) perovskite exhibits 3-dimensional growth in the
MAPb(I;_,Cl,); phase become transparent and greenish. At low Cl  initial stage, and then it maintains a cubic phase, while MAPbI;
content (y < 0.05), MAPb(I,_,Cl)); shows dark perovskite phases. ~at first also experiences 3D growth, but gradually shows a
This indicates that the miscibility gap for MAPbI;-MAPbCl, mixtures ~ domain tetragonal structure.*”
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Fig. 4 (A) Interfacial reaction mechanism at lower MAI concentrations.
(B) Dissolution—recrystallization growth mechanism at higher MAI
concentrations. The conversion via interfacial reaction is faster than
dissolution—recrystallization growth. Adapted from ref. 22, Copyright
2015 American Chemical Society.

2.1.4 Vapour-assisted solution deposition (VASD). By com-
bining the vapor deposition method and solution process,
VASD conceptually inherits both advantages. A Pbl, film is
initially fabricated on the FFL by a solution process, and then it
is reacted with the MAI vapor, leading to splendid crystallization
and full coverage."® Recently, VASD has been further developed
to operate under low pressure, showing shorter reaction time
and lower MAI sublimation temperature.”®*® In VASD, a one-
dimensional, top-down reaction route was proposed for the
diffusion-controlled, strongly temperature-dependent -crystal
growth:*® (1) MAI initially reacts with the surface of the Pbl,
film, leading to the formation of perovskite crystal nuclei;
(2) MAI gas molecules further diffuse into the inner Pbl, region,
inducing the growth of more perovskite crystals perpendicular to
the substrate; (3) after the reaction, the perovskite grains merge
together, and appear as larger grains.

2.2 Role of H,O0 in perovskite film preparation

In the above methods, H,O in various forms can affect the
perovskite reaction process and the crystallization dynamics,
leading to desirable or undesirable changes in the perovskite
crystals as well as grains and even the morphology and bulk phase
of the perovskite films, as shown in Fig. 3B. The mechanisms via
which water in the preparation processes affects perovskite films
will be discussed in the following sections.

2.2.1 H,O in precursors. Most alkylammonium salts as
well as some lead salts PbX, are hydroscopic, leading to the
possibility that hydration water is added into the perovskite
precursors and influences the formation of perovskite if the
material is not stored in an inert atmosphere or is not dried
very well before use.*'*> Most recently, the hydration water in
3MAI:1Pb(Ac),-xH,O (x = 1.5) in OSSD was proposed to combine
with the new product MAPbI; in the DMF precursor, forming
MAPDI;-H,O in the reaction (eqn (1) and (2)), benefiting the
morphology and electronic properties of perovskite films by
reducing surface roughness and the nonradiative pathways.*®
Following this work, further study demonstrated the optimized
ratio 3MAI : 1Pb(Ac),-1.5H,0, ascribed to the trade-off of reducing
the non-radiative pathway and increasing porosity.** Similarly,
the water of hydrate MAI, although it does not impact coverage,

2288 | Energy Environ. Sci, 2017, 10, 2284-2311
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also lead to improved performance of PSCs by significantly
enhancing the lifetime of excited carriers in the MAPbI; layer.*

o

<4
3CH3NH3I + PbAC2 . 3H20 Pa—— CH3NH3PbI3 . Hzo

in solution
+2H,0 + 2CH3;NH;3AC,.
(1)
CH;NH;Pbl; - H,0 ™ CH;NH;Pbl; + H,0. )

Moreover, a similar way of influencing the perovskite precursors is
to directly add a small amount of liquid water into the solvents.
The liquid water, unlike most uncontrolled hydration water, is
accurately calculated and added into the perovskite precursors. For
instance, 0-10% volume ratio of deionized water was added into
the MAPbI; ,Cl, perovskite precursors and the optimized 2 vol%
water additive resulted in large grains with less voids in the
morphology of the perovskite films, leading to a decrease in
nonradiative trap states.’® In this case, one possible influential
mechanism is the formation of stable hydrates MAPbI; ,Cl,-nH,O
and a lower stabilization energy in the upcoming annealing step.
Meanwhile, the changes of the physical and chemical thermo-
dynamic properties of mixed solvents like boiling point, solubility,
and vapor pressure, affect the orientation growth of the perovskite
crystals.’® Almost at the same time, another study also reported
that the same volume of water was added into the perovskite
precursor, but the changes in the films were minor and the device
performances were influenced slightly (Fig. 5).*® However, the
different results in these two almost identical MAPbI; ,Cl, experi-
ments have not been further explained yet and we in passing
point out that the underlying cause is likely the difference in
the substrates since water molecules may disperse evenly on
the more hydrophilic surface of PEDOT:PSS** compared with
TiO,,*® so as to enhance the coverage of MAPbI;_,Cl,. However,
further investigation is expected for the underlying mechanism.
In recent publication, considering the coordination molecule
competition, H,O in the atmosphere is demonstrated to incor-
porate into the Pbl,:MAL:additive complex, competing with the
solvent additive DMSO during crystallization of perovskite.*”
A balanced mole ratio of PbI, : MAI : additive complex (DMSO + H,O)
has been proposed to be 1:1:1.5,>” yet the clear competition
mechanism between H,O and DMSO for coordination in the
presence of DMF is not available.?”®

In parallel to the reports of water in OSSD precursors, one of
the pioneering studies in two-step deposition was performed by
Fu et al. who reported that 3PbAc,-PbO-H,0 existed in the Pbl,
film when using Pb(Ac),-3H,O as an ingredient, but the pure
tetragonal phase MAPDI; nanostructure growth is unaffected
based on the dissolution-recrystallization growth mechanism
shown in Fig. 4B.*> In addition, an appropriate amount of liquid
water was shown to have a positive effect on the growth of perovskite
by affecting the crystallinity of the Pbl, film or participating in
the growth of MAPbX;.>**> A small amount of water has been
used as an additive in PbI, DMF solution and MAI isopropanol
solution respectively.*>*° Both methods lead to larger grain size
and better crystallinity, but the detailed mechanisms are not

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Photovoltaic parameters of perovskite solar cells with active layers prepared from precursors with different water contents. (A) Reproduced
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the same. Water in the PbI, solution modifies the properties
of the H,O/DMF mixed solvent, the PbI,/PEDOT:PSS interface
energy and the PbI, crystallinity, leading to a smooth, even
PbI, film with the preferred (001) crystal plane parallel to the
substrate.®® Since perovskite crystals maintain the original
orientation at the initial stage,*' better Pbl, crystallinity will
be conducive to the perovskite film. In contrast, the water in the
MAI solution is likely to assist the solid Pbl, in reacting with the
MAI, promote the crystallization of MAPDbI; on the (110) plane
and enlarge the grain size.® The increasing grain size might be
explained by ingression of H,O in the formation process,
through hydrogen bonding interaction with MAPbI;. It should
be noted that a DMF solution could absorb water vapor. Clegg
and his coworkers added controlled volumes of water into PbI,/
DMF solutions to simulate the role of ambient moisture, and
found that an increasing concentration of water not only reduced
the overall device performance but also exaggerated the scan-rate
and directional-dependent hysteresis and introduce new transient
behaviors. However, addition of water also improved the long-
term device stability.*> But this time the water amount added was
two orders of magnitude lower than in the other reports,**® and
the device performance did not in this case fit the results of Wu
et al’s work.*® Full understanding of the differences in the
performance trends reported still needs further work, but could
probably be linked to the discrepancies in the fabrication
processes in a glove box and ambient environments.

2.2.2 H,O in the spin-coating step. As mentioned above,
the perovskite MAPbI; formation in OSSD involves nucleation
and crystallization processes. According to the thin film growth
theory and empirical data, a fast and high-density nucleation
is expected so as to obtain better crystallization and surface
morphology of the MAPbI;_,Cl, film,** as supported by some
studies using physical or chemical means to increase the number
of nucleation sites.***® Therefore, reducing the humidity directly
leads to high supersaturation, and thus sidesteps island growth so
as to heighten the coverage of the film.*?

Nevertheless, unlike OSSD, moisture is more likely to parti-
cipate in the reaction of PbI, film with MA" ions in the two-
step spin-casting. Based on the interfacial reaction mechanism
(Fig. 4A), compact MAPbI; covering Pbl, hinders the 8 mg mL ™"
MAI solution reacting with the inner Pbl,.>*> One solution is to
prewet the substrate before spinning PbI, by controlling the
exposure of the films towards moisture.”” The 3 min exposure
of mesoporous TiO, films to moisture resulted in more con-
version of Pbl, and in turn improved device efficiency, by virtue
of the porosity of the Pbl, film into which MAI could infiltrate
more easily. We propose that water molecules may disperse
discretely on the TiO, surface because of its poor hydrophilicity
and then these in-site H,O molecules attract Pbl, by hydrogen
bonds resulting in Pbl, isolation, and thereby an increase in
interspace is expected.

Also, moisture in the spin-casting process induces better
reactions, larger grain size and better interconnectivity between
perovskite crystals. Two mechanisms are responsible for the better
perovskite crystallinity. For one, perovskite hydrates (MAPbI;-H,O,
MA,Pbls-2H,0 and MAPbI,Cl-yH,0) appear as intermediates in
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or after spin-coating, which activate the reaction between Pbl,
and MAI, likewise with their intrinsic larger structural inter-
space providing extra fast paths for MAI diffusion.**™° The
formation of MA,Pbls-2H,0 may be due to the coexistence of
MAI and MAPbDI; in the presence of excess water.”" For another,
moisture liquefies and ionizes the MAI, which exhibits more
powerful capability of reacting with Pbl,.***°

Nonetheless, increasing the relative humidity could greatly
roughen the film surfaces, so it would to some extent cancel out
the benefits of better crystallinity.”” It is also noteworthy that
methylammonium salts (MABr) liquefied in the moist air could
not react with the Pbl, and thus more MABr is required to ensure
the complete chemical transformation of Pbl, (see Fig. 6).°*
Balance of the effects is pertinent to the optimized range of R.H.
but it appears to be very difficult since determination of the
optimized R.H. is entangled with other parameters. Despite
these issues, several groups have, respectively, used moisture
(R.H. 30-60%) to drive the reaction of PbI, with MAI in the
spin-casting process without a further thermal annealing
step.*®3%3 A dissolution and recrystallization mechanism at
the perovskite grain edges is proposed.>! Here, H,0 molecules are
absorbed on the surface void states and grain edges, then destroy
the bonding between MA" and the Pb-T cage. The released MA"
then reacts with the Pb-I cage again after water evaporates,
achieving void-free, larger crystalline films. Similar improvement
is obtained by other solvent vapors, e.g. chlorobenzene for ambient
engineering.>® These successes offer a new platform, like using a
room-temperature synthesis process to further reduce the costs of
device fabrication and allow more acceptance.

2.2.3 H,O in the annealing step. The thermal annealing
process in solution deposition is an important step for the
growth of MAPbX; crystals and the formation of polycrystalline
perovskite films, accompanied by the evaporation of residual
solvent. Meanwhile, by thermal annealing, the concern that
water may get trapped in the structure units and affect the
as-prepared perovskite films, is suggested to be dispelled.’® In
fact, a synergistic effect induced by a certain humidity and
thermal annealing actually improves the perovskite film quality

M\W
Plil2
1 1 1 1
10 15 20 25 30 35
26 (°)
Fig. 6 XRD patterns of a MABr: Pbl, solution with a molar ratio of either
1:1inair (a) and an Ar-filled glovebox (b) or 1.2 : 1in air (c); the down arrow

indicates the position of the Pbl, peak. Adapted from ref. 53 Copyright
2015, American Chemical Society.

XRD intensity (a.u.)
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and device properties. In 2014, Zhou and colleagues unprece-
dentedly annealed MAPbI;_,Cl, films in a damp atmosphere
(R.H. 30%), and consequently obtained larger crystal size and
less nonradiative recombination.'® A certain degree of moisture
slows the crystal growth kinetic process by its effect on the
solubility of the components and supersaturation of the perovskite,
leading to a large grain size.*>””™ Also, a large crystalline grain
structure and domain size in a moist environment is proposed to
block the further ingression of water vapor.®® MAPbX; (X =1, Br ™,
Cl7) crystals likewise coalesce to a larger size by the effect of water
that modifies the grain boundaries, diminishing the number of
defects.””*"*> This may be due to surface effects as well as lattice
distortion that trigger the grain edges to be sensitive to moisture.
The presence of small quantities of newly formed Pbl, were later
shown to benefit the electronic properties of grain boundaries
in humid annealing, increasing the local conductivity through
passivating traps at the grain boundaries and performing a self-
doping role.®® In situ techniques detected amorphous materials
containing hydroxyl ions and the increase of grain size as direct
evidence of the effect of water on FAPbI, films.®%*

Besides H,0, the annealing process under different solvent
vapors such as DMF and DMSO,* has resulted in better per-
ovskite crystallinity. However, the mechanisms may be different.
DMF and DMSO can dissolve PbI, and MAI as well as the MAPbI;
film. The model by Liu et al.®* proposed that the formation of a
liquid or quasi-liquid phase on the surface and void area of the
perovskite film by liquid phase sintering, may be responsible for
film densification in the annealing process. An appropriate
amount of H,O in the organic solvent vapor is expected to
enhance the surface solvation/dissolution of perovskite primary
crystals, facilitating the integration and merging of initial
perovskite crystals into larger grains and simultaneously healing
the pinholes upon annealing.®® In a humidified air annealing
process, highly hygroscopic MA cations pull moisture from
the environment. Water then partially dissolves the perovskite
material and enlarges the MAPbI; crystals.”® For a perovskite
film spin-coated under low humidity and annealed under high
humidity, a high nucleation density induced by high super-
saturation appears in the spin-coating stage and causes layer
growth of perovskite films, and the modest crystal growth under
high humid conditions in the annealing stage can benefit
the formation of perovskite films with better crystallinity and
lower crystal defect density.”> Meanwhile, MA vapor-involved
annealing could also heal the perovskite film.®” In this case well
connected grains and less impurities were found,®” which could
be attributed to the potential formation of the MAPbI;-xCH;NH,
intermediate phase.®®°

However, the high humidity processing results in the
appearance of more Pbl, as insulating regions localized at the
grain boundaries and within perovskite grains.®® To restrain
the likely adverse effects, the range of optimized R.H. had better
be precisely controlled by considering other parameters like
temperature scales, and ingredients. Regardless of the extremely
humid conditions, annealing in a moderate humid atmosphere
could be a self-improvement method for the perovskite device.
Also, as many studies are continuously revealing the benefits
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that moisture induces in the annealing process in OSSD, it
exhibits the capability of device fabrication under less restricted
conditions.

The striking features like larger crystal size and less non-
radiative recombination are still realized by post-treating
perovskite films. Both the phenomena and essence are partially
in common with the thermal annealing in a moist atmosphere.
Defect density, mainly surface defects, decreases in accordance
with less nonradiative decay after recrystallization of boundaries
with or without thermal annealing.”® Meanwhile, it is likely that
MAI structurally becomes more mobile for better reacting with
the remaining Pbl, and excessive MAI could be removed as the
result of being solubilized by water, both of which allow defects
to be dispelled or filled in.** Very recently, Zhou et al. found
deactivation of the perovskite surface under the effect of
hydrogen bonds with uncoordinated iodide ions, like the
deactivation by PCBM,”" shifting the deep-level defects to
shallow-level ones. Nevertheless, different from the long-term
changes in other research studies, deactivation disappears after
the escape of water vapor.

Concerning the incomplete reaction of MAI and Pbl, in the
fabrication, residual Pbl, or MAI could be often expected.
Recent studies revealed that the spatial distribution of remnant
PbI, could affect the role of H,O on MAPbI;. Unreacted Pbl,,
close to the substrate TiO,, was reported to accelerate perovs-
kite degradation during the exposure towards moisture’” or the
synergistic effect of moisture and illumination.”> However,
Petrus et al. found that the appearance rate of Pbl, and
monohydrate MAPbI;-H,O was slowed down with short-term
exposure (R.H. 90%, <3 h).’* They explained it with the
passivation effect of Pbl, at MAPbI; grain boundaries or
terminations as Lei et al. did.”” Interestingly, long-term exposure
(R.H. 75%, 12 h) caused the same degradation degree between
stoichiometric based devices and Pbl,-excess devices.”* Although
a full explanation is still lacking, it is possibly ascribed to
substrates that affect the degradation degree,”® which we will
discuss in more detail in Section 3. In contrast, a MAI-enrich
perovskite film, though it showed poor pristine performance,
demonstrated improved electronic properties and better crystal-
linity after recrystallization in a humid atmosphere and a more
stable energy output.”*

2.2.4 H,0 in the whole solution deposition process. Very
few reports study the influence brought by the changes of water
in the whole solution deposition process. Lv et al. investigated
the effect of H,O and the assistance of solvents on the mor-
phology of MAPbI; perovskite films and related device perfor-
mances. By using DMAC as a solvent, they found that the most
moderate humidity level is 28%.”°

2.2.5 H,O in or after vapor deposition. One of the pioneering
works in VASD was done by Raga et al. who reported that H,O
could facilitate the reaction of CH;NH, gas with the PbI, film.””
With the aid of HI gas exposure, an ultra-smooth film was
successfully formed under ambient air within several seconds
and no high heating temperature was needed, as shown in Fig. 7.

Moisture plays the role of a trigger in the reactions. H,O
first induces PbI, to react with CH3NH, (eqn (3)—(5)), then by

Energy Environ. Sci., 2017, 10, 2284-2311 | 2291
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Intermediate stages
Perovskite film Film with excess cM,NH2

¥ 4«4& ‘”‘f‘h

PbO and Pb(OH),

Film roughness ~2 nm

Fig. 7 Methylamine gas induced perovskite formation. Illustration of the
setup used for processing perovskite at room temperature from simple
precursors of CHsNH, gas; the Pbl; film is depicted in the lower middle
part of the figure. Reproduced from ref. 77 with permission from The Royal
Society of Chemistry.

HI vapor exposure, by-products PbO and Pb(OH), convert to the
initial reactant Pbl, (eqn (6) and (7)).

3Pbl, + CH;NH, + H,0 — 2CH;NH,PbI, + PbO,  (3)
CH;NH, + H,0 — CH;NH;OH, (4)

3Pbl, + 2CH;NH;0H — 2CH;NH;PbI, + Pb(OH),,  (5)
PbO + 2HI — H,O + Pbl,, (6)

Pb(OH), + 2HI + H,0 — 2H,O + Pbl,. )

Patel et al. exhibit the effect of ambient air (R.H. 40 &+ 10% at
21 + 1 °C) after the two-step thermal evaporation process.”® In
analogy to the effect of moisture as mentioned in OSSD and
SSD, water vapor exposure makes unreacted MAI mobile,
thereby facilitating chemical transformation of Pbl, to MAPDI;.
Intermediate dihydrate MA,Pbl¢-2H,0 was also detected, and it
consumed excess MAI and favored MAPDI; growth (Fig. 8).

3. H,O in the perovskite crystal and
film
3.1 Effect of H,O on perovskite composition

A crucial question raised is what intermediates and products are
responsible for the decay of the perovskite films caused by moisture.
To answer this question, MAPDbI; films on various substrates are
generally exposed to carefully controlled environmental conditions
and exposure times."””"®" Despite some existing discrepancies, an
apparent conclusion is that water plays a catalytic role in the whole
degradation process, thereby speeding up the decomposition
of perovskite. A conclusive MAPbI; degradation reaction solely
affected by water is shown in eqn (8).

H,0
CH;NH;Pbl; == CH;NH;Pbl; - H,0, (CH;NH;),Pbl, - 2H,0

— Pbl, + other compositions.

(8)
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Fig. 8 X-ray diffraction patterns following the evolution of MAPblz from
the initial bilayer MAI/Pbl; films (O min), to the nascent perovskite (30 min),
and then finally to the MAPDI3 film (90 min). After 90 min, the dihydrate
MA,4Pblg-2H,0 is observed to form (20 = 11.4°, 11.5°, and 11.6°). Repro-
duced from ref. 78, Copyright 2015, American Chemical Society.

Nevertheless, a large number of degradation routes and decom-
posed products, summarised in Table 1, have been proposed in
each specific circumstance and some are quite different, even
just slightly modulating the exposed conditions.

Firstly, for identifying the intrinsic stability of perovskite,
MAPDX; is either placed in a dry N, atmosphere or under
vacuum conditions. In this duration, perovskite films have a
negligible degradation except with other treatments like light
illumination and high temperature,**® consistent with the
recent acknowledgement that light-activated oxygen degradation
and thermal effects have substantially key roles in the degrada-
tion process.®*"*® Deretzis et al. proposed two possible degrada-
tion mechanisms for the degradation under air and vacuum
conditions (Table 2):*” (1) chemical degradation involving the
catalyst role of water; (2) thermodynamic degradation through
the creation of volatile molecular defects even partially occurring
under vacuum. Following this work, Alberti et al. found that
CH;NH;Pbl; goes through a similar degradation dynamics
pathway, beginning with a phase change from tetragonal to

This journal is © The Royal Society of Chemistry 2017
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Table 1 Summary of degradation products of perovskites in different environments

Composition Atmosphere Conditions? Sub® Degradation products Ref.
CH,;NH,;PbI, In vacuum 102 Torr TiO, C-FP”: Pbl, 87
In situ ambient 60% R.H. + in the
atmosphere® dark + R.T.
In vacuum 9.3 x 10" kPa TiO, C-FP: Pbl, and no hydration 88
In situ ambient 60% R.H. + R.T.
atmosphere
In situ humid 50 £+ 5% R.H. + in the Al,O4 NA 89
atmosphere” dark +23 +1 °C
90 + 5% R.H. + in the C-FP: hydration, possible (CH;NH;),Pbls-2H,0
dark + 23 +1 °C and no PblI,
In situ humid 15% R.H. + in the FTO NA 91
atmosphere? dark + R.T.
30% R.H. + in the C-I: Pbl, crystal, MAI crystal
dark + R.T. C-FP: Pbl, crystal, MAI amorphousness
60% R.H. + in the
dark + R.T.
N, with 80 + 5% R.H. FTO C-I: CH;NH,PbI;-H,O C-FP: Pbl,(s) and 90
moisture flow CH;3;NHzI (aq.)
N, with 80% R.H. PEDOT:PSS C-I: CH3NH;Pbl;-H,0 C-FP: 93
moisture flow CH;3;NH;3PbI;-H,0, (CH3NH;),Pbls-2H,0 and
in the dehydration, Pbl,
N, with 20% R.H. +22.9 + 0.5 °C  Glass NA 81
moisture flow 50% R.H. + 22.9 + 0.5 °C C-I: Pblg*~ compounds C-FP:Pbl, and
80% R.H. +22.9 £ 0.5 °C dihydration, possible (CH;NH;),Pbls-2H,0
98 £ 2% R.H. +22.9 £
0.5 °C
Compress filtered air 80 + 5% R.H. Glass C-I: CH3NH;3PbI;-H,0 and (CH3NH3),Pbls-2H,0 94
with moisture flow C-FP: (CH;3;NH;),Pbl,-2H,0 and Pbl,
Ambient air flow 60% R.H. + hv + 35 °C TiO, C-FP: Pbl,(s) and I,(s) 11
Ambient air flow 25% R.H. +24.7 °C Au/Si C-FP: amorphous C remain and Pbl,(s) 104
0, flow Pure O, gas Au/Si NA 79
Ambient air flow 41% R.H. + 21 °C + 1 atm C-FP: Pbl,, hydrocarbon complex and O
21 °C + low pressure at the exposure >2 x 10'° L
H,O0 vapor flow Pure H,O vapor
Ambient air flow 40 + 5% R.H. + hv ZnO/Si C-FP: (CH3NH;),Pbls-2H,0 and Pbl, 97
75% R.H. + hv
Ambient air flow 24 + 2% R.H. + FTO C-I: Pbl,,,*” compound C-FP: PbCO;, 95
hv (0.25-0.5 mW cm ™ ?) + Pb(OH),, PbO and no Pbl,
25+ 1°C
CH,;NH,Pb(I,_,Br,); Ambient air flow 67 + 5% R.H. + FTO C-FP: Pbl,, CH;NH,PbBr, 80

0<x<1) hv (500-2000) + 27 + 1 °C
67 &+ 5% R.H. +

hv (50-1001x) + 22 £ 1 °C
67 + 5% R.H. + in the

dark +22 +£1 °C

C-FP: Pbl,, CH;NH,PbBr,

C-FP: CH3NH;Pb(1, _,Br,)-3H,0
(y < x,0 < x < 0.3) and Pbl,

“ Substrate. ” C-FP, confirmed final products. ¢ C-I, confirmed intermediates. ¢ Conditions include relative humidity, light irradiation, tempera-
ture and pressure in this order. ° Films are placed under an undisturbed, natural humid atmosphere.” The humidity was achieved by a water/
glycerol solution with control of the water to glycerol ratio. ¢ Films are placed in a glovebag with a humidifier and a hydrometer.

cubic phase with no hydration taking place.®® Water was just
suggested to speed up the intrinsic thermodynamic mechanism
by transferring the proton of MA" to I and releasing CH;NH,.

Furthermore, several investigations have presented the
performance of perovskite materials in an artificially sealed
humid environment. Christians et al. found sole formation of
MA,Pbl¢-2H,0 without detecting Pbl, following exposure to an
artificially airtight humid atmosphere created by a water/glycerol
solution.® Likewise, Zhao et al. reported that MAPbI; powder was
fully recovered if no loss of Pbl, and MAI occurred after drying
liquid water.”® Moreover, a very recent study exhibited that an
in situ humid atmosphere causes crystalline MAI to become an
amorphous phase without breaking its bonding structue.’* These
groups all reported no loss of MAI following the sealed humid air

This journal is © The Royal Society of Chemistry 2017

exposure treatment. However, Lin et al. observed that in a sealed
deuterium oxide (D,O) atmosphere, the decomposition of MAPbI;
was initialized by vaporization of CH3;NH,, accompanied by quick
formation of the Pbl, phase.”* Fig. 9 provides a view of the ion
distributions from 3D perspectives as exposure time increases.””
Flowing moist inert gas also accelerates the hydration of
perovskite and facilitates the irreversible decomposition towards
Pbl, via evident phase separations.®

However, no matter whether perovskite films degrade in a
sealed humid atmosphere or exposed to flowing moist inert
gas, the decomposition rate of perovskite crystals is substan-
tially related to the exposure degree towards R.H.*"* High R.H.
like 80-100%, represents short exposure time and fast transfer
to hydration and PbI,. Yang et al. proposed 14/, & 4-34 h for the
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Table 2 Summary of the impacts of water in the fabrication steps on the performance of PSCs
Involving Jsc PCE
Methods steps Forms Device configuration (mA ecm™2) Vi (V) FF (%) Ref.
0SSD  Ingredient 3CH;NH;I: 1PbAc, 1.5H,0  ITO/PEDOT:PSS/P“/PCq;BM/Cqo/BCP/Ag 20.6 0.865 0.71 123 33
hydration (19.6) (0.749) (0.65) (9.3)
Precursors 2% H,O + DMF precursor ITO/PEDOT:PSS/P(C1)?/PCq,BM/BCP/Ag 20.8 095 078 150 35
(19.0) (0.87) (0.73) (11.6)
2% H,O + DMF precursor  ITO/c-TiO,/P(Cl)/P3HT/Au 19.7 0.869 0.558 9.7 36
(19.9) (0.888) (0.570) (10.2)
Spin-coating  Moisture R.H. = ~70% ITO/c-TiO,/meso-Ti0,%/P(Cl)/Spiro-OMeTAD/Ag 12.0 0.41  0.447 2.2 43¢
(19.5) (0.82) (0.525) (8.4)
Annealing Moisture R.H. = ~35% ITO/PEDOT:PSS/P(Cl)/PCe; BM/BCP/PCN/Ag ~ 19.9 0.99 078 154 57
(19.0) (0.86) (0.75) (12.3)
Post annealing 4 h exposed in R.H. = ITO/c-TiO,/P(Cl)/Spiro-OMeTAD/Au 18.5 090 0.57 9.4 31
~35% at R.T. after annealing (17.5) (0.85) (0.55) (7.9)
Whole process Moisture R.H. = ~28% FTO/c-TiO,/P/Spiro-OMeTAD/Ag 21.4 1.07 0.668 153  76°
(19.6) (1.05) (0.711) (14.6)
SSD Precursors 2 wt% H20f+ Pbl, DMF ITO/PEDOT:PSS/P/PC,;BM/BCP/Ca/Al 20.8 1.001 0.82 17 39
(0.329) (0.10) (0.19) (~0.0)
5 vol% H,0f + MAI IPA ITO/c-TiO,/meso-TiO,/P/Spiro-OMeTAD/Ag 22.06 0.97 054 1174 40%
(20.41) (0.89) (0.50) (9.25)
2 mol% HgOh + Pbl, DMF ITO/PEDOT:PSS/P/PC¢;BM/BCP/Ca/Al 0.88 10.60 0.67 6.2 42
(0.98) (14.58) (0.73) (10.4)
Spin-coating 10 min exposed in R.H. = ITO/ZnO/P/P3HT/Ag 16 094 057 9 48
~40% at R.T. after (12) (0.88) (0.44) (4.6)
spin-coating
R.H. = ~40% in spin-coating ITO/c-TiO,/meso-TiO,/P/Spiro-OMeTAD/Au 17.39 0.997 0.74 12.8 49
MAI layer (17.87) (0.995) (0.72) (12.7)
60 min exposed in R.H. = ITO/c-TiO,/meso-TiO,/P/Spiro-OMeTAD/Ag 21.38 ~ 1.00 076 16.2  54°
36-43% at R.T. after (18.66)  (0.88)/ (0.79) (12.8)
Spin-coating
VASP In the vapor ~ Atmospheric water vapor ITO/c-TiO,/meso-TiO,/P/Spiro-OMeTAD/Ag 19.0 1.04 069 13,5 77
deposition ) (S .

The values of device performance in the table are average values if they are not specially noted. Parenthesis represents the controlled groups in

whlch water is absent. ¢

° Not average value./ (wt% vs. DMF). £ (vol% vs. IPA). "

P: MAPbI, perovskite. ?

I [CH,NH.]*

P(CD): MAPbI3 +Cly erovsklte
p
(mol% vs. PbL,). *

[Pb]* [Ti]*

¢-TiO,: compact TiO, layer. “
Reverse scan.”’ Thermal annealing results.

[CH,NH,D]* [CH,NHD,]*

[CH,ND,]*

Meso-TiO,: mesoporous TiO, layer.

Fig. 9 3D reconstructed images of deuterium, methylammonia, Pbl,, and TiO, at different exposure times. Color map illustrating the molecular density

from high (bright green) to low (blue). Reproduced from ref. 92, Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA.
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Fig. 10 (A) Time-resolved in situ XRD of a MAPbI3 film during the first hydration—dehydration round and a zoomed-in image at 20 angles from 8.0° to

13.5°. (B) The corresponding contour plot showing changes in XRD peak intensity during the first hydration—dehydration cycle. Reproduced from ref. 93,

Copyright 2016 American Chemical Society.

decomposition rate of a perovskite film in 80-98% R.H., whereas
it can reach up to 10 000 h if R.H. is 20%.%" To identify the starting
point of perovskite decomposition with structure changes, Li et al.
proposed a reaction threshold >2 x 10'° L H,O exposure (one L
is equal to 10~ ° Torr s).”° After reaching a certain degree of water
molecules via exposure towards moisture for a certain time, in
most studies perovskite intermediates will appear in the form of
reversible hydration phases MAPbI;-H,0 and MA,Pbl-2H,0. Lots
of studies have reported that dry N, or low humid air encourages
the back reaction of perovskite hydration (Fig. 10).”*** Further
irreversible decompositions present the separate appearance of
porous and distorted hexagonal Pbl, platelets in the film.>®
Given that the working PSCs in actual situations are con-
temporaneously under direct exposure to light, heat, water etc., the
coupled effects of moisture with other environmental factors on
MAPDI; should also be considered. Studies presented that the
cooperative effects of water with light, ambient air and high
temperature would aggravate the water-induced influence.'>*>°"%
In these cases, many groups revealed that deterioration of perovskite
films could occur at lower R.H. with different degradation pathways
and final products (Table 1). For instance, Shirayama et al. recently
indicated that two competing ways, perovskite hydration and the
formation of a Pbl, phase, occurred spontaneously under the
cooperative effect of ambient air flow (R.H. 40%) and light.””
Niu et al. reported that humid air with oxidization of oxygen and
light illumination induced decomposition of MAI by losing I in
gaseous form or solid I,,"* as did Dao et al.,"* partially due to the
deprotonation effect of O, in the trapped charge-induced MAPbI;
degradation mechanism.'”" Furthermore, the Pb solid remnant
was found as PbO, PbCOj3;, Pb(OH), and other forms (Table 1 and
eqn (9)-(13)) when the decomposition involved CO, and 0,.>>"%>
Also, Ruess and colleagues found that the coupled effects of
illumination and moisture led to segregation of the mixed halide
to MAPDbI; and MAPbBr; in MAPb(L; ,Br,); followed by the
appearance of Pbl, via decomposition of MAPbI;.** Very recently,
a new phase PbI(OH) was reported due to the transformation of
Pbl, at the interface of the perovskite and Spiro-OMeTAD after

This journal is © The Royal Society of Chemistry 2017

continuous illumination and moisture exposure (R.H. 60%)."%* An
additional solid remnant, amorphous C, is observed on Au coated
Si wafers.”®'** The appearance of this hydrocarbon layer may be
due to the interaction of low-energy electrons with MAPbI; by
initially triggering the breakdown of C-N bonds."® Besides, it is
probably instead that the unique carbon solid comes from the
catalyst of Au under light irradiation. Electrons gain their own
energy which is enough to activate the MA" group.'°>'” Beyond
the obscure solid remnant, the probing of MAPbI; decomposition
involves puzzling gaseous products. The existence of gaseous
products has been confirmed by the bubbles at the interface of
the Al electrode,'®® whereas gaseous components deriving from
CH3NH;I are not unveiled yet and speculated to be diverse
species, e.g. I,, HI, CH,NH,, NH;, and H,.'"”®* In future work,
characterization and analyses of the gaseous products are
expected to pave the way for overall understanding of the per-
ovskite decompositions.

4CH;3NH;PbI; + 8H,0 — (CH;3NH;),Pbls-2H,0 + 3(OH), + HIT
©)

(CH3NH;),Pbls-2H,0 — (CH3;NH;),Pbl,,, + (4 — x)CH3NH, 1
+ (4 — x)HI + 2H,0 (10)

2(CH;3NH;),Pbl,., + 2CO, + O, — 2PbCO; + 21,1 + 2xCH3;NH, |

(11)

1
(CH3NH3) Pbly, s + Hy0 + 505 — Pb(OH), + 1y T + xHI |

+ 2xHIT

+ xCH;NH, T (12)

Pb(OH), — PbO + H,O (13)

3.2 Effect of H,O on perovskite structure

The ingression of water is found to initially chemisorb on a parti-
cular MAPbI; region, extracting electrons from the perovskite
surface like a p-type dopant.”®'%° Grain boundaries substantially

Energy Environ. Sci., 2017, 10, 2284-2311 | 2295
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Fig. 11 Microscopic degradation model of MAPI thin films under partial
hydration. Reproduced from ref. 94, Copyright 2015 American Chemical
Society.

exist in the polycrystalline perovskite films and their role in the
immigration of water attracts lots of attention. Both calculations
and experiments indicated that the grain boundaries and defects
pave the way for the embedment of absorbed H,O molecules,
yielding a structural decomposition for MAPbX;, *''%'"! as
shown in Fig. 11, while new grain boundaries are generated in
this duration.®® Chiang et al. proposed that pinholes and defects
produced by light and heat within the grain boundaries could
explain the phenomenon that large grain size is conducive to the
long-term stability with or without moisture."’> At the same
time, Wang et al. found that an amorphous perovskite region
exists between the perovskite grains, responsible for the quick
water ingression parallel to the substrate, further emphasizing
the significance of increasing grain size and improving grain
boundary qualities."™® In addition, trapped charge along grain
boundaries is demonstrated to stimulate the irreversible deteriora-
tion in moisture-induced degradation.’” A local electric field is
assumed to deprotonate the organic cations by transferring the
proton onto neutral H,O molecule, releasing volatile compound
CH;NH, or HN—CHNH,, similar to the early acid-base mechanism
proposed by Frost et al.'**
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Through investigating the crystal surfaces of as-grown
and degraded MAPDbBr; perovskite single crystals, Murali
et al. revealed that high humidity would restructure the crystal
surface by surface hydration, yielding polycrystalline structures
and grain boundaries.'"® Grancini et al reported that the
perovskite single crystal edge is more sensitive to moisture,
where hydrogen bonding occurs spontaneously between water
molecules and the perovskite lattice, assumed as the first step
of the hydration process."*®

Further permeation of water into the inner structure of the
perovskite is proposed to be related to the perovskite lattice, also
determined by their different terminations (MAI-terminated and
Pbl-terminated) and the polarities."">""”""*® The immigration
can occur very fast within a few seconds at low R.H. with no
obvious change appearing in optical absorption and structure.'*®
In the (001) surface, the MAX-termination, although structurally
more stable than the PbX,-termination,"*>"*" presents ~ 0.3 eV
absorption energy of water with the large inner structural space,
implying that water molecules can move freely with almost no
constraint.’*® The MAI-terminated surface may experience a
quick decomposition called a solvation process.''® Iodide atoms,
as shown in Fig. 124, are replaced by water molecules, bonding
with the MA molecules and escaping in the form of MAI
molecules,"" similar to the super alkali halide crystal model
proposed by Fang et al.’** In the case of a Pbl,-terminated (001)
surface, no solvation process happened due to the shorter and
stronger Pb-I bonds."™ Instead, water molecules directly went
into the perovskite crystal structure due to the decreased energy
in the diffusion and large interspace in the lattice structure,
finally taking up a position in the perovskite slab (Fig. 12B).
Another simulation recently indicated that the existence of
O, could induce higher H,O molecules adsorption on the
Pbl,-terminated surface, further confirming the synergistic
effects of H,O and 0,.°° Furthermore, water adsorption is also
investigated on other perovskite surfaces. Zhang et al. revealed
that in the (110) surface, hydroxyl groups and hydroxyl radicals

(A) < O\Y\jo.s psl
FA = F’
KT
YR Y
(B) /.\ A T\( 0.0 ps
AR Q'a; Y
Fig. 12 (A) Nucleophilic substitution of a surface iodide atom by a water

molecule in the MAI-terminated MAPDI3 slab. (B) Incorporation of a water
molecule to the Pbl,-terminated slab. Adapted from ref. 110, Copyright
2015 American Chemical Society.
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rather than H,O molecules are responsible for the quick
deprotonation of MA,'**'** in accordance with an ordinarily
fast decomposition caused by the remaining hydroxyl radicals
and hydroxyl groups in contact with the ZnO/perovskite
interface."”* Lv and colleagues showed that the erosion of water
on single crystal MAPbI; is slower both in (100) and (112) facets
but not in the (001) facet, attributing the different erosion rates
to local atom arrangements."

Humidity-induced phase transitions in many studies include
the formation of perovskite hydration compounds (MAPbI;-H,O
and MA,Pbl¢-2H,0) with the structure homogenously changing
from 3D MAPbI; crystals to MAPbI;-H,0, a 1D structure and
MA,Pbl,-2H,0, a 0D network (Fig. 13),”*"*° with the column of
the perovskite unit cells swelling,”**>” which may lead to lattice
stress and eventually polycrystalline films. Detailed analysis
manifested that MAPbI; crystals experience a space group
transformation, derived from a change of hydrogen bonds
between the MA" cation and I atoms after H,O insertion.'?®
Likewise, new hydrogen bonds are proposed to be established
between the O of H,O and H in NH; as well as between H in
water and halide anions."®” It should be noted that not all
reports confirmed the generation of MA4Pbls-2H,0,°”"** which
may be due to the different perovskite phase, o phase and f
phase, with change of the I-Pb-1 bond angle.'®® Although the
back reaction can occur under low R.H. conditions, structural
changes including destruction of the original long range order
and porous microcrystal solid, caused by dihydration, are still
commonly found in the microstructure.”>'**"*' The decom-
position of the perovskite is accompanied by a change in film
thickness.”*%”

3.3 Effect of H,O on perovskite properties

Keeping in mind that the water molecules chemisorbed on the
film surface extract electrons, the valence band maximum
(VBM) and conduction band minimum (CBM) of the MAPbI; are
shifted towards lower values.”® Further evidence is the declining
resistance of the MAPbI; films following the power law distribu-
tion in moisture, proposed to exhibit p-type conduction.'®®
Nonetheless, chemisorbed water does not evidently change
the bandgap (E,), partially because the water molecules do
not chemically react with the perovskite surface but interact
electrostatically.”® In addition, water molecules on the perovskite
surface were revealed to reduce deep electron traps as well as
to slow down the recombination rate."*> But more substantial
lattice distortion in the crystal edge is also reported, widening
the local bandgap along with faster carrier recombination.'*®
Another study showed that aged single crystal surfaces and
polycrystalline films both obtain similar carrier lifetime and
band gap, but poorer than crystal bulk."*?

Lately, lattice surface hydration has been found to improve
the local bandgap of MAI™ exposed crystals by a very small
value by the slight upshift of the CBM, whereas water expands
the bandgap of Pbl,-terminated slabs by ~0.30 eV."*'*® Also,
the optical proprieties are unchanged when the water absorbs
on the MAI™ surface. However, after H,O pierced into the inner
space, the local bandgap increased from ~1.6 eV to 3.1 eV

This journal is © The Royal Society of Chemistry 2017
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Fig. 13 (A) Structure of MAPI3 in its cubic phase. (B) Structure of
the monohydrate phase, MAPbIs-H,O. (C) Structure of the dihydrate,
MA4Pblg-2H,0. Adapted from ref. 94, Copyright 2015 American Chemical
Society.

(hydrated perovskite) and finally became 2.4 eV (Pbl, remnant).*>**

Another indication of the decomposition of MAPbI, is the striking
color change from dark brown to yellowish, in agreement with the
remaining absorption <525 nm."*>°® The hydrated layers are
proposed as insulators to block the transport of carriers and
thereby instigate more recombination of electrons or holes.**
Recently, Long et al. reported that the acceleration of electron-hole
recombination can be attributed to the high-frequency polar vibra-
tions of water."*> Irreversible decomposed product Pbl, caused by
water exposure is found to spatially contaminate the conductivity
within the grain inner regions and grain boundaries.®*

Energy Environ. Sci., 2017, 10, 2284-2311 | 2297
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4. H,O at interfaces between
perovskite films and functional layers
Thus far, we have concluded how water impacts intrinsic perovs-

kite films. Furthermore, another key factor, interfaces between
perovskite and other functional layers, has been recently pointed
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Fig. 14 Two kinds of pathways for intrusion of H,O molecules.
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out to immeasurably affect the device lifetime.
investigate the relationship between interfaces and moisture,
the FFL and SFL will be paid special attention.

The nanostructure and nature of the FFL play unignorable roles
in the water-induced interfacial degradation (Fig. 14)."*""*® The
electron selective TiO, layer in n-i-p type cells may improve moisture
resistance via helping the perovskite to better crystallize,"*" and
further change the degradation degree by manipulating its
intrinsic nanostructure.*® In contrast, electron selective mate-
rial ZnO in n-i-p cells, hole transport material PEDOT:PSS in
p-i-n cells and insulating material Al,O; define themselves
with hydrophilic qualities as accomplices in the intrusion of
moisture.”**38 The increase of the broad peak of O-H stretch-
ing in FTIR after exposure to water shows that the hygroscopic
Al,O; film induces the water in air to ingress in the form of
droplets.'?® IR also reveals that an acid-base reaction occurs at
the contact of ZnO with NH;" groups of methylammonium
cations.*® Hydroxyl groups and acetate ligands are often kept
on the ZnO particle surfaces and accelerate the transformation
of MAPbI; to Pbl, especially when the ZnO/perovskite structure
is kept in a high temperature, consistent with theoretical
simulations (Fig. 15).'>*1>%139

Besides, another reason could be the more basic surfaces of
ZnO compared with those of TiO, or ITO, which would facilitate
protons to transfer and produce methylamine.'**"*” Also,
an aqueous solution of Znl, was proposed by Dkhissi et al. to
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Fig. 15 Absorbance spectra of MAPbls films deposited on different substrates. (A) ITO/ZnO or (B) ITO substrates and annealed at various temperatures
for 5 min. (C) Photograph of MAPbI5 films on various substrates after heating to 100 °C for 20 min. (D) Normalized absorbance at 410 nm as a function of
time for SiO,/ZnO/MAPbI3 and SiO,/MAPbI; films exposed to 98 + 2% R.H. Reproduced from ref. 124, Copyright 2015 American Chemical Society.
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probably exist in this degradation."®” But in one case, a small
amount of Pbl, at the perovskite surface and interface with
ZnO, derived from high humidity treatment, was proposed to
remarkably slow down the degradation of PSC performance,
and contribute to the difference in chemical kinetics.”>
Capping functional layers and their contact interface with
perovskite are other aspects that impact the moisture-induced
aging (Fig. 14). Although Li-TFSI doped Spiro-OMeTAD is well-
known for its hydrophilicity,®""'*° few studies explored the
detailed reason for this until Song et al. recently proposed that
the moisture-invoked degradation at the interface is inhomo-
geneous, and assumed that the spontaneous existence of severe
hydration and repression of recombination centers was induced
by uneven distributed H,O and MAI in the Spiro-OMeTAD
film."*' Besides Spiro-OMeTAD, in situ experiments showed that
PCBM in inverted PSCs absorbed water and deteriorated per-
ovskite from the interface.'”®'*"'** In a recent investigation,
Zhao and colleagues directly contacted an Al electrode with
perovskite and found that the first step for MAPDbI; degradation
is the redox reactions at the interface proceeded by moisture-
driving ion migrations.'*® They also pointed out the importance
of seeing the PSCs as a whole for discussing stability issues. Also,
the Au electrode was used to slow down the release rate of
trapped H,O molecules, based on the longer remaining time of
the dihydrate phase.'**

5. Influence of H,O on PSC
performance and stability

The influence of H,O on perovskite films during processing
and the underlying mechanisms were discussed with further
discussion in Section 2. A certain amount of water can improve
perovskite film quality in most fabrication cases, which could
also enhance the PSC performance. We have summarized this
in Table 2.

The power conversion efficiency (PCE) is an important
parameter to evaluate the initial performance of solar cells, which
depends on the short-circuit current /., open-circuit voltage Vo
and fill factor FF. J,. is generally determined by the bandgap, light
absorption and carrier lifetime/diffusion length. The bandgap is
an intrinsic material property and irrelevant to perovskite film
quality. More surface coverage and thicker active layer can increase
the light absorption. It is reported that H,O in the solution
fabrication enhances the efficiency of light absorption,***7
partially due to improved coverage.®>”® Nevertheless, ambient
water vapor in the spin-coating step in OSSD obviously reduced
the coverage of the CH;NH;Pbl; film, thus leading to a poor J.
originating from the high transmittance and low absorption of
light.* In some cases, the carrier diffusion length and carrier
lifetime is long, contributing to efficient carrier collection,>*>°
which could be considered as the result of smooth surface,
better crystallinity,”® and reduced grain boundaries.*®

Voe mainly depends on the recombination pathways, espe-
cially nonradiative recombination centers in the solar cell. The
trap states are often generated by poor quality of the perovskite

This journal is © The Royal Society of Chemistry 2017
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films. Water in synthetic stages could reduce the trap states
in boundaries,>**>* and promote crystallinity®* to ensure
higher V,.. This is also supported by the reduction of the non-
radiative recombination loss.*****® Wang et al. employed water
molecules to catalyze the reaction of MAI and PbI, after spin-
coating in SSD.>* The V,. was 13.6% higher than that of thermal
annealing processed PSCs, referring to higher crystallinity and
less boundaries. However, Clegg et al. attributed the loss of
open circuit voltage to the crack and pinholes after adding
water to the Pbl, DMF."?

Nonradiative recombination traps contribute to the FF value as
well. Larger crystal grains*****® and domains® caused by H,O
reduce the chances that excited carriers get trapped. For instance,
Wu et al. added 2 wt% H,O into the Pbl, DMF precursor solution
and hence gained a high FF of 0.85.%° The grain size significantly
increased from 50-500 nm to 500-1000 nm, equal to the thickness
of the film. Also, the incorporation of water is reported to enhance
the surface coverage, reducing voids and pinholes significantly
when annealing in ~35% R.H.”” However, it is not always true
that the presence of H,O has a positive effect. When Coning and
coworkers increased the water content in CH;NH;PbI; ,Cl, pre-
cursor solution, larger pinholes were observed in SEM. They likely
provided direct contact between TiO, and P3HT, responsible for
decreasing the fill factor to 0.67.%°

The PSC device stability under humidity can also be evaluated by
modeling the change of performance parameters with time'*>'*® or
relative humidity.'*” Darvishzadeh et al. modeled the change of V.
with time, showing that the ion migration and Pbl, defects are the
major reasons for degradation of V,. upon moisture exposure.'*’
Sohrabpoor et al. developed models, which showed that the FF is
mainly responsible for the PSC degradation.'*® Both concluded that
the defect profile played a key role in the device instability.*>'*
Moreover, a drift-diffusion based model and a two-diode model
were offered by Bhatt et al. to explain the variation of device
optoelectronic and electronic parameters, e.g. the absorption
coefficient and diffusion length as well as their effects on the
device performance with different relative humidity levels."*”

Besides the standard device parameters, the hysteresis of the
J-V curve during the PSC measurement'*® was also significantly
affected by water. Two kinds of causes for hysteresis have mainly
been proposed: (1) ionic migration; (2) surface and interface
defect state trapping or detrapping charges.'*>'*® Mobile ions
including MA*,**° 17" ¢tc. migrate in the bulk point defects
and the surface and grain boundaries as illustrated in Fig. 16.">

Moderate water contents in the film preparation could reduce
the hysteresis. Wu et al. added a moderate amount of water to
the Pbl, DMF precursor, fabricating a well crystalline, smooth
perovskite film without pinholes, detecting no hysteresis.* Similar
suppression was observed by Gong et al. when adding water into
the MAPbI,_,Cl, precursors.*> Gangishetty et al. found that the
perovskite film prepared in almost 0% water exhibits severe
hysteresis while the degree of hysteresis could substantially
decrease as the humidity increases.”® They attributed this to
the reduced grain boundaries and traps.*® In all of these cases,
large crystal sizes and high quality films were observed with
less boundaries and defects existing. This implies that less

Energy Environ. Sci., 2017, 10, 2284-2311 | 2299
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ionic channels, less defects for trapping and detrapping
charges and better contact with other functional layers can be
achieved.***%1%°

Several authors have reported that the hysteresis becomes
severe when placing the PSCs under a moist atmosphere.®***%
For instance, Huang et al. reported that the hysteresis index
increased from 0.14 + 0.06 to 0.43 + 0.23 after 7 days of
exposure.”® While the ingressive H,O interacts with Pb** groups
to form monohydrate MAPDbI;-H,O as well as dihydrate
MA,Pblg-H,O0, it results in lattice expansion.”*'*” Thus the
bonding between MA* and Pbls*~ becomes weak, so the activity
energy for ionic migration, which is seen as the hopping
process,'** also decreases, and thereby the migration of MA"
and I becomes obvious, as supported by the observations of fast
degradation under an applied electronic field with moisture.™”
Therefore, increasing ionic migration leads to a severe hysteresis
after H,O ingression.

In addition to promoting migrations of ions, the moisture
may induce exacerbation of hysteresis via increasing the
amount of surface states at the surfaces and interfaces.”>'>°
In the previous section, we have mentioned that the ingression
of H,0O molecules destroys a whole perovskite grain into small
parts and increases the number of grain boundaries. Therefore,
more defect states in the surfaces and interfaces can be expected.
Snaith et al. have proposed that the defects trap and detrap
charges,"*® which is consistent with the observations in
experiments.'®*>” Moreover, experiments used KPFM and AFM
to prove that the grain boundaries pave the way for the motion

2300 | Energy Environ. Sci., 2017, 10, 2284-2311
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of ions such as FA', and MA’, acting like a fast transporting
channel,"® and ultimately aggravating hysteresis.'>®

To further understand the PSC stability under moisture, we
summarize the performance degradation of several representa-
tive PSCs in terms of PCE in Table 3. Regardless of perovskite
compositions and device architectures, PSCs undergo degrada-
tion under a humid atmosphere. However, it is still hard to
make a conclusion about which kind of PSC obtains longer
lifetime under exposure to H,O since substrates, environmental
factors, etc. all contribute to the lifetime of PSCs.

6. Recent strategies to enhance
stability

Given the degradation mechanism of perovskite materials and
PSCs under water, the resistance of perovskite materials to
water is relevant to intrinsic perovskite characteristics and the
extrinsic factors including active functional layers, and device
structure. To address the issues of aquatic erosion and to
sustain the longevity of the perovskite, three basic principles
could be considered. Firstly, the key intrinsic improvement is to
enhance the quality and stability of perovskite single crystals
and perovskite films. Secondly, to avoid decay of performance,
the ingression of water molecules into the perovskite needs
to be inhibited or prohibited. Thirdly, to guarantee recycling
of water-damaged perovskite layers, healing strategies for the
cell need to be developed.

This journal is © The Royal Society of Chemistry 2017
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Table 3 Summary of the performance degradation of several representative PSCs under moisture exposure

No. Test conditions Stability Device configuration Ref.

1 RH.“90% (0%)?, in the darkness, 3d, 0% (~100%)” FTO/c-TiO,“/meso-TiO,?/MAPbI,/Spiro-OMeTAD/Au 89
unencapsulated PCE remained

2 R.H. ~ 40%, at R.T. 14 d, 93% PCE remained FTO/c-TiO,/meso-TiO,/MAPDbI;_,Br,/Spiro-OMeTAD/Ag 161

3 R.H. 30-50%, 25 °C, unencapsulated 5d, 0% PCE remained ITO/PEDOT:PSS/MAPbL;/PCg,; BM/Al 141

4 R.H. 20%, ambient air, in the darkness, 14 d, 39% PCE remained ITO/PEDOT:PSS/MAPDI;/PCs,BM/bis-Ceo/Ag 210
unencapsulated

5 Under ambient conditions 275 min, 0% PCE remained ITO/PEDOT:PSS/MAPbI;_,Cl,/PCs;BM/Ag 254

6 R.H. < 40%, continuous white light 30 min, 19% PCE remained FTO/c-TiO,/meso-TiO,/FAPbI;/Spiro-OMeTAD/Ag 169
illumination (100 mW cm ™) unencapsulated

7 R.H. < 40%, continuous white light 30 min, 33% PCE remained FTO/c-TiO,/meso-TiO,/FA, oCs, 1Pbl;/Spiro-OMeTAD/Ag 169
illumination (100 mW c¢m™?) unencapsulated

8 R.H. 60% + 35 °C + under sunlight, 18 h, 20% PCE remained FTO/c-TiO»/meso-TiO,/MAPbI;/Spiro-OMeTAD/Au 11
unencapsulated

9 R.H. 24 + 2% + hv (0.25-0.5 mW cm ™ ?) 7 d, ~16% PCE remained  FTO/c-TiO,/meso-TiO,/MAPDbI;/Spiro-OMeTAD/Au 95
+25+1°C

@ R.H.: relative humidity. * Exposure to N, atmosphere. ¢ ¢-TiO,: compact TiO, layer. ¥ Meso-TiO,: mesoporous TiO, layer.

6.1 Stability enhancement of perovskite crystals and films in
H,0

As discussed above, the ingression of water molecules starts
from the grain defects and then diffuses into the inner struc-
ture through the boundaries. The hydrogen bonds between
stagnated H,O and perovskite units release I atoms from the
adjacent Pb>", which in turn react with the loose MA". DFT
shows that the energy of MAPDI; is 0.1 eV lower than the total
energy of free MAI and Pbl, phases, indicating that a slight
disturbance from water molecules could induce the decompo-
sition of MAPbI; units."®® Thus, improving the resistance is
linked to the decrease of potential infiltration sites and the
strengthening of structural bonding."***¢°

6.1.1 Modification of perovskite components. The tenability
of RAPbX; perovskite guarantees multiple ions of RA and X to
improve the stability of perovskite units. Anion X, referring to I
generally, has been partially replaced by Br™ or Cl™, due to the
stronger bonding and shorter perovskite bond length.>®"60-16>
Besides mixed halide anions, the SCN~ anion is appealing to
many researchers due to its large formation constant with Pb**,'¢*
and RAPbI;_,SCN, (RA = MA" or FA") films show less defects,
better crystallinity and pronounced resistance towards moisture
infiltration.'®**%® Furthermore, SCN™ additive in FAPbI; has been
proven to inhibit the formation of the §-FAPbI; phase as well as
facilitate the growth of the stable o phase which eventually
offers SCN~-doped FAPbI, PSCs better moisture stability."®>*
Satyawan et al. proposed another latent anion BF, that could
partially substitute I" to fabricate MAPbI; ,(BF,), with similar
ionic radius,'®” and lately MAPbI;_,(BF,), has been employed
in a HTL-free cell architecture by Chen and coworkers, present-
ing improved stability due to the hydrophobic F atom."®®

Completely or partially using inorganic cations e.g. Cs*,'*™7>
2D organic cations like small-molecule bulky ammoniums (e.g.
CeH5(CH,),NH,","*™"7> CH;(CH,);NH;","”*"”” ethylenediamine'”®)
and polymer cations (e.g. PEI'”*"*) for the A site are of interest. 2D
organic cations equip perovskite films with high stability under
H,O0 because of the van der Waals force in the perovskite layers
making the structure robust and the hydrophobicity of 2D
organic cations.'”*'7*'7¢ Nevertheless, 2D organic cations

This journal is © The Royal Society of Chemistry 2017

have been known for a long time to endanger the efficiency
of PSCs due to the inhibition of the organic component on the
carrier transport, which may hinder the passion to explore the
potential of 2D or even lower dimensional organic cations.'”%'8%:182
Luckily a very recent study showed that the ebb of the efficiency
could be mitigated by pre-heating the substrate while main-
taining the resistance towards moisture."®® Fig. 17 shows that
(BA)»(MA);Pb,I;; (BA = butylamine) exhibits a close single-
crystalline quality with the inorganic perovskite component vertical
to the substrate.'®® This significantly improves the carrier mobility
and reduces the recombination of free charge carriers, bringing
the efficiency up to 12.52% with no hysteresis and even no
decrease in efficiency after encapsulation for >2000 h.

6.1.2 Fabrication of high-quality perovskite films. Polycrystal-
line perovskite is the primary form for perovskite studies in the
optoelectronic and photovoltaic fields. Nevertheless, a general
polycrystalline film consists of many small grains, accompanied
by grain boundaries and interfacial defects as we discussed above.
All of these play impellent roles in the penetration of H,O.
Accordingly, to improve the device stability while maintaining
high efficiency, an essential demand is to synthesize a perfect
polycrystalline film without remnant trapped hydrophilic mole-
cules. In addition to carefully controlling the relative humidity at
its optimal value and the exposure time in each fabrication step,
studies try to adjust other process parameters and conditions
of solution-based or vapor-based techniques.”®”>'**'%® Besides,
traditional ceramic or polymeric membrane fabrication techniques
like screen printing,'®” bar coating,"*® etc.,*® are employed in PSCs.

Monocrystalline perovskites have attracted lots of interest
because of their pronounced electronic properties and their role
in mechanisms studies."*®** The impeccable crystallinity and
stability ensure that perovskite single crystals are a remarkable
candidate for photovoltaics.>* This has been confirmed via a
device structure of ITO/monocrystalline MAPbBr;/Au showing
stable output in moist air after exposure towards R.H. 55% for
over 48 h, while that of a polycrystalline MAPbBr; based struc-
ture drops to ~60% of its initial level.>®> However, the best
reported efficiency for a monocrystalline perovskite photovoltaic
device is about 6%, still far below that of the certificated
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(A) GIWAXS maps for room-temperature-cast polycrystalline films, and (B) hot-cast polycrystalline films. Color scale is proportional to X-ray

scattering intensity. (C) Schematic representation of the (101) orientation, along with the (111) and (202) planes of a 2D perovskite crystal. Reproduced

with permission from ref. 183, Copyright 2016, Nature Publishing Group.

polycrystalline PSC performance (>22%). Further research
efforts such as optimizing single crystal surface properties®®®
and controlling crystal facet orientation®** are suggested to
improve the monocrystalline PSC performance.

In addition, considering that MAPDI; is fabricated in working
devices, the impact of interfaces and substrates can offer another
effective route for enhancing the intrinsic stability of perovskite
bulk films.?°*?°® Recently, FATCNQ acted as an interfacial layer
in Spiro-OMeTAD/perovskite, reduced the trap states of modified
perovskite by surface passivation and interfacial doping and
hence improved the long-term stability.>*°

6.2 Protection of perovskite from ingression of H,O

Although modification of the perovskite itself has a striking feature
in the improvement of resistance towards moisture, most of the
stability tests are still far from satisfying the standard moisture
endurance requirements. To further improve the moisture
tolerance, a number of studies have focused on isolating
perovskite from H,O from the view of solar cell architectures.
Here, we start from the FFL to the electrode based on the device
structure, and conclude with how the functional layers and device
structure present their features in retarding and prohibiting the
invasion of H,O.

6.2.1 Optimization of the FFL. As we mentioned above, one of
the penetration pathways for moisture is migration through the
interface between MAPbL; and the FFL, including ZnO,, TiO,,
PEDOT:PSS etc (Fig. 14).>°” The hydroxyl groups on the surface of
ZnO in n-i-p cells and the hydrophilic and acidic properties of the
hole transport layer PEDOT:PSS as the FFL in inverted p-i-n cells
both accelerate the decomposition of CH;NH;PbI; from the contact
interface. Thus, a better FFL and its interfaces with halide perovskite
are required. One strategy is to further optimize the chemical
properties of TiO,, ZnO and PEDOT:PSS.”**' 1t is also noted that
some studies have attempted to insert a layer into the interface,
aiming to separate the perovskite from Zn0.*"">'* However, very few
studies are realized via these optimization approaches. Instead,
studies are more inclined to design new materials, classified
as metal-based,>*>'® metal oxide-based*’”* and carbon-based
ones,”*?* featuring hydrophobicity, non-corrosion and a superior
contact with the organic-inorganic hybrid halide perovskite.

2302 | Energy Environ. Sci, 2017, 10, 2284-2311

6.2.2 Hydrophobic treatment of perovskite films. In addition
to enhancing the perovskite intrinsic stability in the presence of
water as we concluded in the above section, a few studies have
tried to modify the perovskite film with hydrophobic treatments.
Small molecules or ionic molecules with hydrophobic groups are
utilized to cover the perovskite surface, as in-site water-repulsed
layers.'*"***?% For instance, Yang and colleagues demonstrated
the direct synthesis of a hydrophobic anion layer like tetra-
ethyl ammonium (TEA) onto the perovskite film by dipping the
as-formed MAPbI; film in isopropanol solution.’’* The TEA
anion layer hardly impacts the efficiency compared with the
control group, and it also maintained the majority of the original
efficiency after storage in ~55% R.H. for 500 h.”*® Furthermore,
an unprecedented concept of a “polymer/perovskite composite”
was proposed in 2014,*° featuring the isolation effect on H,O
molecules and the reduction of grain boundaries.****°%* One
typical example is that Zhao et al. introduced a PEG 3D network
into the perovskite films.**" Strikingly, PEG absorbs water mole-
cules and stops them from reaching the perovskite grains.
Further work replaced PEG with a PCBM/PEG composite to
better suppress hysteresis.>*?

6.2.3 Optimization of the SFL. Spiro-OMeTAD as a SFL in an
n-i-p device structure presents unsatisfactory film-forming qua-
lities and often hydroscopic additives like Li-TFSI are employed,
which go against the desire for long-term running under the
operating conditions. Therefore, to alleviate the damage from
water to some extent, efforts have been devoted to optimizing
Spiro-OMeTAD hole transporting materials by fabricating
high-quality films®*® and creating new dopants.*”>*" Another
approach involving the removal of Spiro-OMeTAD is to design
waterproof materials.****®¥ One of the prominent examples of
designing new materials was that Zhang and coworkers applied
an inorganic material CuGaO, as the HTL in the n-i-p device
architecture, yielding over 18% efficiency which is comparable
to that with Spiro-OMeTAD.*** At the same time, the CuGaO,-
based device almost retained its high performance after 30 d
of exposure to moisture (R.H. = 30-55%) while the PCE of the
Spiro-OMeTAD based device went down to 3% after a week.

For the p-i-n type PSCs, the SFL is generally the electron
transporting material PCs;BM. However, PCs;BM was shown to

This journal is © The Royal Society of Chemistry 2017
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interact with water and easily provided pathways for the direct
contact of the Al or Ag electrode with the perovskite film, all of
which damages the stability of p-i-n PSCs.**! Some studies
tried to solve this problem by doping PCgBM.*****° Another
pathway is to employ other kinds of materials as the ETL in
p-i-n type devices, like inorganic metal oxides,"*'"**"*** or
other organic mateirals.>>%?>3>>*

The longevity of PSCs could be further improved by an
appropriate choice of interfacial layers.'"**>?3*2% Organic or
inorganic interfacial layers lying in the electrode/SFL interface
or in the SFL/perovskite interface, modified the moisture-sensitive
interfaces and protected perovskite films from moisture infiltra-
tion and the degraded electrode. For instance, Niu et al. inserted
an inert Al,O; layer into the interface between Spiro-OMeTAD
and MAPbI;, enabling PSCs to better resist moisture at room
temperature while retarding the recombination of the charges
at the interface.™

6.2.4 Optimization of electrodes. One primary pathway for
moisture infiltration is going through the electrode, and the
SFL and then penetrating the inner structure of the PSCs, thus
the electrode works as a forerunner to stop H,O molecules. Two
common electrode materials, Ag and Al, although low cost and
possess good electron transport ability, have a poor chemical
stability, not suitable for long-term operation.'***** A noble
metal electrode Au, has shown better moisture resistance, but
the high cost limits it in the large-area fabrication and a recent
study reported that it could trap water molecules'** and was
able to diffuse through the hole transporting layer.** More
recently, Huang et al. presented the very appealing potential
of Cu electrodes in PSCs.?®>?%® The unencapsulated PSCs
employing Cu electrodes could maintain almost 100% of the
original efficiency value after being placed in ~55% R.H. at
room temperature for over 800 hours.>*® However, Cu metal
undergoes oxidation to Cu(OH), and/or CuO, after exposure to
oxygen or moisture, and thus it still requires strict encapsulation
for practical applications. To date, a widely-accepted hydrophobic
material is the carbon family including graphite, carbon black,
mesoporous carbon and some graphene-derived nanomaterials.>®”
This family not only provides chemical stability, substantially
increasing the hydrophobicity of PSCs, but also maintains good
conductivity with low cost. Han et al. successfully developed a
typical model based on a triple-layer structure TiO,/ZrO,/MAPbI;
with 5-AVA additive."®” The unchanged output in 1000 h is
ascribed to the stable contact of TiO, with perovskite and the
hydrophilic effect of the porous carbon electrode which blocks
upper moisture completely.'”?°” Further studies improved its
efficiency up to 15%, making it more competitive compared
with the highly performing metal electrode-based PSCs.>®

6.2.5 Device encapsulation. Given the success of the device
encapsulation technique in organic light emitting diodes,
dye-sensitizer solar cells and polymer solar cells, it has also
been applied in PSCs to isolate H,O chemically at the molecular
level or to block H,O mechanically at the macroscopic level.
Encapsulation has shown its simplicity by only spinning
casting and drying the hydrophobic polymer Teflon on top of
the electrode while maintaining superior hydrophobicity

This journal is © The Royal Society of Chemistry 2017
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Fig. 18 Scheme of the degradation processes of encapsulated methyl-
ammonium lead iodide perovskite solar cells illuminated at elevated tem-
peratures and high humidity. Reproduced from ref. 274, with permission from
The Royal Society of Chemistry.

towards moisture.**® Encapsulation stability also demonstrated
its viability via outdoor tests operated, respectively, in Jeddah,
Saudi Arabia’’° and Hong Kong.””* These all indicated the
plausible tolerance of encapsulation in PSCs towards natural
environmental conditions. However, moisture still slowly
penetrates inside through the edges of the adhesive layer or
directly through the sealing material (Fig. 18),>”>*’* showing
immeasurable damage capacity especially at 85 °C.>”* The still
limited longevity of encapsulated PSCs points out that the
choice of sealing materials and the airtightness of the contact
interfaces between the encapsulated materials require more
attention in the future. Furthermore, Wilderspin et al., for the first
time, proposed a very simple approach based on RGB analysis to
evaluate the feasibility and effectiveness of encapsulation
approaches.>”> However, to meet the demand of finding a more
robust sealing method and evaluation of other techniques for
improved stability, we believe that more feasible and highly
effective assessment methods should be developed in the future.

6.3 Curing decomposed perovskite caused by H,O

Although much work has been done to improve the stability of
perovskite films and the corresponding devices which we also
emphasized above, the existence of damaged perovskite films
seems to be inevitable during device preparation and utility,
indicating the importance of healing lacerated perovskite films.
Now, a few curing approaches have been discovered and
adapted to recover the original performance,'**?*"27672”% and
some are especially for water-induced deterioration, presenting
promising healing effects.””**"*’® Zhao et al. have demon-
strated that no loss of MAI played a key role in voluntary,
complete reformation of CH;NH;Pbl; powders after drying
water.’® In PSCs, a 3D polymer scaffold PEG was applied
to provide the CH;NH;Pbl; film with self-healing abilities.***
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The recovered films exhibit compatible output compared with
the initial performance, while the light absorption and J,. get
improved after this recovery. In addition, the recovery can also
be realized by other approaches like light irradiation, low
moisture exposure, and thermal annealing.>’® By providing
extra energy, respectively, they could drive complete recovery
from decomposed phases to the tetragonal perovskite phase in
several hours, offering effective and feasible routes to retreive
the spoiled goods in large-scale industrial production as well
as sustain the working devices in outdoor environments. It
is demonstrated that both LiTFSI and TBP cause the Spiro-
OMEeTAD layer to be fragile upon thermal annealing and light
irradiation.”®*®% Therefore, these two healing strategies
should be avoided with sensitive materials. In fact, considering
that the PSCs suffer from thermal stress and irradiation during
long-term operation, further development of other stable Spiro-
OMEeTAD additives or stable hole transporting materials is one
of the critical issues for operation in a natural environment.

7. Conclusions and outlook

In this review, we have analyzed the main impacts of water in
various stages of the lifecycle of the state-of-the-art lead-based
PSCs. It was shown that moderate water amounts could facilitate
the nucleation and crystallization of the perovskite, resulting in
better perovskite film quality and increased PSC performance.
However, water irreversibly destroys the perovskite materials
after reaching a certain level, but they exhibit better tolerance
against water than initially expected. Hence, humidity resistant
fabrication of high-performance PSC devices and modules is
required. Generally, water shows a negative effect on the long-
term stability of PSCs. Self-healing behavior has been found in
perovskite materials and the recovery of PSC performance can be
realized by adopting appropriate measures.

Research on elucidating the connection of perovskite
materials and solar cells with H,O has made significant pro-
gress in the past few years. Nevertheless, there are still some
basic questions and practical issues regarding this connection
in the fabrication process and long-term operation, which
require further considerations elaborated in the following.
Protection methods should be adopted to reduce the water
effect during the practical operation of a PSC.

7.1 Materials and device structure

The role of water in the fabrication part is often related to
MAPDI;, but more knowledge on other doped perovskites is
likewise needed, because recent high-performance PSCs con-
tain Cl/Br~ or are doped with FA". The controversies found in
the literature indicate that the impact of water could also be
attributed to other factors, e.g. device structures, which calls for
a more systematic study of the affecting factors. To meet the
trend of green solar cells, less-lead or lead-free perovskite
materials should be developed. The present development work
on lead-free perovskite materials such as Sn, Bi, Cu, and Sb
based perovskites and derivatives as well as double perovskites
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often focus on intrinsic properties and optoelectronic perfor-
mance, whereas their relationship to water is not adequately
addressed. Hence, it would be beneficial to provide a reference
value for water tolerance for practical cases.

7.2 Fabrication

Previous studies have mainly dealt with the impact of water in
single fabrication steps, which enhance the understanding of
the influence of H,0O. However, studies which consider water or
moisture in the whole synthetic process are very few. Better
understanding of the acceptable range or steady optimized value
of water amount in the whole process could help to reduce the
complexity of the fabrication. In spin-coating processes, which
are often bound to small-scale applications, the influences of
water are well-known, whereas in the case of scalable industrial
production such as screen printing, more research on the impact
of water is still required. Concerning real applications of PSCs,
the fabrication technique is of upmost importance to costs and
volume meaning that identifying first the fabrication method
could be useful followed by optimization of control of water in
each stage, which may also necessitate lab studies.

A literature study showed that an appropriate amount of
water in perovskite raw ingredients or precursor solutions has a
positive effect, which suggests that water as an additive could
improve the quality of perovskites. In the later fabrication steps,
water mainly appears in the form of moisture during the film
growth requiring precise control of the relative humidity. One
feasible strategy to ensure correct the humidity ratio could be to
use a gas mixture of water vapor and dry air in a given ratio and
at thermal equilibrium, i.e. at the same temperature. When the
humidity is difficult to control in the fabrication, an alternative
pathway would be to develop water resistant fabrication methods
based on compositionally modified or doped perovskites, or to
use water absorbents which protect perovskite growth from
moisture. The behavior of PSC modules under real conditions
against H,O is not yet clear. The synergistic effect of H,0, light,
and thermal stress on module size deserves more research in the
near future.

7.3 Stability

Despite recent progress, the full basic understanding of the
stability of the perovskite layer and its interfaces against moisture
is still far from complete. For example, confirmation of gaseous
decomposition products may require the use of isotope tracer
techniques. The role of the interface in the moisture ingression
is also unclear.

As the decomposition of perovskite films and devices seems
to accelerate only after a certain amount of water, stability
could be increased by improving the intrinsic perovskite film
and optimizing device architectures. Furthermore, one could
also expect that entirely eliminating H,O in the encapsulating step
and improving the encapsulation techniques could enhance long-
term operation in natural environments. This would also require
stricter stability screening and considering the combined effects
of water with other environmental factors when evaluating a new
material or encapsulation technique. Following closer established

This journal is © The Royal Society of Chemistry 2017
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procedures for environmental testing such as ISOS, IEC
(61646), and long-term outdoor tests would be beneficial in
this context. For PSC one could also consider introducing water
vapor transmission rate (WVTR) and oxygen transmission rate
(OTR) as additional test variables to be monitored, which
are encapsulation quality concepts often used in organic
light-emitting diodes and organic polymer solar cells.
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