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The stability of perovskite solar cells has shown a huge variation
with respect to the film process and film morphology, while the
underlining mechanism for the morphology-dependent degradation
of the perovskite film has remained elusive. Herein, we report a scaling
behavior of moisture-induced grain degradation in polycrystalline
CHsNH3Pbls films. The degradation rates of CHs;NHszPbls films in
moisture were shown to be sensitive to the grain sizes. The duration
that was needed for different films to degrade by the same percent
showed a linear relationship with the grain size, despite the fact that
the films were formed by five different deposition methods. This
scaling behavior can be explained by the degradation along the in-
plane direction, which is initiated at the grain boundary (GB). The GBs
of CH3NH3Pbls films consist of an amorphous intergranular layer,
which allows quick diffusion of moisture into the perovskite films. It
was found that thermal annealing induced surface self-passivation
plays a critical role in stabilizing the surfaces of thin films and single
crystals by reducing the moisture-sensitive methylammonium ions at
the surface. The determination of the scaling behavior of grain
degradation highlights the importance of stabilizing the GBs to
improve the stability of perovskite solar cells.

Introduction

Organic-inorganic halide perovskite (OIHP) materials have drawn
tremendous attention since the power conversion efficiency (PCE)
of OIHP solar cells skyrocketed from 3.8% to a certified 22.1% in
the past few years, which is already at par with other commercia-
lized thin film photovoltaic technologies.' *® These materials
have excellent properties of defect tolerance,'" strong optical
absorption,’” low trap density,® and a long carrier diffusion
length, which is much longer than the optical absorption
length."*'* Their prospects for the next generation of low-cost
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Broader context

Harnessing solar energy to solve the world energy crisis has been
persistently pursued in the past several decades. In the past, organic-
inorganic halide perovskite (OIHP) solar cells have been revolutionizing
the photovoltaic field due to their rapid increase in efficiency to over 22%,
low material and fabrication costs, and scalable manufacturing capability.
However, the instability of OIHP materials, particularly their poor moisture
stability due to their phenomenal hydroscopic nature, remains a huge
obstacle for the commercialization of this technology. Thus far, most
previous studies have reported the increased moisture stability of
perovskite solar cells by depositing moisture-blocking layers on
perovskites. However, the intrinsic moisture stability of OIHP materials
has not been studied in detail particularly with respect to the grain
morphology. In this study, we revealed the critical role of grain boundary
defects in accelerating the moisture-induced degradation of OIHP
polycrystalline films. Significantly increased moisture stability was
observed in OIHP films with a larger grain size, which demonstrated a
way of increasing the intrinsic stability of OIHP materials. Increasing the
grain size is also needed for increasing the efficiency of OIHP solar cells
because large grains and grain boundary passivation are also needed to
suppress the charge recombination at grain boundaries.

photovoltaics are enabled by their natural abundance, low-cost
raw materials, and low-energy solution process. Nevertheless,
concerns about the poor stability of OIHP materials, particularly
their poor moisture stability due to their phenomenal hydro-
scopic nature, are hindering the commercialization of these
materials."”™*® In contrast to the enhancement of the PCE,
understanding the intrinsic stability of OIHP lags far behind.
The degradation observed in OIHP solar cells was frequently
attributed to the intrinsic low stability of OIHP materials, which
is caused by their low formation energy and hydroscopic
nature, and thus good device encapsulation is necessary for
long-term device operation. On the other hand, the reported
stability of perovskite solar cells from different groups has
demonstrated a large variation over a period of hours to
months even for encapsulated devices and films,*"'®"'*?° which
implies that OIHP materials might not be that intrinsically
unstable. One very encouraging observation by us was that
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some perovskite single crystals were very stable in air. The
CH;3;NH;PbI; (MAPDI;) single crystals synthesized 2-3 years ago
for a study of the carrier intrinsic diffusion length still have a
black color and shiny crystal facets without notable degradation
(ESL, Fig. S1) despite being stored in ambient atmosphere without
any encapsulation. This better stability of the single crystals also
implies that the faster device degradation observed in poly-
crystalline perovskite solar cells might be directly related to the
perovskite grain size or grain boundaries (GBs). Understanding
the correlation of the grain size or GB with the perovskite
stability is important in order to enhance the stability of future
perovskite solar cells because the grain size can be significantly
tuned by advanced film fabrication processes.*’ >

In this study, we discovered that the moisture stability of
MAPDI; polycrystalline films follows a scaling behavior with
grain sizes, with significantly increased stability observed in
films with larger grains. The GBs in MAPbI; thin films play a
critical role in initiating film degradation in a moist environment,
where the moisture permeates or reacts with the GBs quicker than
with the top surface of the grains. The fast infiltration of moisture
was related to the structure of the GBs, which consists of
an amorphous intergranular film (IGF) with a thickness
around 5 nm.

Moisture degradation time
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Results and discussion

To reveal the relation between perovskite grain size and film
moisture stability, MAPDbI; films with different grain sizes were
formed by controlling the thermal annealing time, and the
degradation process of these films was studied in a controlled
humid environment. The MAPbI; films were formed by the
two-step inter-diffusion method on poly(triaryl amine) (PTAA)
covered ITO substrates.> The film thickness was fixed at
~500 nm. Grain coarsening by thermal annealing is a general
method to tune the grain size of thin films, and was demon-
strated to be effective for perovskite thin films as well.>"** As
shown in the ESI,{ Fig. S2 and S3, the average grain sizes of
MAPDI; films annealed for 15 min, 30 min, 60 min, 90 min and
120 min were 297 nm, 450 nm, 522 nm, 613 nm, 678 nm,
respectively. Then, MAPbI; samples with different grain sizes
were stored in a set-up shown in ESL{ Fig. S4, and the humidity
was controlled to be 85% =+ 5% by adjusting the N, gas flow rate,
which could also exclude the influence of oxygen. Photographic
images in Fig. 1a recorded the degradation process of these
MAPDI; films in moisture. The degradation process of MAPbI,
films was well observed with the color change of the films from
black to colorless, which was characterized by the formation of
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Fig. 1 Scaling behavior of the MAPbI3 films degradation. (a) Photographs of the perovskite films stored in 85% humidity for different times. The films
were formed by a two-step inter-diffusion method while undergoing different annealing times; (b) degradation percentage of the perovskite films with

different thermal annealing times. (c) Time needed for degradation of the
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perovskite films by 5%, which were fabricated by different methods.
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hydrated perovskite phases.”*>® This decoloring process was
assigned to the initial stage of moisture-induced degradation of
perovskite into monohydrate CH;NH;PbI;-H,0, and further con-
version to dihydrate (CH;NH;),Pbls-2H,0 with additional moist-
ure and time, which further degraded to Pbl, and MAI upon
enough moisture exposure time.>® CH;NH;Pbl;-H,O was reported
to be able to convert back to black CH;NH;PbI; upon drying;
however the process was not fully reversible after it was converted
to dihydrate.”® Our study also confirmed that the decoloring
process was reversible at the initial stage of degradation when
the degraded area was 5-10%, whereas it became irreversible
when the degraded area exceeded 30% of the total area after long
exposure to moisture (ESLt Fig. S5). Herein, we only consider the
worst case of moisture-induced perovskite degradation (i.e., under
continuous exposure to moisture) because there was no protocol
to follow for the testing of the recovery of a solar panel with
periodic drying and moisture soaking. The degradation behavior
of these MAPDI; films can be summarized as follows: first, the
films annealed for longer time with larger grain sizes had better
resistance to moisture and degraded slower; second, the degrada-
tion process was initiated at certain spots on the films and
subsequently expanded to their surrounding area along the in-
plane direction. By measuring the ratio of the decolored area to
the entire film area, we derived the degradation percentages of the
perovskite films at different moisture exposure times. Details
about the method for degradation area measurements and the
degradation percentage calculation can be found in ESI,} Fig. S6.
Fig. 1b clearly shows that the perovskite samples with smaller
grain sizes degraded quicker. The film prepared by the shortest
annealing time of 15 min with an average grain size of 297 nm
degraded faster than other films with ~85% of its total area
degraded after exposure to a moist environment for 7 hours. The
perovskite film with an average grain size of 678 nm only
degraded ~10% after being stored at the same humidity for
7 hours. The strong correlation between grain size and moisture
stability is clearly shown in Fig. 1c, which summarizes the time
needed for the samples to degrade 5% (Z,,s) of their areas when
exposed to ~85% moisture. It is clear that samples with large
grains take a longer time to degrade than the samples with
smaller grains. More interestingly, ¢ o5 of different films almost
followed a linear relationship with the grain sizes, which is
defined as a scaling behavior of perovskite grain degradation.
To verify the scaling behavior of MAPbI; grain degradation,
we studied the grain degradation in moisture for the perovskite
films fabricated via four other reported methods, including
one-step spin-coating,***! doctor-blading,* vapor-assisted solution
process (VASP)** and drop-coating.®® Details about the film fabrica-
tion via the four methods can be found in the ESL{ The scanning
electron microscopy (SEM) images and grain size distributions of
the films fabricated via each method are shown in ESI, Fig. S7 and
S8. The average grain sizes of different films ranged from ~200 nm
to ~1600 nm. Degradation curves and photographs of each film
during ~85% moisture treatment are shown in ESL{ Fig. S9 and
S10, respectively. The time needed for 5% degradation of their total
area is summarized in Fig. 1c. It was found that all of the data was
astonishingly and approximately located on a straight line which
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was fit with a linear regression with an R-squared value of 0.96,
confirming the universal scaling behavior of the moisture induced
grain degradation. The universal scaling behavior could be further
confirmed by examining ¢, 1, ¢.15, and ¢, 5, which are shown in ESL
Fig. S11. All the points in the figures were located around a straight
line and were fit with a linear regression with R-squared values
close to or above 0.9.

The scaling behavior of moisture-induced degradation in
MAPDI; films can be modeled with assumptions that the grain
degradation initiates at the GBs and the grains degrade along
the in-plane direction rather than the out-of-plane direction,
which is illustrated in Fig. 2a. From the top-view of a film (ESI,
Fig. S12), the grain size of the film has an inverse relationship
with the total length of the grain boundary. Since the moisture-
induced degradation starts from the perovskite GBs, the degra-
dation rate was derived to be proportional to the grain size.
Details about this model and the derived equation are given in
the ESLt The time needed for degradation of 5% of the total
film area (S) was calculated as follows:

a AS a

tO'OSZEX?:Tm (1)
where AS is the degraded area, a is the average grain size, and
v is the grain degradation rate. This equation shows that the
degradation rate of perovskite films is proportional to the grain
size, and provides the theory for the observed scaling behavior
of grain degradation. Based on this equation, we can also derive
an average grain degradation rate of ~0.8 nm h™" for MAPDI;
films at the initial stage under a humidity of 85% =+ 5% from
Fig. 1c.

The faster in-plane degradation of MAPbI; grains in moisture
seems counter-intuitive, because both grain top surface and GBs
are exposed to moisture. Nevertheless, it was supported by other
independent studies, such as the degradation rate independent
of the film’s thickness. In this study, we fabricated several
perovskite films with different thicknesses ranging from
450 nm to 1000 nm via the same inter-diffusion method. The
SEM images of these films are shown in ESI,} Fig. S13, where
the average grain sizes range from 660 nm to 840 nm. These
films showed similar degradation rates in moisture, as shown
in the Fig. 2b and ESI,{ Fig. S14. If the degradation of films was
along the out-of-plane direction, the 450 nm-thick film would
have degraded two times faster than the 1000 nm-thick film.
The degradation of the grains along the in-plane direction
could be explained by the continuous permeation of moisture
into the interface perovskite/hydrated perovskite, which is irregular
and defective. In this sense, the surface of the perovskite films
must be free of moisture-sensitive defects. A theoretical study has
predicted that the Pbl,-terminated perovskite surface is more
resistant to degradation caused by moisture due to the stronger
Pb-1 bond** and much lower solubility of Pbl, in water than that
of methylammonium (MA) ions. This caused us to speculate that
the slowly — degradation of the perovskite film surface could be
terminated with more Pb-I bonds, which is more resistant to
moisture. This is reasonable because thermal annealing, which
is a process that is needed for almost every film formation,

This journal is © The Royal Society of Chemistry 2017
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) Schematic diagram showing the degradation of the perovskite film in

moisture. The grain degradation is initiated at certain grain boundaries of the films and followed by the further expansion of those spots to the
surrounding area of the films along the in-plane direction. (b) Degradation percentage of the MAPbI5 films with different thickness. The films were formed
by a two-step inter-diffusion method. (c and d) Photographs of the thin single crystals without (c) and with (d) thermal annealing before testing. The scale

bar in the image (c) and (d) is 1 mm.

should drive the leaving of MA ions or MAI from the surface due
to weak bonding between MA" with other ions. To verify this, we
compared the degradation behavior of two thin single crystals,
while one of them was annealed at 100 °C for 2 hours. We
recently developed a new solution method to grow MAPbI; thin
single crystals with a 1-2 mm lateral size and ~20 um thickness,
which provided a good platform to study the degradation
process of perovskite grain. The method of growing high-
aspect-ratio single crystals will be published elsewhere. For
a fair comparison, one single crystal was cut into two halves
and one of them was annealed under the typical annealing
condition in the polycrystalline film fabrication. After that, the
annealed sample was further cut along the edge to expose the
fresh MAPDI; on the edge. The degradation process of the two
pieces of single crystals was recorded (Fig. 2c and d). It was
found that the degradation of the annealed crystal started from
the edge of the sample, followed by the in-plane expansion
of the degraded area from one side to the other. In contrast,
the sample without post-annealing degraded more uniformly,
verifying that the annealing of perovskite films or single crystals
did suppress the degradation of the surface.

The scaling behavior for the degradation of MAPbI; poly-
crystalline films and the excellent stability of single crystals
implies that the GBs in perovskite materials should play a
critical role in initiating the moisture-induced degradation
process. We examined the structure of MAPbI; GBs with high
resolution transmission electron microscopy (HRTEM) and
scanning transmission electron microscopy (STEM). The sample
was prepared via a focused ion beam (FIB). It was critical to use a
small ion beam current and a small acceleration voltage of 5 kV in
the milling process to minimize the thermal damage induced by a

This journal is © The Royal Society of Chemistry 2017

focused ion beam.*® Fig. 3a shows a schematic of the perovskite
grain and GBs. Fig. 3b shows the STEM cross-section image of one
typical sample, where the GB could be clearly identified. The
HRTEM image in Fig. 3¢ shows that the two grains have different
orientations. The zone axes (ZA) of the two grains are indexed
to be [010] and [110], respectively, based on the fast Fourier
transformation (FFT) of lattices and simulated diffraction patterns
shown in ESLt Fig. S15. Interestingly, an amorphous region with
a thickness of ~5 nm was found between the two neighboring
grains. To the best of our knowledge, this is the first time the
detailed structure of MAPbI; GBs has been revealed, which
showed clear evidence for the presence of an amorphous region
in the GBs of MAPDI; films. On the other hand, a similar
amorphous structure at GBs, often called an intergranular film,
has been frequently observed in other polycrystalline ceramics,
metals and oxides.**® A previous study reported that impurity
segregation in GBs is accompanied with the formation of IGF in
doped ceramics.’” The formation of IGF in solution-processed
MAPbDI; films may be related to its non-stoichiometric composition
and the segregation of the non-stoichiometric excess residuals into
the GBs. Recently, Park et al. reported that adding excess MAI in the
perovskite precursor yielded the formation of a MAI layer at the
GBs, which was explained by the extraction of a non-stoichiometric
excess of MAI into GBs during grain coarsening.?® Therefore,
the perovskite films with a non-stoichiometric composition
should have a thicker IGF and may degrade faster than films
with a stoichiometric composition. This speculation could be
justified by our frequent observation that inter-diffusion films
degrade slightly faster than what is predicted from the fitted
line (Fig. 1c and ESL, Fig. S11). The unique fabrication process
of the inter-diffusion method, where the MAI solution was

Energy Environ. Sci., 2017, 10, 516-522 | 519
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Fig. 3 Amorphous intergranular films at the grain boundary of MAPbIs. (a) Schematic showing the intergranular film in grain boundaries. (b) A STEM
cross-section image of the perovskite sample. (c) A HRTEM cross-section image revealing the presence of an intergranular film between two neighboring
grains. The lattice fringes and zone axis of each grain were indexed according to the simulated results of diffraction patterns shown in the ESI.{

dropped on PbI, films, could cause excess MAI to be left in the
perovskite films because there was more than enough MAI in
the solution to react with Pbl, films. The non-stoichiometric
excess of MAI in inter-diffusion films may cause the IGF to be
much thicker than that of the films made by other methods,
where equal molar ratios of MAI and PbI, were premixed in the
precursor solution. In this context, it is speculated that the
perovskite films with a stoichiometric composition should have
the thinnest IGF, which may be a new strategy to suppress the
influence of IGF on the stability of perovskite films.

We hypothesized that the amorphous and defective region at
GBs facilitates the quick permeation of moisture along the GBs
due to the relative more open structure than the crystalline
region (Fig. 4a). To verify this, STEM based energy dispersive
X-ray spectroscopy (STEM/EDS) was conducted to trace the
permeation of moisture by mapping the oxygen distribution
after a polycrystalline MAPDI; film with an average grain size of
300 nm was exposed in moisture for 0.5 h. Molecular oxygen
from air can be excluded because the moisture was introduced
by N, as the carrying gas. Details about the STEM/EDS sample
fabrication are found in the ESL Fig. S16 (ESIt) shows the
oxygen distribution of the MAPDbI; film before the moisture
exposure. The EDS signal intensity of the pristine sample was
uniformly distributed. By contrast, Fig. 4b and c show the high
angle annular dark field (HAADF) STEM image of a MAPDI; film
after moisture exposure and the corresponding EDS mapping
of elemental oxygen at the same location. It was found that GBs
had a higher content of water compared with the grain interior.
The fast permeation of water at GBs is clearer in Fig. 4d, which
is the oxygen distribution image overlaid with the morphology
STEM image. This conclusively confirmed that the moisture
permeates into perovskite films through amorphous GBs and
initiates the degradation.

520 | Energy Environ. Sci, 2017, 10, 516-522
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Fig. 4 STEM/EDS studies of fast infiltration/reaction of moisture with
perovskite grain boundaries. (a) Schematic showing the interaction of
moisture with a bare perovskite film. An STEM image of perovskite film
(b) and an EDS oxygen element mapping image (c) showing the distributions
of elemental oxygen in the film. The scale bar in image (b) and (c) is 500 nm.
(d) Overlap of EDS mapping image with STEM image.

Other possibilities that may also change the moisture stability
of the perovskite films were also considered to find out whether
the scaling behavior could be explained by these factors, such as
surface roughness, grain orientation and crystallinity. The role of
surface roughness on moisture stability could be observed by
comparing the moisture stability of doctor blading films and spin
coating films. It has been well established by us that films made

This journal is © The Royal Society of Chemistry 2017
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by the doctor blading method are rougher than spun films
because of the formation of large domains and a concentric
ring structure.”>*° However, as shown in Fig. 1c, when the films
made by these two methods have comparable grain sizes, they
show similar moisture stability, indicating that film roughness
does not cause the scaling behavior. Grain orientation was
another factor that may change the perovskite film stability.
Certain grains in the films may degrade faster than others
because different grain facets were predicted to have different
degradation rates. Our previous X-ray diffraction (XRD) studies
showed that the spun perovskite films made via the inter-
diffusion method had a random grain orientation,>* while the
doctor blading films had the preferred (2 2 0) orientation.>
Nevertheless the doctor blading films showed a similar degra-
dation rate (Fig. 1c) with the inter-diffusion films when they
had a comparable grain size, which indicates that the grain
orientation cannot explain the difference in moisture stability.
It is noted that the difference in the thermal annealing time in
sample preparation may also cause the change of crystallinity
of the perovskite grains. However point defects inside the
grains should not impact moisture stability because moisture
needs to permeate into the grain from the surface or GBs.

Conclusion

We reported the scaling behavior of the moisture-induced
grain degradation in polycrystalline perovskite thin films. It
was found that the grain boundary in MAPbI; consisted of an
amorphous film, which absorbs/reacts with water molecules
much faster than the grain surface. The moisture stability
of perovskite materials has become one of the biggest hin-
drances for the commercialization of perovskite solar cells.
Our study not only sheds light on the perovskite degradation
mechanism by revealing the critical role of defects in accele-
rating the degradation of perovskite, but also suggests a
method to further increase the moisture stability by increasing
the grain size of perovskite films and improving the quality
of the GBs by remedying the amorphous region to prevent
moisture infiltration. This is consistent with the route to make
high efficiency solar cells because the large grains and grain
boundary passivation are also needed to suppress the charge
recombination at GBs. In addition, reducing the IGF thickness
during the film formation process could also enhance the
stability of perovskite films. Tuning the composition of the
perovskite films (not the composition of the perovskite pre-
cursors) to be stoichiometric may significantly reduce the IGF
thickness or even totally eliminate IGF in the perovskite films.
Using a high purity precursor may be another effective
approach, if the formation of the amorphous region is demon-
strated to be related to the impurities in the precursor. Finally,
we think that grain boundary healing can also be an effective
way to enhance not only the stability but also the efficiency of
perovskite solar cells, while understanding that the nature
of grain boundary defects will be crucial before an effective
method is proposed.

This journal is © The Royal Society of Chemistry 2017
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