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Abstract
We investigated the influence of moisture on CH3NH3PbI3 perovskite films and solar cells derived from
non-stoichiometric precursor mixtures. We followed both the structural changes under controlled air
humidity via in-situ X-ray diffraction, and the electronic behavior of devices prepared from these films. A
small PbI2 excess in the films improved the stability of the perovskite compared to stoichiometric samples.
We assign this to excess PbI2 layers at the perovskite grain boundaries or to the termination of the
perovskite crystals with lead and iodine. In contrast, the MAI-excess films composed of smaller perovskite
crystals showed increased electronic disorder and reduced device performance due to poor charge
collection. Upon exposure to moisture followed by dehydration (“solvent annealing”), these films
recrystallized to form larger, highly oriented crystals with fewer electronic defects and a remarkable
improvement in photocurrent and photovoltaic efficiency.
1. Introduction
In the past few years hybrid lead halide perovskites have emerged as a promising material for photovoltaic
applications due to their outstanding optoelectronic properties.[1–3] The abundance of the precursor
materials and the possibility of solution processing raises the hope of low-cost, highly efficient solar cells
with a short energy payback time compared to currently established technologies.[4–8]
The Achilles heel of hybrid perovskite photovoltaic devices is their poor stability, especially under
operating conditions, creating a considerable barrier to commercialization of the technology.[9] Beside
environmental factors such as thermal stress and UV-light irradiation in air,[9–11] humidity-induced changes
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to the perovskite structure have been identified as one of the major degradation pathways which strongly
affects device lifetime.[12,13] Degradation upon exposure to moisture has so far only been suppressed by
physical encapsulation or through the introduction of organic or inorganic passivation layers[14–16] which
may place constraints on device performance. Fully understanding the effect of water on perovskite
processing and degradation is thus important to formulate new solutions to this challenge.
The influence of humid air on hybrid perovskite films has been investigated by several groups. We have
recently reported the formation of intermediate hydrate crystals as first degradation products of the
perovskite, followed by their irreversible decomposition into PbI2.[17] In general, the hygroscopic and
volatile nature of the organic compound, methylammonium iodide (MAI), is understood as the weak spot
of the perovskite crystal, leading to water ingress and film degradation.[18–20] To date, most of the stability
studies have been performed on perovskite films fabricated from stoichiometric precursor solutions
(PbI2:MAI in 1:1 molar ratio) or with an excess of MAI.[17,21–23] However, recently reported champion
perovskite solar cells showing power conversion efficiencies (PCE) exceeding 20% contain a 5–10% molar
excess of PbI2.[24–28] The remnant PbI2 excess within the final absorber layer is believed to improve
perovskite crystallization and to reduce non-radiative recombination rates by passivation of crystal grain
boundaries, which could explain the additional boost in PCE.[24,29–32]
While the community agrees on the beneficial effect of a small PbI2 excess in the perovskite layer on
device performance, little is known about the moisture-stability of these non-stoichiometric perovskite
films. Previously, Liu et al.[31] and Zhang et al.[33] prepared methylammonium lead iodide films via a twostep sequential deposition method to study the stability of these samples. In both cases, the incomplete
conversion of PbI2 into the perovskite phase leads to a residual PbI2 interlayer between TiO2 and
perovskite, which is reported to accelerate the film degradation upon exposure to humidity. However,
state-of-the-art devices are mostly derived from a one-step deposition method, where the perovskite
precursor mixture is spin-coated on the substrate, followed by an “anti-solvent dripping” step to initialize
crystal nucleation. Clearly, different fabrication protocols may result in different locations and
morphologies of the PbI2 excess within the device. This is likely to have a substantial effect on the
degradation kinetics occurring within the perovskite film. Therefore, elucidating the link between PbI2
passivation, moisture-induced processing and degradation effects is important to maximize both device
efficiency and stability.
In this work, we studied the effect of moisture on methylammonium lead iodide (MAPbI3) films derived
from non-stoichiometric perovskite precursor mixtures, i.e. perovskite films containing a small excess of
PbI2 or MAI. We inferred the location of the initial PbI2 excess within the perovskite film through X-ray
diffraction (XRD) experiments. In order to improve the understanding of the degradation mechanism, we
performed in-situ XRD measurements under controlled humidity levels in air (see Figure S1). In contrast
to previous reports, our results indicate that a small PbI2 excess decelerates the decomposition of the
perovskite film upon exposure to moisture compared to a stoichiometric perovskite film. Additionally, we
found that devices containing an MAI excess first show very low PCEs due to small perovskite crystals
sizes. These are likely to be surrounded by MAI-rich regions with a high concentration of electronic defects
which impede charge collection. However, the performance of devices made from MAI-excess solutions
is significantly improved after a short exposure of the films to humidity at room temperature. This results
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in recrystallization, grain reorientation and the removal of electronic disorder from the perovskite layer –
a process which we can regard as a form solvent annealing with water vapor. Our findings are, in principle,
also applicable to mixed cation/halide systems as these films are also deposited from non-stoichiometric
mixtures.[34] In this case we expect a similar effect upon exposure to moisture as the typical cations used,
formamidinium and cesium, are also hygroscopic and will likely undergo a similar enhanced mobility in
the presence of water.

2. Results and Discussion
2.1 Effect of the hydration on the perovskite structure
In order to study the effect of the precursor stoichiometry on the stability of the perovskite structure, we
prepared perovskite thin films which incorporated a 5% molar excess of MAI in the precursor solution, a
stoichiometric mixture, and one incorporating a 5% molar excess of PbI2; these samples are termed “MAIexcess”, “stoichiometric” and “PbI2-excess” in the following. The 1.25 M stoichiometric precursor solution
was obtained by dissolving PbI2 and MAI in a 1:1 molar ratio in a N,N-dimethylformamide (DMF): dimethyl
sulfoxide (DMSO) solvent mixture. The corresponding amount of solid MAI or PbI2 was then added to the
stoichiometric perovskite solution to yield the MAI-excess and PbI2-excess solutions, respectively. By
employing an anti-solvent assisted one-step deposition method similar to the previously reported
protocol for state-of-the-art devices,[24,26,35] a comparable distribution of the precursor excess within the
perovskite layer can be expected. In short, the perovskite solution is spin-coated onto a substrate,
followed by chlorobenzene dripping to induce crystal nucleation. After annealing on a hotplate, the
crystallization is complete and uniform, shiny perovskite films were obtained.
Figure S2 shows the XRD patterns of the three different freshly prepared perovskite films. No significant
differences in the intensity of the typical diffraction peaks originating from the tetragonal MAPbI3 phase
were observed. The expected (001) PbI2 reflection at the 2 value of 12.6° is obvious for the PbI2-excess
film, whereas it is not present in the other two samples. Previous studies report that the excess PbI2 is
located near the substrate,[31] however, its distribution strongly depends on the fabrication route. To infer
the location of the PbI2 excess within our absorber layer, we performed grazing-incidence XRD
measurements at different incidence angles in the range of 0.3°–2.5°, as presented in Figure S3. At
incidence angles of 0.6° and lower, the X-ray scattering depth is smaller than the total film thickness of
320 nm, thereby providing information about the distribution of the PbI2 excess within the perovskite
layer.[36] Our results show that at an incidence angle of 0.3°, the (001) peak of PbI2 is still present in the
diffractogram, indicating that the excess PbI2 is not solely accumulated at the perovskite/TiO2 interface
but distributed throughout the entire perovskite film.
Furthermore, monitoring the crystallization process of the non-stoichiometric perovskite layer can
provide an insight into the formation and distribution of the excess PbI2.[37] We performed in-situ XRD
measurements during the annealing process of a freshly deposited perovskite film prepared from a PbI2
excess solution (Figure 1). Initially, we only observe the diffraction peaks assigned to the previously
reported intermediate MAI-PbI2-DMSO complex.[38,39]During the first annealing step at 40 °C the
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reflections of this MAI-PbI2-DMSO complex become more narrow, indicating the growth of the
intermediate phase crystals. At the same time, characteristic reflections of the MAPbI3 phase (e. g. at 2
= 14.1° and 28.3°) appear. Upon further annealing, the perovskite peaks increase in intensity while the
intensity of the MAI-PbI2-DMSO reflections simultaneously decrease, suggesting the formation of MAPbI3
crystals from the intermediate phase as DMSO is released. During the second annealing step at 100 °C,
the last remaining solvent was removed from the film, after which the excess PbI2 crystallized. Since the
small amount of excess PbI2 crystallizes only at the very end of the annealing procedure, we propose that
PbI2 is present at the grain surface of the previously formed perovskite crystals. This finding is in
agreement with the incidence angle-dependent XRD measurements in Figure S3. Additionally, since the
PbI2 excess stays solvated until the final stage of the crystallization process, it is likely that this has an
influence on the MAPbI3 crystal termination.
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Figure 1. In-situ XRD measurement during the annealing of a freshly spin-coated MAPbI3 film prepared
from a perovskite solution with 5 mol% PbI2 excess. In the first step, the film was annealed for 40 min at
40 °C followed by a second step at 100 °C. The right panel shows a schematic representation of the crystal
formation inferred from the XRD measurements. Initially, the MAI-PbI2-DMSO complex (red stars in the
XRD pattern) is formed, followed by the MAPbI3 crystals (green dots) and at the end, after complete
removal of the solvents, crystalline PbI2 can be observed (yellow square).
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Using XRD techniques to determine the location of a small MAI excess within the corresponding perovskite
films is difficult as the diffraction intensity for MAI is relatively low. Since the same fabrication method is
used for all samples, we expect the excess MAI to be also distributed homogeneously between the
preformed MAPbI3 crystals, presumably at the grain boundaries as reported by Son et al.[35]
Previous studies report the detrimental effect of residual PbI2 material at the perovskite/TiO2 interface on
the film stability towards humidity.[31] Here, we investigate the influence of moisture on perovskite films
with a more homogeneous distribution of the precursor material excess which is more comparable to the
absorber layers used in state-of-the-art devices showing high efficiencies. In order to compare the
moisture stability of the three MAPbI3 films with different precursor stoichiometry, we exposed the
samples to air with a constant relative humidity (RH) of 90% in a closed chamber at room temperature.
We followed the changes in the composition of the films with in-situ XRD measurements at regular
intervals, as presented in Figure 2. Our results show that the stoichiometry of the precursor mixture
critically affects the timescale of structural changes as well as the nature of the degradation products.
For the perovskite films with a stoichiometric ratio of precursors we found that PbI2 is initially formed as
a degradation product (Figure 2). With prolonged exposure to humidity, the characteristic reflections of
the monohydrated MAPbI3 (CH3NH3PbI3·H2O) at the 2 values 8.6° and 10.5° appear. Interestingly, the
formation of additional PbI2 as a result of degradation in the PbI2-excess sample is significantly slower in
comparison to the stoichiometric perovskite film. Similarly, we observed the crystalline monohydrate
phase after 90 min in the stoichiometric samples, while for the PbI2-excess sample, the characteristic
reflections of the monohydrate only appeared after 180 min. We compared the difference in the
degradation rate between the stoichiometric and the PbI2-excess samples by plotting the ratio between
the (001) peak of PbI2 at 12.6° and the (110) peak of the perovskite at 14.1° (Figure S4). Since we observe
that perovskite crystal reorientation is similar and relatively minor for both samples, the graph indicates
that the formation of PbI2 in the stoichiometric sample is significantly faster than in the PbI2-excess
sample. We found that for both films, the monohydrate forms at a PbI2:MAPbI3 peak intensity ratio of
around 3:4.
In contrast, the MAI-excess sample does not show the formation of PbI2 within the timescales studied.
Surprisingly, during the first 60 min of exposure time, the XRD pattern does not exhibit any degradation
products at all. Instead, the remarkable increase in the (110) and (220) reflections of MAPbI 3 indicate an
improvement in crystallinity for the perovskite phase. After more than 60 min, the reflections of the
monohydrate CH3NH3PbI3·H2O appear in the diffraction pattern, which is in accordance with previously
reported results by Leguy et al. where a 0.4% MAI molar excess was used to form the MAPbI3 film.[17]
Recent calculations suggest that the monohydrate phase should thermodynamically be stable at high
relative humidities at room temperature.[20] These calculations also show that a dihydrate structure of the
perovskite ((CH3NH3)4PbI6 · 2H2O) can form at lower relative humidities. However, this phase appears to
be thermodynamically unstable relative to PbI2 and MAI which may explain why it did not appear in the
present study, since it is likely that it will only be observed under kinetically favorable conditions.
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Figure 2. In-situ XRD measurements of the hydration of perovskite films prepared from solutions with
different precursor ratios. The films were exposed to 90% RH in air for 0–180 min. The positions of the XRD
peak for MAPbI3 (green circles), PbI2 (yellow squares) and CH3NH3PbI3·H2O (purple diamonds) are marked
in the graphs.

Scanning electron microscopy (SEM) cross-section images of the different perovskite films reveal the
effect of hydration on the crystal morphology (Figure 3). For both stoichiometric and PbI2-excess samples,
we observe small protrusions over the crystals after exposure to humidity, which might originate from
partial degradation of the perovskite crystals. In the case of MAI-excess we find no such protrusions,
indicating a different process during the exposure to humidity. Initially, the film is composed of relatively
small and irregularly shaped crystals. However, after a short hydration process at 90% RH, the previously
small crystallites have since recrystallized to form large crystals. This observation is consistent with the
increased intensities of the (110) and (220) perovskite diffraction peaks (Figure 2), suggesting higher
crystallinity and a more preferential crystal orientation.
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Figure 3. SEM cross-section of photovoltaic devices with a MAPbI3 perovskite layer prepared with different
precursor ratios. Top figures show SEM cross-sections of freshly prepared devices and figures below show
the samples after exposure to 90% RH for 45 min before applying spiro-OMeTAD. The bottom images
depict a schematic representation of the morphology of the perovskite film before hydration with an inset
showing the hypothesized crystal surface termination for the perovskite grains at an atomic level. We note
that water will be removed from these films by the SEM evacuation process.

These results strongly indicate that the precursor ratio during the perovskite film formation affects how
water penetrates the perovskite crystals/films. We will discuss each case separately:
First, MAPbI3 films fabricated with a PbI2 excess exhibit markedly slower degradation dynamics and no
immediate formation of hydrated perovskite species. We consider two possible mechanisms by which the
initially PbI2 excess protects the perovskite against moisture: (I) a PbI2 layer at the grain boundaries
functions as a barrier against water infiltration, and/or (II) the excess of PbI2 facilitates the termination of
the perovskite crystals with lead and iodine atoms, preventing water ingress into the crystals. The first
argument considers that, unlike MA+ ions in MAPbI3,[19] PbI2 lacks strong hydrogen-bonding interactions
with water molecules and therefore can be considered as a passivation layer. The second option is in
agreement with computational studies performed by Mosconi et al.,[40] where the authors predict that
7

PbI2-terminated perovskite crystals are more robust against moisture-induced degradation than MAIterminated surfaces. They also show that defects in the PbI2-terminated slab are the initiation point for
degradation of the perovskite, from which cavities can grow by gradual ingress of water molecules,
allowing further decomposition of the perovskite. For clarification we illustrated these hypotheses
schematically in Figure 3.
Second, stoichiometric MAPbI3 films show relatively fast formation of PbI2 and CH3NH3PbI3·H2O upon
exposure to a high level of humidity. SEM cross-section images (Figure 3) do not display any significant
difference in crystal size between the stoichiometric and PbI2-excess films, which is in agreement with
literature.[25] This indicates that the faster degradation of the stoichiometric films is not merely the result
of an increase in total grain surface which is exposed to humidity. It is noteworthy that the PbI2 obtained
as a result of degradation does not seem to protect the perovskite against humidity-induced degradation
in the same way as the PbI2 excess which was added to the precursor solution.
Third, the XRD patterns of the MAI-excess films exhibit a remarkable increase in the (110) and (220)
reflections of the perovskite phase without any signs of degradation during the first 60 min (Figure 4a).
Yang et al.[23] report the same increase in the respective XRD signals by annealing an MAI-excess MAPbI3
film in air under ambient conditions. The authors assign the reformation of the MAPbI3 crystals to the
diffusion of MA+ and I- from MAI reservoirs into the thermally created vacancies. The dynamic perovskiteformation process allows the growth of large grains with high crystallinity and strong orientation along
the (110) direction. We expect a comparable self-healing process to occur in our films during exposure to
humid air. The infiltrated water degrades the perovskite under the evolution of methylamine and HI which
are volatile and can escape the film. The MA+ and I- vacancies which are created as a result of the hydration
can be refilled by the excess MAI. According to computational studies by Tong et al. and Mosconi et al.,
MAI-terminated perovskite surfaces are prone to the infiltration of water molecules which can strongly
affect the perovskite structure.[40,41] With this in mind, we suggest that water molecules penetrating the
perovskite structure could increase the precursor mobility and allow the perovskite to recrystallize and
reorient during the first 60 min (Figure 4c). This is supported by the SEM images, verifying the significant
change in crystal morphology.
Figure 4b depicts the evolution of the (110) peak intensity relative to the (121) or (022) reflections with
increasing hydration time. The highest relative intensity for the (110) diffraction peak can be found after
50 min, followed by a steady decrease upon longer exposure times. The employed fabrication route of
the perovskite films already leads to a preferential orientation along the (110) planes. During the
moisture-assisted recrystallization, this dominating orientation seems to dictate the direction in which the
large crystals will emerge. Our observations indicate that, once the reservoir of excess MAI has been
consumed, no further reorganization of the perovskite film due to the self-healing process takes place and
degradation is initialized by the formation of the hydrated perovskite species.
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Figure 4. In-situ XRD measurements monitoring the hydration of a perovskite film prepared with a 5 mol%
excess of MAI. (a) XRD patterns of the perovskite film during the first hour of exposure to 90% RH. The
MAPbI3 peaks are labelled with green circles and the monohydrate peaks with purple diamonds. (b)
Relative intensities of the (110) perovskite peak (2 = 14.1°) over the (121) and (022) orientations (2 =
23.5 and 24.5°) as a function of time showing that the perovskite crystals become more oriented in the
first hour of exposure to 90% RH. The grey lines are drawn as a guide to the eye. (c) Schematic
representation of the change in morphology of the MAPbI3 crystals after the hydration/dehydration
treatment.

2.2 Effect of hydration on perovskite solar cells
In order to investigate the effect of precursor stoichiometry on the photovoltaic performance before and
after exposure of the MAPbI3 perovskite layer to moisture, we fabricated perovskite solar cells with the
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following planar device architecture: fluorine-doped tin oxide (FTO)/compact TiO2/MAPbI3/spiroOMeTAD/Au. We prepared different perovskite layers employing non-stoichiometric mixtures and the
same method as for the thin films. Consistent with reports by several other groups,[24,25] we found that a
small excess of PbI2 (2–10 mol%) in the perovskite precursor solution increases the photovoltaic
performance of the as-prepared devices (Figure S5). An optimized recipe using 5 mol% PbI2 excess results
in devices with an average PCE = 13.5% (Figure 5) compared to stoichiometric MAPbI3 samples (average
PCE = 11.4%). In contrast, we found that an excess of MAI is detrimental for the device performance,
resulting in power conversion efficiencies of only 4.7% on average, mainly due to a loss in short-circuit
current density (Jsc). UV-Vis absorption and spectroscopic ellipsometry measurements show that the
lower Jsc does not originate from a reduced absorption of the film, which was found to be comparable for
the different samples (Figure S6 and S7). We estimated the reported device characteristics from the
measured J-V curves obtained from the reverse scan (from Voc to Jsc). All as-prepared devices exhibit a
comparable degree of hysteresis between the forward and reverse scans (Figure S8 and S9).
To examine the effects of moisture on the films before they were fabricated into solar cells the perovskite
films were stored in air with a controlled humidity of 75% RH in a closed chamber at room temperature.
We note that the substrate underneath the perovskite film can influence the time-scale of hydration
effects.[31,42,43] For this reason, the time-scale of degradation in perovskite films prepared on
glass/FTO/TiO2 substrates is not directly comparable to samples on glass substrates. After the hydration
procedure, we transferred the samples to a nitrogen-filled glovebox and deposited spiro-OMeTAD as hole
transporting layer, followed by thermally evaporating 40 nm thick gold electrodes under high vacuum.
Our previous studies suggest that any monohydrate crystals which may have formed are likely to undergo
dehydration and reconvert into the perovskite phase during these low humidity processing steps (note
that this dehydration process will also have occurred for the films examined in the SEM in Figure 3).[17]
The photovoltaic performance of devices comprising stoichiometric and PbI2-excess films is slightly lower
after exposure at 75% RH for 1 h (Figure 5) relative to devices made from films that have not been exposed
to moisture. During this relatively short exposure, an additional ~5 mol% PbI2 was built up in the films as
a degradation product (Figure S10 and S11). We consider this to be the reason for the loss in performance.
Curiously, the PbI2 which originates from degradation does not seem to improve the photovoltaic
performance as we observed for the devices made by using a PbI2 excess in the film preparation. This
suggests that the PbI2 formed upon hydration has a different (and detrimental) spatial distribution or
orientation relative to the PbI2 excess which is added during the film preparation. It is known that PbI2
exhibits an anisotropic electrical conductivity, which could function as a barrier for charge carriers,
depending on the crystal orientation.[44,45] Upon longer exposure of the films to humidity (12 h), a further
decrease in the performance of the resulting devices for both types of samples indicates further
degradation. Despite the slower decomposition of the PbI2-excess sample in the in-situ XRD
measurements, we do not observe a large difference in the loss in performance between the
stoichiometric and the PbI2-excess devices.
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Figure 5. Photovoltaic performance of devices with different precursor ratios before and after hydration at
75% RH for different exposure times. The evaluation is based on the reverse J-V scans for a total of at least
18 individual devices for each type of perovskite film.
Remarkably, many of the devices comprising a perovskite layer prepared with an MAI excess exhibit
increased PCE values after hydration followed by dehydration. After only 1 h exposure to 75% RH, we
found a clear improvement of PCEs (Figure 5). This positive trend holds for even longer exposure times up
to 12 h, eventually resulting in hero(ine) cell efficiencies comparable to the best performing devices
derived from fresh stoichiometric or PbI2-excess perovskite films, with an excellent stabilized power
output (Figure S12 and S13). The increased performance mainly originates from an improvement in Jsc.
Our XRD and SEM results provide evidence that this improvement in device performance can be
correlated to the increase in crystallinity and reorientation of the perovskite crystals upon humidity
exposure (Figure S14).[46] Yang et al. also report high efficiency devices with excess MAI in the perovskite
layer after an air-annealing step to induce grain-coarsening and formation of large crystals.[23] Since the
annealing step was performed under exposure to air, it is possible that this reported process is also
moisture-assisted, which might be initiated already at room temperature. When the MAI-excess films are
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exposed for longer times and/or at higher levels of humidity (e.g. 48 h at 75% RH), the monohydrated
species of MAPbI3 is formed, which appears as transparent flower-like crystals on the film. The drastic
change in crystal morphology and structure is expected to result in pinholes and thus shunts, as well as in
a loss in optical absorption and conductivity in the monohydrate regions.[20] This could explain the
decrease in Voc and in the overall photovoltaic performance of the degraded MAI-excess devices prepared
in this study.
Despite the high PCEs that can be obtained by exposing MAI-excess films to humidified air, we note that
these solar cells suffer from a significantly broader distribution in PCE compared to the PbI2-excess
devices. Further optimization of the moisture-induced recrystallization (“solvent annealing”) process may
allow higher reproducibility and device efficiencies.
To further investigate the causes of the observed differences in solar cell performance for the different
precursor formulations, we analyzed the charge carrier lifetime and differential capacitance of the
devices. For the PbI2-excess and MAI-excess cases we also explored the influence of the hydration step.
The experimental protocol for these measurements is reported by O’Regan et al. and is also presented in
the supporting information for completeness.[47] In our analysis, the differential capacitance (dQ/dVoc
where Q is charge generated per unit area) is calculated from the solar cells’ electrical response upon
pulsed LED illumination. It is determined from the ratio between the Jsc during the pulse, dQ/dt (without
background light bias), and the initial positive slope of the open-circuit photovoltage transient, dVoc/dt, at
each background light intensity measured after stabilization (see Figure S15). This approach yields
capacitance values which account only for the movement of electronic charge, but we expect the quasi
steady-state distribution of ionic charge in the device to be different for each background light intensity.
For solar cells where the charge collection efficiency is less than 100%, this approach is prone to errors
since the photocurrent during a pulse will not represent the full charge generation rate. We present the
details of this limitation in the supporting information (Figure S16), where we also show that the
conclusions drawn from the comparison of different devices in the following paragraphs is still
representative and meaningful.
Figure 6a shows the differential capacitance versus Voc for all devices. In Figures 6b and 6c we present the
effect of hydration on carrier lifetime for MAI-excess and PbI2-excess samples respectively (data points
for the stoichiometric devices are also included).
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Figure 6. Optoelectronic transient measurements at different light intensities for stoichiometric, PbI2excess, MAI-excess, hydrated PbI2-excess and hydrated MAI-excess devices. (a) Differential capacitance
versus Voc. (b-c) Lifetime extracted from photovoltage transients at open-circuit versus differential
capacitance for (b) MAI-excess and (c) PbI2-excess solar cells. Different symbols with the same color
correspond to devices prepared with the same precursor ratio.
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The key observation from Figure 6a is that the MAI-excess devices show a significantly higher differential
capacitance as a function of Voc relative to the stoichiometric and the PbI2-excess devices. This difference
can be interpreted as a variation in the density of electronic states (chemical capacitance) of cells prepared
from different precursor solutions as a function of the Fermi level splitting in the device. The results can
be interpreted in two possible ways: (1) the active layers fabricated with an MAI excess result in films with
a higher density of traps states for a given Voc or (2) the shift in the capacitance versus Voc is related to a
change in the interfacial energetics. In case 2, a variation in the active layer composition could give rise to
dipole formation at the perovskite/TiO2 and perovskite/spiro-OMeTAD interfaces, resulting in a lower
effective built-in potential (Vbi) and reduced Voc for a given light intensity. While a horizontal shift to lower
Voc values would be expected in this case, a reduced Vbi cannot account for the difference in slope of
capacitance versus Voc for the MAI-excess devices. Therefore, explanation 2 is unlikely to be dominant. A
higher density of trap states corresponding to explanation 1 is consistent with the smaller crystal sizes
observed in these films.
Strikingly, hydrating (or moisture annealing) the MAI-excess films before completing the devices resulted
in capacitance versus Voc relations that closely match the stoichiometric and PbI2-excess cases. This
reduction in capacitance is consistent with the structural analysis and device performance trend described
in the previous sections. Figure 6a also shows that hydration of the PbI2-excess perovskite films does not
lead to a significant change in capacitance versus Voc and that both these devices approximately resemble
the behavior observed for the stoichiometric case.
Figure 6b displays transient photovoltage lifetimes as a function of differential capacitance for the MAIexcess devices with or without the hydration step. Photovoltage lifetimes are often used to assess the
relative recombination rate constants in devices,[48] however care must be taken interpreting the values
if the energetic distribution of electronic states varies between devices,[20] as is the case here. Once again,
the MAI-excess devices exhibit distinctly different behavior from the stoichiometric control. Analogous to
the data displayed in Figure 6a, the hydration step results in solar cells with remarkably similar
photovoltage decay times as a function of capacitance to the stoichiometric case. We note that changes
in interfacial energetics at the electrodes’ interface and Vbi between solar cells fabricated with different
precursor ratios would not significantly affect the lifetime versus capacitance characteristics, further
evidence that explanation 2 is unlikely. On the other hand, a difference in the degree of energetic disorder
within the film (explanation 1) could explain this observation. A higher density of trap states and
associated chemical capacitance could increase the observed photovoltage relaxation time constant
without significantly accelerating the charge recombination processes. This picture involves trap states
which do not act as fast recombination centers (similar to dye sensitized solar cells).[49] We hypothesize
that these traps may be present in MAI-rich regions surrounding the perovskite grains. These would inhibit
electronic charge transport in MAI-excess devices, resulting in decreased collection efficiency and
explaining the lower Jsc measured for these devices.
Finally, Figure 6c displays the trend of lifetimes observed for PbI2-excess samples. These devices show
longer lifetimes compared to the stoichiometric solar cells, consistent with the fractionally higher Voc
values. However, this difference is within statistical uncertainty. In a similar way to the hydrated MAI-
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excess samples, hydration of PbI2-excess devices yields a trend in lifetime versus differential capacitance
that closely matches the stoichiometric control.

Conclusion
In conclusion, we performed both in-situ XRD and optoelectronic measurements to reveal the effects of
moisture on MAPbI3 perovskite films and solar cells derived from non-stoichiometric precursor solutions.
Our findings indicate that the moisture stability of the perovskite film can be slightly improved by adding
an excess of PbI2 to the precursor solution. We assign the decelerated degradation process either to a PbI2
layer formed at the grain boundaries during film crystallization or to the termination of the perovskite
crystal with lead and iodine atoms, both of which would function as a barrier towards moisture ingress.
In contrast, perovskite films containing an initial MAI excess first recrystallize upon exposure to humidified
air at room temperature, resulting in large crystals with a preferential (110) orientation, before
degradation occurs. Solar cells comprising an MAI-excess film initially show poor photovoltaic
performance which we attribute to a high density of trapping states and energetic disorder in MAI-rich
regions at perovskite grain boundaries, inferred from differential capacitance measurements. These
states are likely to impede charge collection, explaining the lower Jsc in the fresh MAI-excess devices as
well as longer photovoltage decay times than the other devices. However, when these films are exposed
to moisture prior to applying the top electrodes, we observe an impressive improvement in PCE. We
attribute this to the recrystallization of the perovskite and a concomitant reduction in electronic disorder
to the level observed in the stoichiometric or PbI2-excess devices. Our results shed light on the role of
moisture in the processing and degradation of non-stoichiometric perovskite films, and indicate a
procedure in which water vapor can be used to improve the device performance by solvent annealing.
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We studied the effect of moisture on hybrid perovskite films and solar cells prepared from nonstoichiometric precursor solutions. A small PbI2 excess was found to decelerate moisture-induced
degradation compared to stoichiometric samples. MAI-excess devices with initially poor efficiencies
showed a remarkable increase in performance after exposure to moisture due to a recrystallization
process.
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Materials and Methods
X-ray diffraction (XRD) analysis of perovskite films were carried out in reflection mode using a Bruker D8
Discover diffractometer with Ni-filtered Cu Kα1-radiation (λ = 1.5406 Å) and a position-sensitive
semiconductor detector (LynxEye).
For the in-situ XRD measurements during the hydration process, a custom-made hydration chamber made
of X-ray transparent polymers with a total volume around 250 mL was utilized. The air humidity within
the hydration chamber was measured using a hygrometer and was held constant around 90% RH or 75%
RH by employing vials filled with pure water or saturated sodium chloride solutions. All experiments were
performed at room temperature (22  1 °C) without illumination.

Figure S1. Schematic representation of the hydration chamber.
In-situ XRD experiments during thermal annealing of the perovskite film were performed using a hot stage
controlled by the diffractometer under ambient conditions. We note that the result might differ from
experiments that are performed in the glovebox.
Extreme high resolution (XHR) SEM images were obtained using a FEI Helios Nanolab G3 UC DualBeam
Scanning Electron Microscope. The cross-section samples were freshly cut shortly before the
measurements to avoid film degradation after sample preparation.
Ultraviolet-visible (UV-Vis) absorption spectra were recorded using a Perkin Elmer Lambda 1050
spectrophotometer equipped with a 150 mm integrating sphere.
Spectrometric ellipsometry measurements were performed using a VASE-ellipsometer from J. A. Woollam
Co., Inc. equipped with AutoretarderTM. Optical spectra on thin films were recorded from ca. 0.9 eV to
3.1 eV, at five incidence angles for each sample (55°, 60°, 65°, 70°, 75°). The collected spectra were
analyzed using the WVASE 32 software from J. A. Woollam Co., Inc. A model of four critical points of the
joint density of states was introduced following the modelling and fitting methodology as previously
published.[1] The spectrometric ellipsometry measurement were performed at room temperature and low
humidity (<30% RH).
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J-V curves were recorded under ambient conditions with a Keithley 2400 source meter under simulated
AM 1.5G sunlight, with an incident power of approximately 100 mW cm -², which was corrected for the
exact light intensity using a Fraunhofer ISE certified silicon cell. The active area of the solar cells was
defined with a square metal aperture mask of 0.0831 cm2. The reported device characteristics were
estimated from the measured J-V curves obtained from the reverse scan (from Voc to Jsc) which was
recorded at a scan rate of 0.2 V s-1 after pre-biasing at 1.5 V for 5 s under illumination. All as-prepared
devices show a comparable degree of hysteresis between the forward and reverse scan (Figure S8 and
S9). The stabilized power output was measured by tracking the current at the maximum power point
(Figure S12). The devices were not pre-biased for this measurement.
External quantum efficiency measurements (Figure S13) were performed at short-circuit and referenced
to a Si photodiode (Hamamatsu). The device was illuminated using a white bias light (Solar light Co. Inc.
Model S16, 150W xenon lamp ~100 W m-2) and light from a 150 W Xe short arc lamp (LOT Oriel) was used
as probe light and modulated with a mechanical chopper (12 Hz) and passed through a monochromator
(Horiba MicroHR) to select the wavelength. The response was recorded using a lock-in amplifier (Ametek
Signal Recovery SR 7230 DSP) with a low-noise pre-amplifier (Femto DLPCA-200).

Film preparation for hydration studies
Glass substrates were subsequently cleaned with a 2% Hellmanex solution and rinsed with de-ionized
water, ethanol and acetone. Directly before spin-coating the perovskite film, the substrates were plasma
cleaned for 5 min. A 1.25 M precursor solution containing stoichiometric amounts of PbI2 (TCI, >98%) and
methylammonium iodide (Dyesol) in a N,N-dimethylformaid (DMF) : dimethyl sulfoxide (DMSO) solvent
mixture (1:4 vol/vol) was prepared. To obtain the solutions with a defined precursor excess, the required
amount of MAI or PbI2 was added to the stoichiometric solution, respectively. The solutions were spincoated dynamically (first at 1000 rpm for 10 s, followed by a second step at 5000 rpm for 30 s) onto the
substrate. After 25 s, chlorobenzene was added on top of the spinning substrate and afterwards the
substrate was annealed on a hotplate (first at 40 °C for 40 min, followed by a second step at 100 °C for 10
min).

Solar cell preparation
Fluorine-doped tin oxide (FTO) coated glass sheets (7 Ω/sq, Pilkington, USA) were patterned by etching
with zinc powder and 3 M HCl. The substrates were subsequently cleaned with a 2% Hellmanex solution
and rinsed successively with de-ionized water, ethanol and acetone. Directly before applying the hole
blocking layer, last organic residues were removed by an oxygen plasma treatment for 5 min. A compact
TiO2 layer was prepared from a sol-gel precursor solution by spin-coating onto the substrates and
calcination at 500 °C for 30 min in air. For the sol-gel solution a 27.2 mM solution of HCl in 2-propanol was
added dropwise to a vigorously stirred 0.43 mM solution of titanium isopropoxide (99.999 %, SigmaAldrich) in dry 2-propanol. After cooling down, the substrate was transferred to a nitrogen-filled glovebox.
The perovskite films were prepared as described above and hydrated as mentioned in the text. The hole
transporting material spiro-OMeTAD (Borun Chemicals, 99.5% purity) was applied on the perovskite film
in a glovebox using a 75 mg/mL solution in chlorobenzene to which 10 µl 4-tert-butylpyridine (tBP) and
30 µl of a 170 mg/mL bis(trifluoromethane)sulfonamide lithium salt (LiTFSI) solution in acetonitrile were
23

added. This solution was spin-coated dynamically at 1500 rpm for 45 s. The devices were stored overnight
under air at room temperature and <30% RH to allow the spiro-OMeTAD to oxidize. The top electrode
with a thickness of 40 nm was deposited by thermal evaporation of gold under vacuum (at ~10-6 mbar).

X-Ray diffraction measurements
XRD patterns before hydration

Intensity (a.u.)

PbI2 excess

Stoichiometric

MAI excess
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Figure S2. XRD patterns of the fresh perovskite films with different precursor ratios on glass. No significant
difference in intensity of the perovskite reflections is observed.
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Grazing-incident XRD patterns / locating the PbI2 excess

Figure S3. Grazing-incident XRD measurements on a PbI2-excess MAPbI3 sample. The (110) perovskite
reflection is indicated with the blue dotted line. The PbI2 peak (indicated with the red dotted line) is present
for all incidence angles. For incidence angles of 0.5° and lower, the penetration depth is smaller than the
film thickness indicating that the PbI2 excess is distributed throughout the entire perovskite film.
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Figure S4. Relative XRD peak intensity of the (001) PbI2 at 12.6° over the (110) peak of MAPbI3 at 14.1°
showing the difference in degradation speed.
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Photovoltaic performance
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Figure S5. Photovoltaic performance of perovskite solar cells related to the precursor ratio.
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Spectroscopy
UV-Vis measurements
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Figure S6. UV-Vis absorption spectra of MAPbI3 films prepared with different precursor solutions on glass.
The absorption profiles were obtained before and after storing the films at 75% RH for 1 h.
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Ellipsometry
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Figure S7. Optical constants (extinction coefficient, top; index of refraction, bottom) modelled from
spectroscopic ellipsometry data collected on thin films of MAPbI3 deposited on glass with different
precursor ratios. The data collected on a single crystal of MAPbI3 is given for comparison (dashed green
line).[1] The difference in absolute value between thin films and single crystal is attributed to the differences
in surface roughness, microscopic structure and orientation, and possible differences in the material’s
density. There may also be differences in scattering induced depolarization which cannot be analyzed with
our setup as we are not measuring the full Mueller Matrix. The reduced sharpness of the optical features
in MAPbI3 thin films prepared with 5% excess MAI is in agreement with the observation of smaller
crystallites and rougher film surface. We note a slightly excitonic nature of the bandgap in the 5% PbI 2excess samples which might indicate large grains in the film.
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Photovoltaic performance
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Figure S8. J-V curves of photovoltaic devices before hydration exhibiting hysteresis. Recorded under
simulated AM1.5G light, reversed and forward bias measured at 0.2 V s-1.
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Figure S9. JV-curves showing the hysteresis of photovoltaic devices with an MAI-excess after different
hydration times. Recorded under simulated AM1.5G illumination, reverse and forward bias measured at
0.2 V s-1.
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Figure S10. Photovoltaic characteristics of perovskite solar cells prepared without hydration of the
perovskite film and after hydration at 75% RH for different exposure times.
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Figure S11. XRD patterns of perovskite solar cells prepared without hydration and after 1 h hydration at
75% RH. The XRD patterns show that the exposure to moisture results in an additional ~5 mol% PbI2 in the
film for the stoichiometric and PbI2-excess film, while the (110) and (220) peak intensity of the MAI-excess
sample increases by a factor of two. The PbI2 formed as a degradation product does not improve the device
performance as was observed by adding 5 mol% PbI2 in the precursor solution, while the recrystallization
and orientation in the MAI-excess film results in an improvement of device performance.
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Figure S12. PCE and photocurrent over time for fresh stoichiometric and PbI2-excess devices and for the
hydrated MAI-excess (12h 75% RH) devices. Especially the MAI-excess devices shows a very stable power
output at the maximum power point.
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Figure S13. External quantum efficiency (EQE; black circles) of a representative device. The integrated
photocurrent density (red squares) of 20.4 mA cm-2 is in good agreement with the short-circuit current
denisty obtained from the JV curves.

Scanning electron microscopy

Figure S14. SEM cross-section of a photovoltaic devices with an MAI-excess after hydration for 12 hours at
75% R.H. The perovskite crystals have a size between 500-1000 nm after “solvent-annealing” in humid air.
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Optoelectronic transient measurements
Optoelectronic transients were performed on perovskite solar cell devices using the TRACER system
described in previous reports.[2]
Charge carrier lifetime measurements: transient photovoltage measurements were conducted by
applying a 10 μs red LED pulse on top of a background white LED bias light set to different intensities. A
monoexponential function was fitted to the tail of the voltage decay upon voltage baseline subtraction to
extract the charge lifetimes, τ (see Figure S15). All photovoltage decays were performed after leaving the
solar cell under the set light conditions for 100 s to allow stabilization of the Voc and slow moving/ionic
charge to reach a quasi-equilibrium distribution.

Figure S15. Optoelectronic transient measurements at different light intensities for a stoichiometric solar
cell. (a) Photovoltage transient (after baseline subtraction) at different background light intensities. (b)
Photocurrent measurement upon 40 μs red LED pulse.
Determination of differential capacitance: the differential capacitance at different bias light intensities
was calculated by considering the ratio between dQ/dt and dV/dt related to a LED red light pulse. dV/dt
was evaluated at the different light intensities by fitting a straight line to the initial rise of the photovoltage
transient. dQ/dt was evaluated by measuring the photocurrent resulting from illuminating the cell with
the red LED (driven under the same condition as the transient photovoltage) for 40 μs. The average value
of Jsc between 20 μs and 35 μs after switching on the LED was taken for this estimate (see Figure S15b). In
order to maximize the collection efficiency of the devices, this measurement was performed after
prebiasing the device at 1 V for 100 s.
Error associated to differential capacitance determination: As discussed in the main manuscript, the
analysis of the differential capacitance described above results in accurate estimates of the differential
capacitance only under specific circumstances. In the case that all charges generated by the LED pulse
contribute to the change in Voc during the photovoltage transient measurements and can be extracted
when performing a transient photocurrent measurement in the dark, then the method adopted in the
analysis displayed in Figure 6 would yield reliable estimates. Given that collection efficiency in these
devices is expected to be less than 100%, especially for the MAI excess samples, we proceed to discuss
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the validity of this method. An alternative approach to the analysis of these data is presented in Figure
S16. The figure is an analogous of Figure 6 in the main text. However, here the value of dQ/dt used to
calculate the differential capacitance has been set to be constant and equal to the maximum photocurrent
resulting from red LED illumination measured among all devices considered in our studies. Assuming now
that this were the value of charge excited in each of the device upon red light illumination contributing to
the observed transient photovoltage dynamics, the data points presented in Figure S16 would be a closer
estimate of the differential capacitance of the devices. It is clear from Figure S16 that the trends discussed
in the main text regarding Figure 6 are still valid in this case. We note that if the different values of
photocurrent measured for different devices upon red LED illumination were due to a difference in charge
generation (due for example to differences in absorption) or to recombination processes which prevent
the photogenerated charges from contributing to measurable changes in Voc during transient
photovoltage measurements, then the analysis presented in the main text would be a more accurate
description of the differential capacitance during photovoltaic operation.

36

Figure S16. Optoelectronic transient measurements at different light intensities for stoichiometric, PbI2excess, MAI-excess, PbI2-excess after hydration step and MAI-excess after hydration step devices. The
maximum transient photocurrent among all devices was used to measure dQ/dt and hence calculate the
differential capacitance (a) Differential capacitance versus open-circuit voltage; (b-c) Lifetime extracted
from photovoltage transients at open-circuit versus differential capacitance for (b) MAI-excess and (c)
PbI2-excess solar cells.
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