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Huang et al. capture the phase transformation of an archetypal perovskite from its

precursor stage to the final film upon thermal annealing as a function of relative

humidity by grazing-incident wide-angle X-ray scattering. Quantitative structural

analyses indicate that a moderate water content (�40% relative humidity)

effectively accelerates the crystal formation and enhances the texture orientation

of the film. These findings explicitly allow us to correlate improved device

performance with structural identity in terms of water incorporation effects.
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SUMMARY

The irreversible phase transition by water incorporation, along with
thermal decomposition, has long been thought to be the dominant
degradation pathway to deteriorate electronic and optoelectronic
properties of perovskite devices. However, comprehensive charac-
terization and insightful understanding of beneficial effect of water
incorporation remains scarce. Here, we capture the phase transfor-
mation of perovskite in situ from its precursor stage to the final film
upon thermal annealing as a function of relative humidity (RH) by
grazing-incident wide-angle X-ray scattering. Quantitative struc-
tural analyses show that a moderate water content (RH 40%) en-
hances the texture orientation of the perovskite. A consequence
of the guided water-incorporated treatment is that the unencapsu-
lated device, without any sophisticated instability-mitigation ap-
proaches, exhibits excellent tolerance to long-term, light soaking
and high-temperature aging, retaining more than 80% of the peak
power-conversion efficiency under constant 1-sun illumination or
heating at 65�C for more than 1,000 h, respectively.

INTRODUCTION

Organic-inorganic hybrid halide perovskite solar cells (PSCs) have received signifi-

cant attention because of their extraordinary optoelectronic performance, low

cost, and scalability.1–4 The power-conversion efficiency (PCE) of PSCs has rapidly

risen from 3.8% to 25.2% in less than a decade.5 Recently, new interest has arisen

in using perovskite photovoltaic technologies for broader sets of green-energy con-

version and storage applications. For example, the proposed concept of using PSCs

to drive water-splitting reactions for oxygen or hydrogen generation has opened a

new route toward efficient solar-energy conversion into fuels to address the chal-

lenging demands of energy and the environment in the world.6–9 The highly efficient

and scalable perovskite materials are the most-promising candidates to become

new-generation energy systems, leading the photovoltaic research arena. Despite

water incorporation being widely recognized as one of themajor driving forces in de-

composing perovskite crystal structure,10–15 extensive studies have shown that the

water-induced structural changes during the perovskite formation process have a vi-

tal role in the observed optoelectronic properties, performance, and long-term sta-

bility of devices.16–22 Hu et al.23 performed in situ grazing-incidence X-ray diffraction

(GIXRD) to elucidate the growth kinetics of perovskite films at different temperatures.

Eperon et al.19 used in situ ultraviolet-visible (UV-Vis) spectroscopy to monitor the

formation of perovskites during annealing in different relative humidities (RHs), in

which moisture exposure results in the high-performance of PSCs. In addition, Yin
Cell Reports Physical Science 2, 100395, April 21, 2021 ª 2021 The Author(s).
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et al.24 conducted scanning electronmicroscope (SEM) and atomic forcemicroscopy

(AFM) to characterize the film morphology after annealing at different RHs and

demonstrated that moisture assisted perovskite film growth and improved crystal-

linity. Even more appealing, some water-incorporated treatments promoted the

presence of the preferred crystal-orientation facet and increased grain sizes (usually

obtained via other nontrivial approaches), which led to improved carrier-transport

properties of the perovskite films required for effective light harvesting, carrier trans-

port, and device stability.25–27 Although a few attempts have been made to investi-

gate the morphological evolution of perovskite films, a comprehensive and decisive

understanding of the environmental influence (e.g., water intake) in the process of

thermal annealing has not yet been achieved, and it is critically important to further

improve optoelectronic device performance and lifespan.

Grazing-incidence wide-angle X-ray scattering (GIWAXS) is one of themost powerful

multimodal characterization techniques for high-resolution observations across mul-

tiple-length scales obtained within extremely short time spans.28 In this study, we

performed in situGIWAXS to systematically investigate the microstructure evolution

during the annealing process at different humidity conditions. It revealed the trans-

formation of crystalline perovskite materials over relevant timescales and moisture

levels to decipher the effect of water incorporation on both phase transition and

crystal structures during annealing. Our study suggests that the observation of crys-

tal engineering and an understanding of the evolution mechanism of crystal growth

in the presence of water molecules may provide comprehensive knowledge toward

manipulating the high quality of perovskite films and improving their photovoltaic

performance. Furthermore, the highly orientated perovskite devices fabricated at

a moderate humidity condition (RH = 40%) exhibited excellent shelf-life, thermal sta-

bility, and photostability, which suggests that this water-incorporated approach of-

fers a unique solution to the inevitable degradation issue during device operation.

To reflect the advanced nature of our stability design strategy more intuitively, we

compare it with the photostability from previous studies (see details in Note S1

and Figure S1).
RESULTS AND DISCUSSION

Phase transformation of the perovskite film-forming process

We first used in situ synchrotron high-energy X-ray diffraction (HE-XRD) measure-

ments in a pure-nitrogen heating atmosphere to study the structural evolution and

phase transformation of the planar MAPbI3-xClx perovskite film-forming process

(see details in Note S2 and Figure S2) as the baseline survey for the subsequent GI-

WAXS studies of the crystal formation process in the presence of water moisture. The

peaks at q z 0.86 Å�1 and z 1.10 Å�1 were attributed to a PbI2-solvent and

MAPbCl3-solvent complex (aquointermediate), respectively.29–32 The characteristic

behavior of the 1.10-Å�1 peak is very similar to that of the MAPbCl3 primary Bragg

peak reported by Zhou et al.33 As the N,N-dimethylformamide (DMF) (q z 1.5 Å�1)

continued to evaporate, high-ordered diffraction characteristics of the perovskite

crystals lattice plane dominated (q z 1.01 Å�1). The diffraction characteristics of

the perovskite crystals increased as the volume fraction of the crystals increased,

whereas the diffraction at 0.6 Å�1 decreased, implying that the intermediate forms

were transformed during the crystallization.23 Moreover, a weak peak emerging at

q z 0.9 Å�1 at approximately 95�C was attributable to the formation of PbI2, which

is consistent with the previous report.34 Considering the time frame of the perovskite

transformation process, 95�C was selected as the annealing temperature to be used

in the further in situ GIWAXS measurements.
2 Cell Reports Physical Science 2, 100395, April 21, 2021



Figure 1. GIWAXS profiles of planar MAPbI3-xClx mixed-halide perovskite

(A) Schematic diagram of the in situ GIWAXS experimental setups with temperature and relative

humidity (RH) control and the corresponding scattering geometry of GIWAXS measurement.

(B) 2D GIWAXS patterns at different stages of thermal annealing at 95�C in nitrogen with different

RH.
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For the traditional spin-coating technique, most of the precursor solution is ejected

during the spin-disk rotation, and the subsequent thermal annealing process begins

with the intermediated complex film, hindering the capture of the entire crystalliza-

tion process. To thoroughly capture in situ the evolutionary process at the very begin-

ning with the precursor solution, homemade humidity-control equipment was

integrated with on-line GIWAXS, as shown in Figures 1A and S3 (see details in exper-

imental procedures). The time evolution of the formation and the growth of the

perovskite crystallites were captured by in situ GIWAXS measurements at different

stages in the isothermal annealing process at 95�C in nitrogen with different RHs

shown in Figure 1B and Videos S1 and S2. With the increased annealing time, the

tetragonal (002) and (110) plane diffraction of perovskite around q z 1.01 Å�1 ap-

peared as a powder ring at a low RH (<40%) but turned into a highly textured diffrac-

tion at a high RH (R40%), indicating that the highly textured perovskite orientation

was inherited from the precursors in a high-humidity environment. With further
Cell Reports Physical Science 2, 100395, April 21, 2021 3



Figure 2. Effect of humidity on crystal formation and orientation in planarMAPbI3-xClx perovskite

film-forming process

(A) The diffraction intensity of the characteristic peaks of the perovskite precursor in nitrogen with

different RH in the early stage (initial solution) of formation.

(B) The peak intensity and the peak position of the characteristic peak at q z 0.86 Å�1 (PbI2-

complex) and q z 1.10 Å�1 (MAPbCl3-complex) in different RH.

(C) Schematic of the crystal structure change with and without water incorporation. Partially MA

cations are replaced by smaller H2O molecules to form hydrated phase in initial solution.

(D) Azimuthal profiles for the q z 1.01 Å�1 diffraction peak for perovskite fabricated in nitrogen

with different RH.

ll
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thermal annealing, a new diffraction powder ring, occurring at qz 0.9 Å�1, is attrib-

uted to PbI2. A certain degree of moisture (R40%) could significantly improve the

orientation of the perovskite crystallites during the annealing process. The two-

dimensional (2D) GIWAXS patterns of the perovskite precursors were azimuthally in-

tegrated to obtain one-dimensional (1D) profiles along the q axis as the plots of the

scattering intensity show in Figure 2A. Obviously, the PbI2-complex (q z 0.86 Å�1)

dominated at low-RH (<40%) conditions in the initial state of the solution, and the for-

mation of a MAPbCl3 complex was observed in a high RH condition (R40%). More-

over, the peaks of the MAPbCl3-complex around q z 1.10 Å�1 shifted to a higher

q with an increase in RH, corresponding to smaller lattice constants, as shown in Fig-

ure 2B. We propose a possible microscopic origin for the lattice deformation (Fig-

ure 2C), which can be attributed to some methylammonium (MA) cations being

replaced by smaller H2O molecules beneficial to the formation of hydrated phase

in its initial solution. To further characterize the orientation of perovskite crystallites

formed at different RHs, we plot azimuthal profiles of the X-ray scattering intensity

for the feature at q z 1.01 Å�1 in Figure 2D (i.e., intensity versus azimuth c, where

c is the azimuth of qz and qxy in scattering the vector polar coordinates, with positive

qz at c = 0� and positive qxy at c = 90�). We find that scattering intensity is initially

greatest close to c = 0�, and the diffraction rings of perovskite film grown at high

RH (R40%) have a stronger nonuniform intensity distribution in the azimuthal direc-

tion. The resulting scattering patterns reveal two major characteristics: (1) The films

prepared at low RH (<40%) exhibit more-isotropic powder rings, indicating consider-

able randomness in the three-dimensional (3D) orientation of the crystal domains;

and (2) the films prepared at high RH (R40%) exhibit more-textured features,
4 Cell Reports Physical Science 2, 100395, April 21, 2021



Figure 3. In situ integral GIWAXS profiles of the complete annealing process

(A–E) Image plots of the integrated scattered intensity (color scale) versus q and time in nitrogen with different RH conditions.

(F–J) The diffraction peak intensity of the characteristic peaks in nitrogen with different RH conditions. The peak intensities of perovskite (qz 1.01 Å�1)

and PbI2-complex (qz 0.86 Å�1) or MAPbCl3-complex (qz 1.10 Å�1) versus time during the film formation process were calculated with a Gaussian fit. A

vertical green dashed line is marked in each plot to define the boundary from stage I to stage II in the annealing process. Key colors: PbI2-complex

precursor solution, blue dashed circles in (A)–(C); MAPbCl3-complex precursor solution, red dashed circles in (D) and (E).
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implying a striking orientational dependence, and the crystal domains are preferen-

tially parallel to the substrate surface. These results suggest that the crystal orienta-

tion of the perovskite samples is largely dependent on the RH of the precursors.

Water incorporation mechanism of perovskite fabricated under moisture

To further analyze the transformation from precursor to perovskite, the contour plots

of the 2D X-ray diffraction (XRD) patterns in nitrogen with different RHs are shown in

Figures 3A–3E. The peak intensities of the perovskite phase (qz 1.01 Å�1) and PbI2
complex (q z 0.86 Å-1) or MAPbCl3 complex (q z 1.10 Å-1) versus time during the

film formation process were calculated with a Gaussian fit, as shown in Figures 3F–

3J. From these data, the process is best rationalized by two stages: stage I, a tran-

sition stage from the mixture of PbI2-complex or MAPbCl3-complex solution to a

solid mixture of intermediates; and stage II, a phase-transformation stage from inter-

mediates to crystalline perovskite, in which the randomly oriented (RH < 40) or
Cell Reports Physical Science 2, 100395, April 21, 2021 5
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textured-oriented (RH R 40%) perovskite phase begins to form, inherited from the

PbI2-complex or MAPbCl3-complex solution. The absence of a PbCl2 phase is

possibly a result of the ion exchange between Cl� and I� in the initial solution or

the fast intercalation reaction that forms the perovskite during deposition.33 Further-

more, the slow transformation process was observed in the low RH condition (<40%),

and the perovskite formation rate increases with increasing humidity. This observa-

tion of the entire process is well consistent with a previous report,35 in which the

moist nitrogen was used to rapidly trigger the crystallization into a cubic phase, re-

sulting in rapid crystallization to highly oriented crystallites. Nevertheless, when the

humidity was increased to more than 40%, the perovskite formation rate did not in-

crease further, probably because of the slower solvent evaporation at a high-RH

(>40%) atmosphere, thereby affecting the crystal formation. These stages of time

are summarized in Figure S4 and Table S1 and were calculated from the evolution

of the characteristic peak intensity through Boltzmann fitting.

From the detailed structural transformation of perovskite crystals, as revealed by the

in situ GWIAXS measurements, we conjectured that the formation of a stable, hy-

drated phase and lower stabilization energy in the subsequent annealing step is

one of the possible influential mechanisms. Meanwhile, the changes in the physical

and chemical thermodynamic properties of mixed solvents, such as the boiling

point, solubility, and vapor pressure, affect the orientation growth of the perovskite

crystals. The formation mechanism of high-RH (R40%) being different from that un-

der a low-RH (<40%) condition. As evidence, the transited color of perovskite fabri-

cated under a high-RH (R40%) condition was observed to be from light brown to

black, whereas the case under a low-RH (< 40%) environment was observed to be

from yellow to black, which certified that the content of MAPbCl3 in high-RH

(R40%) thin films was richer in comparison to that of the low-RH (<40%) thin films.

Moreover, according to previous reports, a halide exchange (Cl/I) process of

MAPbCl3 and methylammonium iodide (MAI) is located at the transition stage.

This halide exchange dominates the dynamic forming process of MAPbI3-xClx
film.32,33 These results imply that the highly textured MAPbI3-xClx films originate

from the intrinsically highly ordered structure of MAPbCl3, thus allowing the forma-

tion of MAPbI3-xClx films with high crystallization, as illustrated in Figure 4. We sus-

pect that the replacement process and the formation of the hydrated phase are due

to water incorporation into the precursor lattice through the hydrogen bonds be-

tween H2O and MA+ affecting the tilting of the [PbI6]
4� octahedra.36–38 The edge-

sharing, hydrated (MAPbI3-xClx)$n(H2O) phase is considered a zero-dimensional

network of isolated [PbI6]
4� octahedra, neutralized by surrounding MA+. The crystal

structure can be related to a distorted lattice consisting of [PbI6]
4� octahedra and

(MA$$$H2O$$$MA)2
4+ dimers. The monohydrate (CH3NH3PbI3$H2O) was reported

in previous literature to form metastable thin film.39 After solvent evaporation, it re-

covers from the yellow hydrated phase40 to black-phase perovskite. Therefore, we

deduce that the water moisture is either adsorbed on the surface and/or intercalated

inside the lattice that promotes the formation of MAPbCl3, which further endows the

formation of highly textured MAPbI3-xClx films by its halide-exchange process

(Figure 4).

Characterization of perovskite thin films fabricated under moderate moisture

The evolution of crystal size during the formation of perovskite is depicted in Fig-

ure 5A, where the lattice d-spacing can be calculated through Gaussian fitting dur-

ing the annealing process (Figure S5). The full width at half maximum (FWHM) of the

(002) (out-plane) and (110) (in-plane) peaks of the perovskite film fabricated in a dry-

nitrogen condition decreased slowly in the first 20 min and then remained almost
6 Cell Reports Physical Science 2, 100395, April 21, 2021



Figure 4. The effect of H2O molecules on perovskite precursor

Schematic illustration of the structural evolution of the perovskite induced by water incorporation through hydrogen bonding between MA+ and

hydrogen atoms. Three distinct evolutionary stages from the precursor initial solution, halide exchange process (stage I) to the complete crystal

formation with preferred orientation (stage II) but before the further thermal decomposition of perovskite crystals occurs at the later stage.

ll
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unchanged in the following 2 h. The decreased FWHM in the dry-nitrogen atmo-

sphere was still higher than the one fabricated in moist nitrogen, indicating a larger

perovskite grain size obtained in moist nitrogen. The d-spacing increased with the

time of thermal annealing and the increase of RH, implying that the lattice constants

of the perovskite also depend on precursor humidity. These results suggest the wa-

ter not only induces the formation of highly textured perovskite but also promotes

domain growth. To evaluate the crystallite size (the coherent domain size of the

diffraction) and the strain distribution, we performed a detailed structural analysis

by employing an integral breadth (IB) analysis with pseudo-Voigt fits41,42 (see details

in Note S3, Table S2, and Figure 5B). The coherence length, which describes

the average crystallite size, was calculated from the slope of the linear fit in the

Halder-Wagner plot. From the line profile analysis, we observed a reduction in the

y intercepts and, thus, a decrease in the microstrains, along with a reduction in

the slope that resulted from an increase in the average crystal domain size. That sug-

gests that a moderate moisture level (�40%) could significantly increase the perov-

skite crystal domain size during the annealing process. Figure 5C summarizes the

FWHM of the perovskite (002) and (110) peaks, crystal orientation, the coherence

length (crystal domain size), and the average grain size of the perovskite fabricated

in a nitrogen atmosphere under various RH conditions. Combined with the in situGI-

WAXS results, we designated RH 40% as the best thermal annealing condition for

fabrication of perovskite films, which was in line with previous reports.16,22

Other than that for crystal structural properties, the influences of water incorporation

on the optical properties and themorphology of perovskite thin films were also care-

fully investigated by a suite of characterizations. According to UV-vis spectroscopy

and steady-state photoluminescence (PL) spectra (Figure 5D), this bandgap of all

films fabricated in a nitrogen atmosphere under various RH conditions is the same

as the one in the RH 0% reference, indicating that moisture does not alter the elec-

tronic structure of the perovskite films after thermal annealing. Although these basic

optical properties of all films are similar, time-resolved PL (TRPL) results (Figure 5E)

reveal a significant difference in the lifetime of free-charge carriers. The TRPL kinetics
Cell Reports Physical Science 2, 100395, April 21, 2021 7



Figure 5. Structural-, morphological-, and optical-property characterizations of perovskite thin films

(A) FWHM of the perovskite (002) out-of-plane and perovskite (110) in-plane direction peaks.

(B) IB analysis using Halder-Wagner plots, in which b is the IB of the diffraction peak, and S is defined as S = q/2p.

(C) FWHM of the perovskite (002) and (110) peaks, crystal orientation at the azimuthal-angle c = 9� (see Figure 2D), coherence length, and the perovskite

average grain size calculated from SEM images in nitrogen with different RH conditions.

(D) UV-vis absorption spectra and steady-state PL spectra.

(E) TRPL spectra with a log scale for the y axis.

(F) The evolution of the relative content of the PbI2 phase in the perovskite film, expressed as the ratio of the X-ray diffraction peak areas for the PbI2 and

the perovskite signals; the results are for films stored in an RH-50% environment under controlled temperature of 25�C for 720 h, which then had an

increased temperature to 50�C for the rest of the test.

(G) Top-view SEM images of perovskite films, comparison of grain size as a function of processing humidity obtained for 0% to 50%. At RH 50%, some

pinholes appear at or near the polycrystalline grain boundary area. Scale bars, 500 nm.
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data are summarized in Table S3. The shortest carrier lifetimes were observed at RH

0%, suggesting that moisture decreased the perovskite crystal defects and

suppressed non-radiative recombination simultaneously, giving rise to an enhanced

carrier lifetime.43–45 From the SEM images (Figures 5G and S6), we find that the

perovskite annealed in humid nitrogen atmosphere is not only composed of many

crystal domains preferentially parallel to the substrate but also has larger average

grain sizes. Nevertheless, when the RH was increased to more than 40%, the grain

size did not increase further, and some defects emerged that affected the roughness

of the perovskite (Figure S7), probably because of the strong hydroscopic nature of

CH3NH3X.
46 As the highly hygroscopic CH3NH3X salts are exposed to moisture, the

perovskite structure tends toward hydrolysis, undergoing irreversible degradation

or decomposing back into its precursors.40 We further examined the grain-size

enhancement of perovskite fabricated under moist condition. Based on classic

nucleation and grain growth theory, a ‘‘heterogeneous’’ nucleation process
8 Cell Reports Physical Science 2, 100395, April 21, 2021
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accompanies grain growth in 3D, following the Volmer-Weber growth mode in inert

condition.47 The grain size depends on the nucleation rate (N) and the growth rate

(G), following the equation: ZS = 1:1,ðN=GÞ0:5; where ZS is the number of grains

per unit and is inversely proportional to the grain size. In this study, we found that

the moisture in precursors was also able to control grain size by adjusting the nucle-

ation and grain growth rates simultaneously. Consequently, moderate humidity

accelerates the formation of perovskites (growth rate, G), which also collectively de-

creases ZS, suggesting that the H2O dramatically mediates the crystallization pro-

cess for perovskite materials. As shown from the SEM results (Figure 5G) and the

perovskite stability properties demonstrated in the next paragraph, the beneficial

effect of crystal orientation is much more pronounced than that of grain size,

implying that a bigger grain size cannot alone explain all the improved stability in

the perovskite films.

Device performance

We explore the stability of the perovskite films in an RH 50% environment under a

controlled temperature of 25�C for 720 h, which was then raised to a temperature

of 50�C for the rest of the test. During these aging tests, we monitored the UV-vis

spectra (Figure S8) of the perovskite and the relative content of the PbI2 via XRD

pattern (Figure S9), in which PbI2 is the main decomposition product from perov-

skites. Figure 5F summarizes the ratio of the XRD peak areas for PbI2 and the perov-

skite signals. Clearly, the perovskite film fabricated under high RH (R40%) has a

much lower PbI2 content than the other humidities, confirming the outstanding sta-

bility of this textured polycrystalline film, in which crystal domains are preferentially

parallel to the substrate surface. By virtue of the knowledge that the textured-ori-

ented perovskite phase (Figures 1 and 2) and larger grain size (Figure 5G) may

lead to highly efficient and stable solar cells, we fabricated a set of planar photovol-

taic (PV) devices with poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-

DOT:PSS) or poly[3-(6-carboxyhexyl) thiophene-2,5-diyl] (P3HT-COOH)48 and

fullerene as selective contacts on the hole and electron collector sides, respectively.

The current-density-voltage (J-V) characteristic curves are plotted in Figure S10 and

are obtained from the p-i-n photovoltaic devices under simulated AM1.5G with a 1-

sun equivalent intensity. Tables S4 and S5 summarize the corresponding figure-of-

merit parameters. The performance of these two devices followed similar trends.

The key trends were an increase in VOC and JSC as the RH is increased. We attribute

this device-performance improvement to the highly textured crystal orientation and

the larger grain size of the perovskite, which reduce the charge recombination asso-

ciated with the defect-assisted recombination.49–51 To quantitatively confirm the

reduced density of defects, we then characterize the evolution of the space-

charge-limited current as a function of bias voltage (Figure 6A). The current is pro-

portional to the square of the voltage (J f V2).52,53 The defect density is calculated

according to the following equation54: VTFL = e,Ndefects,L
2=ð2ε ,ε0Þ;where VTFL is the

trap-filled-limited voltage, e is the elementary charge, L is the thickness of the perov-

skite film, ε is the relative permittivity of perovskite, and ε0 is the vacuum permittivity.

The defect density (Ndefects) gradually decreased as the humidity increased. We es-

timate theNdefects to be 1.173 1016 cm�3 and 1.573 1016 cm�3 for the RH 40% and

RH 0% samples, respectively. The result indicates that the perovskite in the nitrogen

atmosphere under RH 40% has fewer defects, which is consistent with the discussion

above. We also conducted electrical impedance spectroscopy (EIS) measurements

(see details in Note S4, Table S6, and Figure S11) to investigate the influence of

charge recombination under various RH conditions. Moreover, we tested the device

response as a function of light intensities to understand the carrier recombination

process during device operation. The relationship between VOC and light intensity
Cell Reports Physical Science 2, 100395, April 21, 2021 9



Figure 6. Performance and stability of PSCs

(A) Charge extraction property analysis of the PSCs in nitrogen with different RH conditions.

(B and C) VOC versus light intensity (B) and normalized transient photovoltage decay curves (C) for devices fabricated under with different humidity.

(D) Evolution of normalized PCE of devices on continuous 1-sun illumination in a nitrogen atmosphere.

(E) Devices kept at 65�C in a nitrogen atmosphere.

(F) Normalized PCE of the PSCs as a function of storage time (50�C, RH 50%). All data were collected over 10 devices for statistics.
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is plotted (Figure 6B). A slope, K = 2:04,kB,T=q (where kB is the Boltzmann constant,

T is the absolute temperature, and q is the elementary charge), for the control device

(RH 0%) was obtained, whereas the humidity-treated device shows a much smaller

slope. It is known that a deviation of the slope from kB,T=q reflects defect-assisted

recombination in devices.49,55,56 We also derived the charge recombination from

the transient photovoltage decays measured at an open circuit.57 The lifetime (t)

of the RH 40% device was 39.96 ms (Figure 6C), substantially longer than that of

the control device (RH 0%, 2.36 ms). The longer lifetime is attributed to a reduced

defect density and, therefore, an inhibited charge recombination. These results sug-

gest that the charge recombination was effectively suppressed, and it further inhibits

the leakage current (Figure S12) while annealing in moist nitrogen, leading to the in-

crease in VOC and device performance.55,58

Superior photovoltaic stability of perovskite devices

To evaluate the stability of our improved perovskite devices, we performed a series

of investigations in un-encapsulated perovskite devices. The results of stability tests

under continuous 1-sun illumination or at a fixed temperature of 65�C in a nitrogen

atmosphere are shown in Figures 6D and 6E. Under photo stress, the RH 40% de-

vices reassuringly exhibited a long lifetime under 1-sun solar intensities, retaining

more than 80% of its initial PCE after 1,100 h. In sharp contrast, the PCE of the control

device (RH 0%) degraded to approximately 80% of its initial value within the first 30

h. After that, it progressively degraded at a very slow rate over the following 300 h,

and then saturated at approximately 20% of its pristine value. After photo stress, the

AgI contaminant will alter the work function and the electron collection efficiency of

Ag electrode that deteriorates device performance (see details in Note S5 and
10 Cell Reports Physical Science 2, 100395, April 21, 2021
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Figure S13). On the other hand, a significant enhancement in thermal stability of

perovskite annealed in nitrogen atmosphere was also proven. The RH 40% device

showed excellent thermal aging and preserved 80% of its pristine PCE value after

1,200 h. In contrast, the RH 0% device only exhibited a short T80 lifetime in less

than 150 h and then degraded swiftly to nil within �500 h. Finally, we probed the

storage lifetime of devices in an environment with humidity of approximately 50%

and at a temperature of about 50�C for 360 h, which was then raised to 60�C for

the rest of this test (Figures 6F and S14). The evolution of the PCE shows that a

RH-40% device exhibited significantly enhanced long-term stability. The lifetime

of un-encapsulated PSCs fabricated under RH-40% cells in environmental conditions

of RH 50% at room temperature (298 K) can be estimated to be 7,836 h or approx-

imately 326 days (see details in Note S6, Tables S7 and S8, and Figures S15 and S16).

The results demonstrate that both photo- and thermal- stability of the PSCs fabri-

cated in an atmosphere of moisture is greatly improved, which is mostly attributed

to high-quality/oriented perovskite crystals and a suppression of defect formation

(Figure S17). Comparisons of the photostability in the PSCs between previous

studies and the present study are summarized in Figure S1. Explicitly, our simple wa-

ter-incorporated approach (at a mild RH = 40%) sustains the device photostability as

well as those nontrivial instability-mitigation approaches (e.g., ion insertion, com-

posite additive, grain boundary reduction, and passivation layer) for the well-known

unstable MAPbI3 halide perovskite.

In summary, this study uses in situ synchrotron X-ray characterization to explicitly

reveal the material transformation and crystallization process of perovskite films dur-

ing annealing over various RHs and timescales. Water incorporation exhibits a signif-

icant promoting effect on grain size and on transformation rate. We identified the

water-content dependence of the perovskite crystal orientation, lattice constant,

grain size, and transformation rate during annealing. The perovskite crystal displays

a preferred orientation, a fast-annealing rate, and the largest grain size when anneal-

ing in nitrogen with 40% humidity. Clearly, our work presents an insightful under-

standing into the water incorporation effect of perovskite films during the annealing

process. Importantly, we introduce a facile and efficient method of preparing high-

quality perovskite thin films that deliver good performance and have high photo and

thermal stability.

EXPERIMENTAL PROCEDURES

Research availability

Lead contact

Request for information can be directed to the lead contact, Dr. Wei Chen (wchen@

anl.gov).

Materials availability

This study did not generate new material structures.

Data and code availability

This study did not produce new code. All data associated with the work can be found

in the article or supplemental information and are available from the authors upon

reasonable request.

Materials

P3HT-COOH with a weight-averaged molecular weight (MW), a polydispersity in-

dex, and a regioregularity of 59,000 g/mol of 2.4 and 91%, respectively, was pur-

chased from Rieke Metals and was used as received. PEDOT:PSS (Clevious PVP AI
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4083) was purchased from Sigma-Aldrich and was used as received. DMF (extra dry,

99.8%; Acros Organics), PbCl2 (ultra-dry, 99.999%; Alfa Aesar), hydroiodic acid (HI;

57% in water; Sigma-Aldrich), methylamine (40% in methanol; Junsei Chemical), di-

ethyl ether (ether for high-performance liquid chromatography [HPLC], R99.9%;

Sigma-Aldrich), [6,6]-phenyl-C61-butyric acid methyl ester (PCBM, 99.5%; Nano-

C), chlorobenzene (CB; anhydrous, 99.8%; Sigma-Aldrich), polyethylenimine (PEI;

average MW �25,000, branched; Sigma-Aldrich), and methanol (anhydrous,

99.8%; Sigma-Aldrich) were used as purchased. All other reagents and solvents

were purchased from Across, Alfa Aesar, and Sigma-Aldrich without further

purification.

MAI synthesis

MAI was synthesized by reacting HI (40 mL) and methylamine (40 mL) in a 250-mL

round-bottom flask at 0�C for 4 h with stirring. The precipitate was recovered by

evaporating the solvents at 50�C for 1 h with a rotary evaporator. To purify the

MAI, the products were first washed with diethyl ether, and then dissolved in meth-

anol, recrystallized from ether, and finally dried at room temperature in a vacuum

oven for 1 day.

Material characterization

UV-vis absorption spectra were recorded on a JASCO V-670 spectrometer

(JASCO, Hachioji, Tokyo, Japan) with integrating spheres (JASCO, ILN-725). The

steady-state PL spectra were measured with an Edinburg PLS 920. TRPL decay

curves were obtained with a time-correlated single photon counting (TCSPC)

setup. The samples were illuminated with a 485-nm laser head (LDH-P-C-485;

PicoQuant) controlled by picosecond pulsed-diode laser driver PDL 800-B (Pico-

Quant) at a frequency 2.5 MHz, with a pulse duration of 400 ns and fluence of

�25.4 mW/cm2. The PL signal was collected with an ultra-low noise single-photon

avalanche detector (ID-100-50; Becker & Hickl). For the damp-heat test, the encap-

sulated perovskite samples fabricated in nitrogen with different RHs were placed in

an environmental chamber (TEN-H40, temperature: 0–100�C G 1�C, humidity:

25%–95% G 3%; Tender Scientific) at the pre-set RH and temperature. The crystal-

line phases were investigated by an X-ray diffractometer on a Bruker D8 equipped

with Cu–Ka radiation. SEM images were taken with a Hitachi S-4800 SEM micro-

scope at 10 kV. The instrument of transient photovoltage (TPV) contains an oscil-

loscope, a function generator, and 530-nm green and white light-emitting diodes

(LEDs). A green LED can provide a pulsed light. The light falling time is about 1 ms.

The intensity of the white light can be adjusted from 0 to 1.6-sun. The intensity of

the green LED can be adjusted from 0 to 45 mW/cm2. For measurements, the

oscilloscope was controlled at 1 MU internal impedance, which was used to mea-

sure the voltage drop across the device.

Device fabrication

Indium tin oxide (ITO; 7 U/square; Solaronix)-coated glass substrates were cleaned

with undiluted Alcanox soap and vigorous rubbing using a foam swab for about

20 s on each side. Then, the glass substrates were cleaned sequentially by sonicat-

ing with water, acetone, and isopropanol and treated with UV-ozone for 15 min.

PEDOT:PSS, as a hole-transporting material (HTM), was spin-coated on the pre-

cleaned ITO glass substrates at 4,000 rpm for 30 s and then annealed at 150�C
for 20 min in a vacuum oven. P3HT-COOH as an HTM with 0.1 mg/mL in DMF

was deposited on top of the pre-cleaned ITO glass substrate by self-assembling

technology for 16 h, which was then heated at 140�C for 10 mins.48 Perovskite

films were prepared in a nitrogen-gas-filled glovebox; the perovskite precursor
12 Cell Reports Physical Science 2, 100395, April 21, 2021
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solutions were prepared by mixing PbCl2 and MAI and adding DMF to form

concentrations of 0.8 mol/mL PbCl2 and 2.4 mol/mL MAI. Before being spin-

coated, the perovskite precursor solutions were stirring at 60�C for 8 h.

Afterward, the perovskite precursor solutions were spin-coated on top of ITO/

HTM at 1,500 rpm for 100 s, then dried in glovebox and transferred to an

Advanced Photon Source (APS) beamline for in situ GIWAXS experiment. For

the device, the precursor film was annealed at 95�C for 90 min in a nitrogen glove-

box at different RHs. PCBM in CB (25 mg/mL) was deposited on top of the perov-

skite film as an electron-transport material by spin-coating at 1,000 rpm for 50 s.

PEI in methanol (0.1 wt.%) was spin-coated on top of the PCBM at 4,000 rpm for

30 s. Finally, a 100-nm silver layer, as the counter electrode for the PSCs, was ther-

mally evaporated under high vacuum.
Device characterization

The photovoltaic performance measurements were conducted under 100 mW/cm2

with a Xenon-lamp-based solar simulator (AAA, SS-F5-3A; Enli Technology). The

light intensity of the solar simulator was calibrated by a silicon solar cell (SRC2020;

Enli Technology). J-V characteristics were recorded with a Keithley 2400 source me-

ter from 1.1 to�0.1 V with a delayed time of 10ms for each voltage step (0.01 V). The

active area of the devices was defined by a metal mask with an aperture of 0.09 cm2.

For the photostability test, the unencapsulated devices were placed under constant

AM1.5G 1-sun illumination with a white LED lamp (LSH-7320; Newport, Bozeman,

MT) in a nitrogen atmosphere. Their J-V curves were periodically monitored by a

Keithley 2400 source meter.
HE-XRD measurements

In situ synchrotron HE-XRD heating measurements were performed at the 11-ID-C

beamline of the Advanced Photon Source (APS) at Argonne National Laboratory

(ANL). High-energy X-rays of 0.11165-Å wavelength were used to obtain 2D diffrac-

tion patterns in the transmission geometry with a PerkinElmer large-area detector

placed downstream at 1.6 m away from the sample, integrating with a Linkam

THMS600 thermal stage to control the solution temperature.
GIWAXS measurements

The in situGIWAXSmeasurements were performed on a beamline 8-ID-E at the APS,

ANL, with critical analysis to obtain the real-time knowledge on the perovskite for-

mation and crystal growths. For GISAXS measurements, the wavelength and

incident angle of the incident beam were 1.6869 Å and 0.5�, respectively. A Dectris

Pilatus 1 M detector was placed downstream at 128 mm away from the sample to

collect 2D GIWAXS patterns. The RH in the cell was automatically controlled by tun-

ing the flow rate of dry and wet nitrogen gas according to the hygrometer feedback.

To record the exact annealing time and capture the whole crystallization process, the

sample holder has been heated to the annealing temperature before the sample was

in place.

SUPPLEMENTAL INFORMATION
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