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ABSTRACT: Controlled-humidity annealing represents a powerful
approach to modulate perovskite crystallization and film morphologies,
as appropriate moisture facilitates the crystallization process. However,
rapid crystallization during thermal annealing often produces randomly
oriented films, introducing electronic heterogeneity that compromises the
efficiency and stability of perovskite solar cells (PSCs). Herein, a moisture-
modulated stepwise temperature annealing (MSTA) strategy is developed
to enable good control over the crystallographic orientation of perovskite
films, providing an alternative to film orientation regulation that is typically
achieved with chemical additives or solvent chemistry engineering. Under
varying humidity levels, distinct moisture-coordinated intermediate phases
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direct preferential (220) and (111) crystal orientations. MSTA-processed, (111)-oriented PSCs achieve a high efficiency of 25.38%,
surpassing (220)-oriented counterparts (24.96%) while also demonstrating enhanced device longevity and comparable short-circuit
current density. This work provides the potential of moisture-assisted, thermally mediated perovskite crystallization in governing film
orientation, offering a promising pathway for air-processing perovskite films toward efficient and durable facet-dependent

photovoltaics.

1. INTRODUCTION

With tunable bandgap, excellent charge carrier mobility, and
long-range carrier diffusion, metal-halide perovskites have
emerged as pivotal photovoltaic semiconductors enabling
future energy technologies."”” The performance of perovskite
solar cells (PSCs) is closely linked to the crystal facets of the
perovskite active layer, as atomic arrangement and facet
coordination significantly influence carrier transport, surface
energy levels, and stability of perovskites.’” Studies have
reported that while the (110) and (111) facets exhibit
comparable optoelectronic properties, perovskites with a
dominant (111) orientation demonstrate superior moisture
tolerance compared to the (110)-oriented counterparts, owing
to stronger H,0O adhesion on the (110) surface.” Therefore,
perovskite films with preferential crystal orientations have
attracted significant attention for fabricating high-quality PSCs.
Solution processing is extensively utilized for fabricating
perovskite films, owing to the good compatibility with
perovskite precursors and the feasibility of fine-tuning solution
properties.”® However, controlling facet orientation in
polycrystalline perovskite films deposited via spin coating
remains a challenge due to rapid, uncontrolled crystallization.
The resultant perovskite morphologies with disordered lattice
orientations result in electronic heterogeneity with nonuniform
charge transport and severe defect stacking, compromising
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both power conversion efficiency (PCE) and device stability.”
Therefore, constructing perovskite film with a dominant
crystalline orientation is crucial for promoting charge transfer
in films and boosting the photovoltaic performance of PSCs.
Strategies like epitaxial §rov\r’th8_10 and seed- or template-
assisted crystallization'' ™" have successfully produced perov-
skite films with highly oriented facets, such as (100), (110),
(111), and (200). Comparative studies consistently show that
perovskite films with a preferred crystalline orientation deliver
improved device performance and stability, demonstrating the
critical role of oriented growth in advancing perovskite
photovoltaics.

Controlling the microstructure of perovskite crystals
involving intricate interactions among solvents, precursor
components, additives, and intermediate phases can directly
affect facet orientation and film morphology.14 For instance,
the synthesis of perovskite films with dominant (111)- and
(100)-oriented facets has been achieved by incorporating
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Figure 1. (a) Schematic illustration of the perovskite films treated with MSTA under ambient and controlled-humidity conditions. (b) XRD
patterns of perovskite films under control and MSTA conditions. (c) Intensity ratios of perovskite (111) and (220) planes with respect to the Pbl,
peaks tracked over different humidity levels (left panel) and annealing temperatures (right panel), calculated from XRD patterns. (d) Schematic
diagram illustrating the modulation of controlled crystalline orientation of perovskite films through moisture treatment and stepwise thermal

annealing.

isomeric alcohol antisolvents (e§, isopropanol and isobuta-
nol) in a spin-coating process. Alternatively, a ternary
solvent mixture (N,N-dimethylformamide/dimethyl sulfoxide/
N-methylpyrrolidone, DMF/DMSO/NMP) in place of con-
ventional binary system was employed to modulate crystal
facet orientation.'® By leveraging the distinct coordination
capabilities between the solvents and Pbl,, this approach
directs intermediate phase formation and regulates growth
kinetics, thereby promoting the preferential growth of (111)-
oriented perovskite films. Component engineering also offers
an effective pathway for controlling the crystal orientation of
perovskites, such as by regulating the methylammonium/
formamidinium (MA/FA) ratio to promote preferential crystal
growth along the (001) plane.'” In addition, extensive studies
have devoted to achieving facet-specific growth through
additive engineering. The introduction of surface-anchoring
alkylamines can lower the surface energy of the (100) facet via
alkylammonium ligand anchoring, maklng it thermodynami-
cally favorable during crystallization.””*" Similarly, incorporat-
ing organic ammonium salts into the Pbl, precursor solution
has proven effective in promotmg oriented perovskite growth
along the (111) direction.”” A variety of other addltlves,
including N- heterocychc compounds such as Elperldlne,
alkylphenanthroline,”* bipyridyl,” and others*®*” as well as
amidino-based”*™>° and amine—containing4’31 molecules, have
also been employed to selectively direct the growth of specific
facets such as (100) and (111) planes. However, many of
structural residues from additives incorporated into perovskite
films can render a potential threat to stability by introducing
heterogeneous microstructures that act as carrier recombina-
tion or degradation sites. Therefore, developing alternative
approaches to achieve preferential perovskite crystal growth
during solution deposition remains an urgent need for realizing
efficient PSCs.

Perovskite materials are highly sensitive to moisture, with
excessive moisture leading to the loss of organic cations and
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collapse of the inorganic framework, ultimately degrading the
performance of the perovskite films and devices.””* To
mitigate moisture-induced degradation, a range of additives
have been incorporated into perovskite precursors. These
include ionic liquids,”* polymers,”> and compounds containin:

hydrophobic moieties, such as alkyl ammonium halides,***

guanidinium salt,”® and acetamidinium salt.*’ Interestingly,
however, controlled amounts of H,O have also been shown to
positively influence perovskite growth and crystallization for
improving the photoelectric properties.””~*’ The introduction
of H,O alters the solution chemistry and can direct crystal
growth orientation. Recent studies indicate that adding H,O to
the antisolvent promotes preferential growth along the (111)
plane and refines surface morphology, attributing to the
formed nucleation sites to strongly bind H,0O molecules for
suppressing atomic assembly into (100) and (110) facets.™
Additionally, a H,O-rich solvent also facilitates the growth
orientation of perovskite films.** Specifically, the formation of
(100)-oriented CsPbL,Br films is enhanced through the
desorption of DMSO from a flexible PbL,-DMSO-H,0O
intermediate complex rather than from a more tightly
coordinated Pbl,-DMSO phase. Notably, solution-processed
metal-halide perovskite films typically require annealing under
a humidity-controlled condition (relative humidity, RH = 30—
40%), as appropriate moisture has been reported to be capable
of facilitating perovskite crystallization.**"” Hence, it is quite
interesting to investigate whether the cooperative effect of a
certain humidity and the annealing treatment promotes
preferential crystal orientation of the perovskites for improving
device efficiency and stability. However, significant efforts have
focused on understanding how humidity enhances crystal-
lization of perovskite films or on using chemical additives to
protect films from high humidity,*®"” studies that explore
humidity-modulated crystal orientation as an additive-free
strategy to enhance perovskite film and device performance are
crucial yet remain scarce.”

https://doi.org/10.1021/acs.jpcc.6c01538
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In this study, a moisture-modulated stepwise temperature
annealing (MSTA) process was developed to control the
crystal nucleation and growth of perovskite films. The MSTA
process involves two distinct stages: initially annealing the
spin-coated perovskite precursor film at a low temperature
under controlled humidity in ambient air, followed by high-
temperature annealing under a different specific humidity
(Figure 1a). The stepwise thermal annealing coupled with
controlled humidity enables facet-selective growth of perov-
skite films. However, to the best of our knowledge, the specific
manipulation of perovskite film orientation through gradient/
stepwise thermal annealing has not yet been reported, despite
the technique being well established for improving perovskite
film crystallization.”">* This approach promotes preferential
film orientation along the (220) and (111) crystal planes
without introducing facet orientation-related chemical addi-
tives, thereby facilitating the fabrication of facet-dependent
PSCs. Devices fabricated with (111)-dominated perovskite
films achieved a high PCE of 25.38%, accompanied by a
superior open-circuit voltage (Vc), a high fill factor (FF), and
a comparable short-circuit current density (Jsc) relative to
those of the (220)-dominated counterparts. Simultaneously,
the resultant unencapsulated PSCs based on MSTA-derived
(111)-oriented perovskite films also demonstrated improved
long-term stability, partially attributable to the enhanced
environmental resistance inherent to the (111)-oriented
films. This work provides a promising pathway for fabricating
high-quality, crystal-oriented perovskite films in advancing
high-performance facet-dependent PSCs.

2. EXPERIMENTAL SECTION

2.1. Materials

All chemical reagents and solvents were purchased from commercial
sources and used without further purification. TiCl, (purity: 99.9%)
was purchased from Aladdin (Shanghai, China). Lead iodide (PbL,,
99.999%), N,N-dimethylformamide (DMF, 99.9%), dimethyl sulf-
oxide (DMSO, 99.9%), chlorobenzene (CB, 99.9%), and acetonitrile
(ACN, 99.99%), were obtained from Sigma-Aldrich. Formamidinium
iodide (FAL 99.8%), cesium iodide (CsL, 99.98%), methylammonium
chloride (MACI, 99.99%), 2-phenylethylammonium hydroiodide
(PEAI), tert-butylpyridine (tBP), libis(trifluoromethanesulfonyl)-
imide (Li-TFSI, 99%), 2,2',7,7'-tetrakis[ N,N-di(4-methoxyphenyl)-
amino]-9,9’-spirobifluorene (Spiro-OMeTAD, 99.99%), fullerene
(Cg), and 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP)
were purchased from Xi’an Yuri Solar Co., Ltd.

2.2. Device Fabrication
FTO/ETL Preparation. F-doped SnO, (FTO) substrates were

ultrasonically cleaned sequentially with detergent, deionized water,
ethanol, and deionized water for 15 min each. Prior to TiO,
deposition, substrates underwent UV-ozone treatment for 30 min to
achieve hydrophilic surfaces. The TiO, electron transport layer (ETL)
was prepared by mixing titanium tetrachloride (4 mL) with deionized
water (200 mL) under stirring to form a TiO, precursor solution.
FTO substrates were then immersed in the 70 °C TiO, precursor
bath for 40 min to deposit TiO, thin films. Subsequently, the TiO,-
coated substrates were rinsed sequentially with water—ethanol—water
and scrubbed on the glass side with ethanol—water solution to
maintain optical transparency. Before perovskite spin-coating, FTO/
TiO, substrates received an additional 30 min UV-ozone treatment to
enhance wettability.

Perovskite Layer Fabrication. A 1.54 M
FAgsMAy Csg0sPbl, 45Cly s precursor solution was prepared by
dissolving 224.4 mg FAI, 742.0 mg Pbl,, 10.1 mg MAC], and 19.8 mg
Csl in mixed solvent of 1 mL DMF/DMSO (4:1 v/v). Perovskite
films were fabricated via a one-step spin-coating process: In a N,-filled
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glovebox, 37 uL of precursor solution was spin-coated onto FTO/
TiO, substrates at 4000 rpm for 18 s, with 985 uL of diethyl ether
dispensed as an antisolvent at approximately 6 s into the spin-coating
process. The spin-coated wet films on FTO/TiO, substrates were
then subjected to two distinct annealing protocols to obtain
perovskite films: (i) Continuously annealing at constant humidity:
the spin-coated films were annealed continuously at 100 °C for 1 h in
a homemade humidity-controlled chamber (a schematic illustration of
the chamber shown in Figure S1). Different relative humidity (RH)
levels were tested (<10% RH, 30 + 2% RH, 50 + 2% RH, and 70 +
2% RH). (ii) MSTA strategy: the spin-coated films were first annealed
at lower temperature (40, 60, and 80 °C) under controlled humidity
in an ambient-air environment until immediately prior to black
perovskite phase formation. Subsequently, the resulting films
underwent a second annealing step at high-temperature annealing
of 100 °C under a fixed humidity of 30 + 2% RH for 1 h.

Passivation Layer Deposition. A passivation solution was
prepared by dissolving 4.5 mg of PEAI in 1 mL of anhydrous
isopropanol (IPA). After perovskite film was cooled, the PEAI
solution was spin-coated onto the perovskite layer at 4000 rpm for 30
s, followed by annealing at 100 °C for 3 min.

HTL Deposition. Spiro-OMeTAD was chosen as the hole
transport layer (HTL) due to its suitable valence band position and
solution processability. The Spiro-OMeTAD solution was prepared
by dissolving 72.3 mg of Spiro-OMeTAD, 26.6 uL of tBP, and 18 uL
of Li-TFSI solution (520 mg mL™" in ACN) in 1 mL of CB. After
deposition and cooling of the passivation layer, the Spiro-OMeTAD
solution was spin-coated at 4000 rpm for 30 s onto the PEAI layer.

Counter Electrode Fabrication. A gold electrode with thickness
of 60 nm was deposited onto the Spiro-OMeTAD layer by thermal
evaporation under a vacuum of approximately 4 X 107* Pa at a speed
of 0.5 A s™" to complete the fabrication of PSC.

2.3. Film and Device Characterization

The morphology of the perovskite films was characterized using field-
emission scanning electron microscopy (SEM, Hitachi S-4800) and
atomic force microscopy (AFM, FM-Nanoview 1000). Surface
potential mapping was performed using Kelvin probe force
microscopy (KPFM). The film crystallinity was analyzed by X-ray
diffraction (XRD, D8 Advance Bruker). Optical absorbance spectra
were recorded with a UV—vis spectrophotometer (UV-2600). Steady-
state photoluminescence (PL) spectra were acquired using an FLS980
fluorescence spectrometer under 405 nm excitation. Carrier behavior
within perovskite films was investigated through time-resolved
photoluminescence (TRPL, FLS980). In situ PL spectra were
collected using the FLS980 system with 405 nm excitation light
(Lanhai Science Instrument RS-232). The surface chemical environ-
ment of the perovskite film was examined with X-ray photoelectron
spectroscopy (XPS, Thermo Fisher Scientific ESCALAB 250Xi).
Electrochemical impedance spectroscopy (EIS) and Mott—Schottky
analysis were carried out using an impedance analyzer (Hioki
IM3570). For Mott—Schottky analysis, capacitance—voltage (C—V)
measurements were performed by sweeping the applied voltage from
0 to 1.5 V at a fixed frequency of 1 kHz with an AC amplitude of S0
mV.

The current density—voltage (J—V) scanning was performed under
simulated AM1.5 G illumination (100 mW-cm™) produced from a
xenon lamp solar simulator, calibrated with a certified Si reference cell
from the National Institute of Metrology. J—V curves were recorded
using a Keithley 2400 with a scanning speed of 0.06 V-s™' (—0.1 to
1.3 V). The device active area, defined by a shadow mask, was
determined to be 0.076 cm® The external quantum efficiency (EQE),
dark J—V measurements for control, and MSTA-derived devices were
performed with an Enli Tech QE-R system under AC modulation.

3. RESULTS AND DISCUSSION

FAygsMA1CsgsPbl, 55Cly s perovskites with mixed A-site
cations and halides prepared using a one-step spin-coating
process were employed to study crystal orientation modulation

https://doi.org/10.1021/acs.jpcc.6c01538
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induced by MSTA. The ambient temperature throughout the
entire annealing process was maintained at 19 + 1 °C to
prevent ambient temperature fluctuations from affecting
absolute humidity. The methods for creating different
humidity conditions are shown in Figure S1 (Supporting
Information). Usually, the appropriate humidity at 30—40%
RH was reported to be conducive to the ambient annealing of
perovskite films for improving crystal growth and film
morphology.48’53 First, the spin-coated perovskite films
continuously annealed at different RH levels were conducted
for 1 h (Figure S2a, Supporting Information). X-ray diffraction
(XRD) measurements were performed to study the crystal-
linity of the perovskite films. Three dominant diffraction peaks
at 20.42, 24.67, and 40.85°, corresponding to the (110), (111),
and (220) planes of the a-perovskite phase, respectively,”*
were observed. In addition, a tiny peak at a 26 value of 13.22°,
which is assigned to Pbl,, was also observed in the XRD
pattern. Interestingly, when perovskite films were thermally
annealed at 100 °C with controlled humidity (~30% RH), a
prominent peak of (220) plane with relatively high intensity
was observed (Figure 1b, top panel, denoted as the control
film), indicating the formation of a distinct preferred crystal
orientation in the perovskite films. Increasing the RH values
during the annealing to ~50% was found to compromise the
preferred (220) crystal orientation of the perovskite film, as
indicated by an increased (111) peak and the emergence of
additional minor phases. A further increase to ~70% RH
results in a strong Pbl, peak, indicating either incomplete
perovskite phase formation or film decomposition. Similarly,
reduced humidity (<10% RH) is also detrimental to
crystallization quality of perovskite films (Figure S2c,
Supporting Information). Notably, XRD spectra demonstrated
that the perovskite film treated with continuous annealing at
~50% RH exhibited a stronger (111)-related peak compared
to the film annealed at ~30% RH (see Figure S3 for XRD
patterns of films subjected to continuous annealing at ~50%
RH and 60 °C). These results suggest that crystal orientation
can be regulated by employing the MSTA approach through
modulating humidity and temperature.

The spin-coated perovskite films under MSTA treatment
involved an initial annealing step at 100 °C under varying RH
levels for duration time of 15 s, followed by a main annealing
step at 100 °C for 1 h under a fixed ~30% RH. Subsequently,
to further control the orientation of perovskite films, the initial
annealing temperature at ~50% RH was lowered (Figure S2b,
Supporting Information). A corresponding increase in the
relative intensity of the (111) peak was observed with
decreasing temperature. When the temperature reached 60
°C in the initial annealing step, the XRD pattern was
dominated by the (111) peak, with the (220) and (110)
peaks being largely suppressed (Figure 1b, bottom panel,
denoted as the MSTA film). These results indicate that both
dominant (220) and (111) facet orientation in perovskite films
can be selectively obtained by the MSTA strategy (annealing
duration-dependent XRD patterns shown in Figure S4,
Supporting Information). Analysis of the XRD intensity ratios
of (111) and (220) diffraction peaks relative to the Pbl, peak
further confirms this orientation regulation. The perovskite
film treated with MSTA at 100 °C and ~30% RH exhibited a
maximum (220)/Pbl, ratio (Figure 1c, left panel), correspond-
ing to a dominant (220)-facet orientation. As the initial
annealing temperature decreased under controlled humidity of
~50% RH, the (111)/Pbl, ratio progressively increased while
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the (220)/Pbl, ratio decreased (Figure lc, right panel),
achieving a predominant (111) orientation at an initial
annealing step of 60 °C (Figure la, dependence of the
(111)/(220) diffraction intensity of MSTA-processed perov-
skite films on annealing temperatures and RH levels shown in
Figure SS, Supporting Information). These results clearly
indicate that the facet orientation of
FAjgsMA( Csg0sPbl, 4sCly ;s can be regulated from dominant
(220) orientation to a preferred orientation along (111) plane
using the MSTA approach. Comparative studies have shown
that the (111) crystal facet of perovskite film exhibits similar
optical properties with the (100)- and (110)-oriented crystals
but possesses superior hydrophobicity and charge transport
properties.”” In this study, perovskite films with (220) and
(111) orientations were successfully obtained, providing an
opportunity for investigation into correlation between the
relevant facet-dependent electronic properties and the
performance of devices.

XRD patterns revealed that the MSTA-modified film with
(111) orientation exhibited improved crystallinity compared to
the (220)-oriented counterparts, as indicated by a reduction in
the full width at half-maximum (fwhm) value (Figure S2c,
Supporting Information). Additionally, shifts in the XRD
characteristic peaks corresponding to the (220) and (111)
crystal planes under varying humidity levels suggest that the
moisture influences the distortion of the perovskite structure
(Figure S2c, Supporting Information). Figure S6 (Supporting
Information) illustrates the color evolution routes of the
MSTA-modulated perovskite films observed from the initial
annealing step. Compared to the control film annealed at 100
°C and ~30% RH, which rapidly turned black within 8 s, the
MSTA film processed at 60 °C and ~50% RH exhibited a
relatively slower color change, remaining brown over the same
period. This delayed color change, corresponding to a
prolonged phase-transition process, underscores the role of
the MSTA in modulating crystallization kinetics to facet
orientation under different humidity and temperature con-
ditions. The mechanism underlying the preferred facet
orientation induced by the MSTA strategy can be attributed
to combined influence of moisture and annealing temperature
(Figure 1d). During the initial annealing of the spin-coated
perovskite liquid/crystallization phase in ambient air, moisture
permeates the film and promotes crystallization by forming
H,O-involved intermediate complexes.” The low-temperature
annealing step slows down the solvent evaporation both in the
bulk and on the surface of the film, extending the nucleation
time for perovskites and providing a buffer for the rapid
crystallization of perovskite grains (Figure S6, Supporting
Information). The subsequent high-temperature annealing step
facilitates the removal of residual solvents and thermodynami-
cally drives crystallization toward completion. The moisture
present at varying humidity levels promotes the formation of
distinct H,O-involved intermediates, which subsequently guide
the preferential growth of perovskite films toward favorable
crystal planes. By extending the nucleation time window, the
MSTA process enables the formation of favorable crystal
nuclei, resulting in fabrication of a perovskite film with a
controlled crystalline orientation.

In situ photoluminescence (PL) spectroscopy was employed
to investigate the crystallization kinetics of perovskite films
processed with the MSTA strategy. To understand the
crystallization process during the initial annealing stage of
MSTA, which leads to preferential (220) and (111) facet
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Figure 2. 2D contour maps of in situ PL spectra of the (a) control and (b) MSTA-treated films. Evolution of (c, d) the PL intensity and (e) the
peak position for the control and MSTA-treated films, with data extracted from panels (a) and (b), respectively. (f) Steady-state and (g, h) time-
resolved PL spectra of the control and MSTA-treated perovskite films. The time-resolved PL data were presented without and with TiO, ETL

layers.

orientation, two sets of the spin-coated perovskite films were
processed: one annealed at 100 °C and ~30% RH (labeled as
“control”), and the other treated at 60 °C and ~50% RH
(labeled as “MSTA”). The corresponding in situ PL results
were presented as 2D contour plots in Figure 2a,b. The “0 s” in
the x-axis represented the time for beginning thermal annealing
of spin-coated perovskite films after dripping the antisolvent
(diethyl ether). After annealing, the PL signals nearly instantly
appeared at 770—790 nm. The annealing process can be
divided into three distinct stages according the in situ PL.
Stage I—rapid crystallization: Thermal annealing triggered
accelerated crystallization, accompanied by a rapid increase in
PL intensity.”” The control and MSTA-treated films reached
their first emission peaks at approximately 4 and 7 s,
respectively (Figure 2c,d). The slower increase of the PL
intensity in the MSTA film suggests that the combined effect
of elevated moisture and reduced annealing temperature
effectively retards the conversion from solvent complex to
perovskite crystal phases. This behavior may be associated with
the distinct intermediate phases that involve moisture.
Additionally, the MSTA film displayed a lower PL intensity
at the peak position during the initial annealing stage,
suggesting reduced nucleation density within films. Stage
II—dissolution: Under prolonged thermal annealing, both
films experienced rapid PL quenching after reaching the peak
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position, which was associated with the dissolution of
perovskite crystals on the film surface as the residual solvent
evaporated from bulk films.””*° Notably, the decay times to
the minimum peak intensity were approximately 6 s for the
control film and 13 s for the MSTA film, indicating a reduced
evaporation rate of solvents within MSTA-treated film. Stage
III—recrystallization: Continued solvent volatilization drives
further crystallization and grain coarsening, as indicated by the
progressive recovery of PL intensity. While the control film
showed a steep initial rise in PL intensity at the beginning of
stage III, the MSTA-processed film displayed a more gradual
increase, corresponding to an extended crystallization time
window. This prolonged duration provides a broader growth
window for the perovskite crystals on the surface to develop
preferential orientation, leading to a dominant crystalline
alignment along the (111) plane. It is noteworthy that
continued thermal annealing led to PL quenching in the
control film. This effect can be attributed to the continuously
increasing Urbach energy, a typical phenomenon that indicates
the gradual formation of defects in the perovskite micro-
structure.”® Corresponding optical images of spin-coated films
taken at various treatment durations during thermal annealing
under control and MSTA conditions revealed that, compared
to the control film, the MSTA precursor film required a
prolonged duration to achieve a comparable level of black
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coloration (Figure S7, Supporting Information). Thus, MSTA
processing modulates the nucleation kinetics and retards the
crystal growth of perovskite film, facilitating the formation of
high-quality perovskite films with large grain sizes.
Furthermore, during the first few seconds following thermal
annealing, the evolution of the PL peak positions differed
between the two films, as plotted in Figure 2e. A sharp red shift
toward a long wavelength (around 790 nm) in the PL peaks
was observed within the initial 10 s for both the control and
MSTA films. This rapid shift is interpreted as the growth of
perovskite clusters and accelerated crystallization in the
residual solvent matrix.”” The full transition to the perovskite
bulk phase in the MSTA-treated film was completed at 10.0 s,
as opposed to 6.5 s for the control film. This likely stems from
the slowly rising precursor concentration caused by solvent
evaporation under reduced annealing temperature and
retarded intermolecular exchange process in the MSTA
film.>® Moreover, a distinct blue shift (~11 nm) in the PL
peak position was detected within 10 s in the MSTA film
compared to the control film. This suggests the presence of
distinct moisture-coordinated intermediate phases during the
early stage of thermal annealing, which are associated with
ambient humidity levels and involved in the conversion from
perovskite nuclei to bulk phases. It should be noted that upon
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continued thermal annealing, the PL peaks for both films red-
shifted and plateaued at nearly identical positions. This
suggests that the perovskites in both films share a very similar
crystal structure, differing primarily in their orientation planes,
which was supported with XRD results. Steady-state PL further
corroborated these findings. As shown in Figure 2f, the MSTA-
treated film deposited on the FTO substrate exhibited
significantly stronger PL emission intensities with negligible
spectral blue-shift compared to the control film, demonstrating
a substantial suppression of nonradiative recombination. This
can be ascribed to the retarded crystallization process induced
by the MSTA strategy, which promotes preferred crystalline
orientation and defect reduction in the modified perovskite
film. Meanwhile, time-resolved PL (TRPL) spectra showed a
similar trend, as shown in Figure 2g and Table S1 (Supporting
Information). Fitting the TRPL spectra by using a
biexponential decay model function yielded a significant
prolongation of the average PL lifetime (7,,.) from 383.6 ns
for control film to 668.5 ns for the MSTA-treated counterpart.
This prolonged 7, indicates that the MSTA strategy promotes
the crystallinity and preferred orientation of the perovskite
film, prolonging charge carrier lifetime and reducing trap-
assisted recombination. In addition, PL quenching experiments
on FTO/TiO, substrates exhibited a faster lifetime decay (.

ave
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Figure 4. (a) Schematic illustration of device structure of the normal PSCs. (b) Nyquist plots of the control and MSTA-treated PSCs (inset:
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= 330.8 ns) for the MSTA-treated film compared to the
control film (7, = 355.1 ns), as shown in Figure 2h. This
faster quenching implies a more productive charge extraction
and transfer process at the modified perovskite film/ETL
interface, which may be attributed to more favorable band
alignment and a reduction in interfacial defects.’”

Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) were performed to evaluate the effect of
MSTA process on the morphological quality of the perovskite
films. Top-view SEM images revealed that both the MSTA and
control films were fully covered with polycrystalline perovskites
and exhibited compact surface morphology (Figure S8,
Supporting Information). Statistical analysis of grain-size
distributions indicated that the average crystal size of the
MSTA-processed film was approximately 520 nm, which was
1.3 times larger than that of the control counterpart. This
increase can be attributed to the slow solvent evaporation
during the initial low-temperature annealing stage, which
provided an extended time window for perovskite grain growth
and fusion. As a result, perovskite film with large grain sizes
was formed, as corroborated by the narrower XRD peak
(Figure 1b, Figure S2c, Supporting Information) and higher
PL intensity (Figure 2f). Moreover, the surface roughness of
the perovskite films was characterized using AFM images
(Figure 3a—c). The root-mean-square (RMS) roughness
values for the control and MSTA films were 24.89 and 37.20
nm, respectively. The AFM results indicate the MSTA
treatment would increase the roughness of the perovskite
film. This degradation of the perovskite film surface is likely
attributable to the moisture-induced surface erosion during the
initial high-humidity exposure in MSTA process. Generally,
phenethylammonium iodide (PEAI) is commonly utilized to
improve PSC performance due to its ability to passivate
interfacial defects and modulate surface energy levels.”" Spin-
coating a thin PEAI layer above the perovskite layer enables
the minimization of interfacial recombination losses.®’ Here, a
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PEAI interlayer was introduced between the perovskite and
HTL to enhance charge transport and extraction. Interestingly,
after PEAI interfacial passivation, AFM characterization
revealed a reduction in surface roughness, with surface RMS
roughness decreasing to 14.81 and 18.01 nm for the control
and MSTA films, respectively, along with a narrower height
distribution of passivated films treated with MSTA compared
to the control counterpart (Figure 3d—f). The cross-sectional
SEM images showed well-connected perovskite crystals in both
control and MSTA-treated films with no noticeable difference
in surface coverage by HTL (Figure S9, Supporting
Information). These results are consistent with favorable
interfacial contact between the perovskite and HTL layers,
which correlates with the passivation efficacy of PEAI in
MSTA-processed perovskite films. The effectiveness of PEAI
passivation on the perovskite film surface may be related to the
penetration of passivator into the perovskite grains and surface
wrinkles of the MSTA-treated perovskite films. Therefore, the
PEAI layer was specifically engineered to optimize the
perovskite/HTL interface.

Furthermore, kelvin probe force microscopy (KPFM)
measurements demonstrated a similar result that the MSTA
treatment led to a more nonuniform potential distribution
across the perovskite film surface compared to the control case,
as further evidenced by a significantly broader profile of surface
contact potential difference (CPD) distribution of MSTA film
(Figure S10, Supporting Information). In contrast, following
PEAI interfacial passivation, the perovskite films showed
distinct variation trends in the surface potential distribution
between the control and MSTA films (Figure 3g—i). The
MSTA-derived film exhibited a significantly narrower and
more uniform potential distribution compared to the control
film. This improved homogeneity is likely attributable to
enhanced interfacial contact between the moisture-eroded
perovskite layer and the PEAI passivator. Furthermore, the
MSTA-derived passivated perovskite surface exhibited a higher
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Figure 5. (a) J—V curves of the control and MSTA-treated devices by reverse scanning under AM 1.5G illumination (100 mW cm™). The active
area of the device is ~0.08 cm” (b) EQE spectra and corresponding integrated Jsc of the PSCs derived with control and MSTA-treated films. (c)
Steady-state photocurrent and PCE measured at maximum power point under constant light illumination for the control and MSTA-treated
devices. (d) Normalized PCE evolution of unencapsulated devices after storage at 20 = 2 °C in ambient air with 15—20% RH. Pb 4f XPS spectra of
the (e) MSTA-treated and (f) control films, recorded before and after 7 days of aging under ambient conditions (20 + 2 °C, ~30% RH). O 1s XPS
spectra of the corresponding (g) MSTA-treated and (h) control films, collected before and after aging under identical conditions. (i) PL stability of

both films evaluated before and after aging at the same conditions.

average surface CPD of —236 mV, which is approximately 50
mV higher than that of the passivated control counterpart
(Figure 3i). The slightly elevated surface potential facilitates
hole transport and simultaneously impedes electron transport
at the perovskite/HTL interface, thereby improving charge
extraction efficiency.®”

After fabricating perovskite films with well-defined (220)-
and (111)-facet orientation, the photoelectric characteristics of
the perovskite films and the corresponding PSCs with the
planar device architecture illustrated in Figure 4a were
evaluated. Electrochemical impedance spectroscopy (EIS)
was performed to study the interfacial charge transport and
recombination behavior in PSCs dominated by different crystal
facets (Figure 4b). The Nyquist plots displayed two distinct
arcs, corresponding to the charge transport resistance (Ry) in
the high-frequency region and the charge recombination
resistance (R,.) in the low-frequency region, respectively.63
By fitting the resulting plots with an equivalent circuit model
(inset of Figure 4b, fitted values summarized in Table S2,
Supporting Information), the MSTA-derived device exhibited
a reduction in R, (R, = 3.9 X 10* Q) and an increase in R,
(Ryec = 2.2 X 10° Q) compared to the control one (R, = 2.2 X
10° Q, R, = 4.1 X 10* Q). These results indicate that the
MSTA-based device with (111)-facet domination offered
better interfacial contact, enhanced charge transfer, and
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suppressed nonradiative recombination, thus presenting higher
Voc and FE.®* Capacity and voltage plots (Mott—Schottky
analysis) were measured to analyze the built-in potential (V;;)
in PSCs (Figure 4c). The calculated V,; value of the control
device was 0.87 V, whereas the V}; of the MSTA-treated one
was 0.92 V. The increase in V}, is beneficial for charge carrier
separation/extraction and inhibiting the interface energy loss.
Moreover, dark J—V curves were conducted to assess the trap-
state density and carrier recombination level in the PSCs by
measuring leakage current. The MSTA-processed device
possessed a lower saturation current density (J,) compared
with the control device (Figure 4d), demonstrating that
photogenerated charges transfer more effectively through the
transport layers with minimal shunt pathways. This reduction
in J, observed in the MSTA device correlates with enhanced
shunt resistance, suppressed carrier recombination, and
improved charge extraction efficiency.”® Furthermore, the
dependence of Vi on light intensity of PSCs was surveyed
(Figure 4e). The slopes for the control and MSTA-processed
devices were found to be 1.77 kgT/q and 1.40 kzT/q,
respectively, indicating a reduction in the nonradiative
recombination and trap-state density in the (111)-facet-
oriented perovskite films.

Space-charge-limited current (SCLC) measurements were
performed to further quantify the defect density (Ni,,) of
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perovskite films dominated with (220) and (111) facets. The
current density—voltage (J—V) curves on electron-only devices
structured as FTO/TiO,/Perovskite/C4,/BCP/Ag were car-
ried out under darkness, exhibiting characteristic ohmic and
trap-filled limited (TFL) regions at low and intermediate bias,
respectively (Figure 4f). Linear fitting of the ohmic and TFL
regions yielded the trap-filling limited voltage (Vi) at their
intersection, which correlates directly with Ny, (the
calculation details presented in the Supporting Information).
The MSTA-treated, (111)-oriented perovskite film exhibited a
lower Vig, (0.39 V) than the control film (0.43 V), with
corresponding Ny, values decreasing from 3.59 X 10" cm™3
for the control to 3.26 X 10"* cm™ for the MSTA-treated film.
This reduction in Ny, confirms that MSTA processing led to a
decrease in trap-state density in (111)-facet-oriented perov-
skite films, consistent with the PL results (Figure 2f—h) and
highli6ghting its potential in enhancing the FF and stability of
PSC.*

Given the above properties of the perovskite films with
different orientations, PSCs with a device configuration of
FTO/TiO,/Perovskite/PEAI/Spiro-OMeTAD/Au (Figure
4a), where Spiro-OMeTAD denotes 2,2',7,7'-tetrakis| N,N-
di(4-methoxyphenyl)amino]-9,9'-spirobifluorene, have been
further fabricated for comparing the corresponding photo-
voltaic performance. The statistical photovoltaic parameters
based on 20 devices showed that the control PSCs with a
dominant (220) orientation exhibited an average PCE of 24.08
+ 0.60%. The MSTA-treated devices with a preferred (111)
orientation boosted to 24.77 + 0.47%, with the best PCE
exceeding 25% (Figure S11 and Table S3, detailed photo-
voltaic parameters are shown in Table S4, Supporting
Information). The MSTA-treated perovskite devices demon-
strated a champion reverse scan of efficiency of 25.38% (Figure
5a), accompanied by a Jsc of 25.54 mA cm ™2, a Vo of 1.19'V,
and an FF of 83.8%. In contrast, the control counterpart
achieved a lower PCE of 24.96%, with a J¢c of 26.13 mA cm™2,
a Voc of 1.16 V, and an FF of 82.3%. MSTA processing
modulated the crystallization process, and evidently enhanced
the perovskite crystallinity and interfacial contact. This thereby
results in enhanced band alignment (detailed analysis about
the energy level alignment of control and MSTA-treated
perovskite films is given in Figures S12 and S13, Supporting
Information) and reduced current leakage, ultimately con-
tributing to enhancements in V¢, FF, and PCE in (111)-facet-
oriented devices.”” Moreover, MSTA-treated devices demon-
strated a significantly suppressed hysteresis in comparison to
the control devices (Figure S14, Supporting Information),
which is due to the reduced interfacial defects and suppression
of ion migration in (111)-dominated devices.”®

To ensure the reliability of J—V measurements, the external
quantum efficiency (EQE) spectra were recorded across the
300—900 nm range, as shown in Figure Sb. The integrated Jsc
were calculated to be 25.47 and 25.04 mA cm™? for the control
and MSTA-treated devices, respectively, in accordance with
the Jsc values extracted from the J—V measurements.
Moreover, the stabilized power output (SPO) of the PSCs
were conducted at maximum power point (MPP) by applying
a constant bias voltage for 300 s (Figure Sc). The results
indicate that PSCs with MSTA processing delivered the
stabilized PCE of 25.27% and output current density of 25.40
mA cm ™ and exhibited a more stable power compared to the
control device (24.80% of PCE, 25.85 mA cm™ of Js),
confirming the reliability of J—V measurements. It is
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noteworthy that the control and MSTA-derived PSCs
exhibited comparable Jsc, which aligned well with the nearly
identical absorption intensities observed in the UV—vis
absorption spectra (Figure S12, Supporting Information).
The effect of facet orientation on the long-term stability of
unencapsulated perovskite devices was evaluated by exposure
to an air atmosphere at 15—20% RH and 20 + 2 °C. As shown
in Figure 5d, the MSTA-treated device with (111) orientation
maintained ~85% of its original PCE over 800 h, whereas the
PCE of the control, (220)-oriented device decreased to ~65%
of its initial efficiency. The long-term stability demonstrates
that the (111) orientation is more stable. The enhanced
stability originates from the intrinsic properties of the (111)
facet, which features a closely packed atomic arrangement with
higher bond energies, rendering it more resistant to moisture-
induced degradation.””** It is noteworthy that Table S5
(Supporting Information) demonstrated that the main
parameter leading to the PCE dropping in MSTA-processed
PSCs was FF. In addition, the facet-dependent robustness of
perovskite films to resist latent damage was studied to gain
insight into the corresponding PSC ambient stability. X-ray
photoelectron spectroscopy (XPS) was used to analyze the
surface composition and chemical changes during the aging
process. The two characteristic peaks at 143.2 and 138.2 eV,
corresponding to Pb 4f;,, and 4f,, orbitals, respectively,
exhibited a shift toward higher binding energies for control
perovskite films after aging for 7 days under ambient
conditions (20 + 2 °C, ~30% RH) (Figure 5f). Concurrently,
two shoulder peaks belonging to metallic Pb (Pb°) emerged at
140.8 and 136.0 eV in the aged film. These spectral changes
are indicative of perovskite film decomposition during the
aging process. Nevertheless, negligible signals of Pb® were
detected in the aged MSTA-treated perovskite film, accom-
panied by no appreciable shift observed in the corresponding
Pb 4f orbital peaks under ambient aging conditions (Figure
Se). Furthermore, compared to the control film, the O 1s
characteristic peaks representing —OH (~531.4 eV) and H,0/
surface (~532.1 eV) adsorbed from ambient moisture®
showed significant lower intensities in the MSTA-treated film
(Figure Sgh; for details regarding the contribution of the C=
O group from the DMSO solvent, refer to Figure S15,
Supporting Information), implying that the (111)-dominated
perovskite surface is able to efficiently minimize interactions
with moisture that induces perovskite degradation.”' The
reduced susceptibility to ambient moisture is further supported
by the smaller increase in O 1s signals observed in the MSTA-
treated film after aging, confirming the enhanced environment
stability of the (111)-oriented perovskite surface. Steady-state
PL measurements were performed on perovskite films before
and after aging. The exposed control (220)-oriented perovskite
film exhibited a decrease in the intensity of PL emission,
accompanied by a clear red shift of the PL peak position during
the aging process. In contrast, the exposed MSTA-treated,
(111)-oriented film effectively mitigated this degradation, as
evidenced by maintaining nearly identical peak position and
minimal variation in PL intensity throughout the aging (Figure
5i). The enhanced stability of the (111)-oriented film is
attributed to its superior film quality, as evidenced by water
contact angle measurements (Figure S16, Supporting In-
formation). This hydrophobicity prevents moisture from
attacking the (111)-oriented perovskite, thereby inhibiting
unfavorable phase transitions and stabilizing the black phase.
These results demonstrate that MSTA-treated perovskite films,
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which exhibit a dominant (111) orientation, achieve high
efficiency and ambient stability, highlighting the potential of
the controllable, additive-free MSTA process to modulate
preferred perovskite facet orientation for advancing high-
performance and stable PSCs.

4. CONCLUSIONS

In summary, perovskite films exhibiting dominant (220) and
(111) facet orientations have been fabricated using a simple,
and additive-free MSTA strategy. By integrating stepwise
thermal annealing with humidity control, the processes of
solvent evaporation and moisture-assisted crystallization were
regulated, allowing modulation of the nucleation time window
and buffering the rapid crystallization of perovskite grains,
enabling control over the films with different preferential
crystal orientations. The resulting (111)-oriented PSCs
achieved an impressive PCE of 25.38%, surpassing the
24.96% efficiency for the (220)-oriented counterparts while
also demonstrating an enhanced device longevity and a
comparable Jsc. This work highlights the effectiveness of
moisture-assisted, thermally mediated perovskite crystallization
in governing film orientation, paving the way for realizing
crystal-oriented perovskite films toward efficient and durable
facet-dependent PSCs.
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