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ABSTRACT: Degradation of halide perovskites under a humid atmosphere is the major
challenge preventing widespread commercial deployment of this material class. Here it is
shown that strain engineering via alkali metal chloride treatment at the FAPbI3/SnO2
interface effectively improves moisture-related stability. CsCl and KCl treatments reduce
microstrain at the perovskite surface and slow the α- to δ-phase transformation. Alkali
metal treatments with LiCl, NaCl, and RbCl led to an increase in microstrain and faster
degradation. The compressive strain at the perovskite surface was the smallest for CsCl
and was linked to improved stability. First-principles density functional theory calculations
confirm the preferential formation of alkali defects at interstitial positions at the perovskite
surface. Particularly CsCl and KCl treatments lead to a release of compressive strain at the
perovskite surface and local structural distortions that may favor passivation of surface
defects. In contrast, the room-temperature dynamics of Li interstitials result in an overall
expansion of lattice volume, which may be linked to more facile lattice degradation.

Organic−inorganic metal halide perovskite materials
have been spotlighted as a promising candidate for
photovoltaic devices as well as facilitating various

optoelectronic applications thanks to their exceptional proper-
ties.1−4 The biggest challenge for halide perovskites is
instability under operational and environmental conditions.
This is related to the nature of the soft crystal lattice of halide
perovskites with ionic bonds and low defect formation
energies.5,6 Due to their hygroscopic and ionic nature, they
are exceedingly sensitive to moisture and oxygen. Multiple
strategies are being explored to enhance the long-term stability
of halide perovskite solar cells. Two promising directions are
strain engineering and interface stabilization.7−11

Strain can manifest as microstrain, compressive/tensile
strain, and atomic displacement vectors.7 Microstrain reflects
the inhomogeneous deformation of lattice planes and
contributions from local regions that are under compressive
or tensile strain. It can be defined as the average localized
variation of strain in the material, resulting in X-ray diffraction
peak broadening. Microstrain, which is influenced by several
factors, such as phase transitions, grain boundaries, and misfits
on the atomic scale, is one of the major origins of reducing the
phase stability of halide perovskite materials. Kim et al.
reported on microstrain relaxation through the incorporation
of small amounts of cesium and methylenediammonium in
FAPbI3 (FA = formamidinium) and associated it with a

decrease in trap concentration as well as superior thermal
stability.8 Additives that are not incorporated into the lattice
have also been reported to reduce the microstrain.12 In
addition, it was reported that local lattice strain can induce the
formation of point defects and these were linked to being a
major degradation source.13 It was also shown that atomic
vacancies exhibit a significant affinity for oxygen and water
molecules accelerating degradation.13,14 Molecular dynamics
simulations of CsPbI3 show that iodine vacancies and
interstitials are mobile and negatively affect stability.15

Suppressing vacancy formation by increasing their defect
formation energy was demonstrated to enhance stability.13

Lastly, microstrain at the perovskite/vacuum interface is
expected to lead to compressive strain in the bonds
perpendicular to the surface even in a pristine material without
defects as shown by DFT calculations.16

Contrarily, strain across the whole film such as tensile or
compressive strain can originate from differences in thermal
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expansion coefficients and/or a lattice mismatch between the
perovskite film and the substrate. Zhao et al. found the
compressive strain in the out-of-plane direction and the tensile
strain in the in-plane direction are related to the thermal
expansion coefficient mismatch between the perovskite
material and substrate.9 This lattice strain was found to be
correlated with perovskite instability and a decrease in the ion
migration activation energy. To effectively manage strain as a
phase stabilization strategy, a better understanding of micro-
strain as well as out-of-plane and in-plane strain in halide
perovskite thin films is needed. A strategy to improve long-
term stability via interface stabilization by modifying relevant
layers and interfaces was presented by Liu et al.11 To stabilize
the SnO2/perovskite interface, they used ethylenediaminetetra-
acetic acid dipotassium (EDTAK) salt treated at the interface
to tune the energetic alignment at the SnO2/perovskite
interface. The use of this salt has several effects, mitigating
the reaction of OH− in a commercial SnO2 solution and
making use of the passivation effect of K+. KCl was also
demonstrated to suppress unwanted recombination at the
SnO2/perovskite interface, to eliminate hysteresis, and to
increase the solar cell’s open-circuit voltage.17

Here, we report on the effects of alkali metal chloride
treatment at the SnO2/perovskite interface and its ability to
regulate lattice strain and thus improve the halide perovskite
stability. We find a strain gradient from the perovskite surface
to the SnO2/perovskite interface with a transition from more
compressive to tensile, respectively. Both, CsCl and KCl
treatments lead to superior moisture stability compared to the
reference. It is shown that the microstrain at the perovskite
surface is significantly reduced for CsCl and KCl treatments,
while the other alkali metal chloride treatments increase the
microstrain, leading to faster α- to δ-phase transformation
under environmental conditions, especially humidity. As
degradation initiates at the perovskite surface, we link the
improved moisture stability in the cases of CsCl and KCl
treatments with beneficial strain and defect engineering. First-
principles density functional theory (DFT) calculations
confirm the preferential formation of alkali defects at the
perovskite-vacuum interface at interstitial sites. By using
machine-learned interatomic force fields to explore the room-
temperature dynamics of these interstitial defects, we found
that Cs and K incorporation leads to compressive strain release
and large local structural distortions that may point to
enhanced defect passivation, while the dynamics of Li
interstitials do not distort the on-average cubic lattice but

result in an overall expansion of lattice volume, which may be
linked to more facile lattice degradation.
To investigate the effect of alkali metal chlorides on the

intrinsic stability of perovskite thin films, we prepared FAPbI3
films on FTO/SnO2 substrates with and without an alkali
metal chloride treatment. The treatment was directly applied
to the surface of the SnO2 layer (Figure 1a) using a spin
coating method by depositing a 20 or 100 mM coating solution
of alkali metal chloride dissolved in deionized water followed
by annealing at 150 °C for 30 min under ambient atmosphere.
After cooling down, the substrates were immediately trans-
ferred to a N2-filled glovebox (see Materials and Methods
section for more details).
Upon exposure to external environmental stressors (inert

N2, 70% relative humidity (RH), 1-sun illumination, and
150 °C) we tracked the X-ray diffraction (XRD) patterns over
exposure time, as can be seen in Supplementary Figures S1−
S3. The comparison of phase stability under these different
stressors reveals that 100 mM LiCl treatment leads to a
significant reduction in the α-phase FAPbI3 stability. While
none of the alkali chloride treatments led to improved phase
stability compared to the reference sample under inert N2, one
sun illumination, and 150 °C stressors, a clear difference was
found in moisture stability. Figure 1b shows the α-phase
FAPbI3 fraction calculated from XRD over time under
exposure to 70 ± 5% RH. While LiCl, NaCl, and RbCl
treatments lead to poor moisture stability, KCl and CsCl
treatments improve the stability of FAPbI3 compared to the
pristine case. To assess whether degradation of halide
perovskites starts at the perovskite surface or the bulk/SnO2
interface, XRD measurements were carried out with 5° and 10°
incidence angles, where the 5° measurement is slightly more
surface sensitive. The integrated diffraction peak for the δ-
phase at 2θ = 12.6° is higher at the lower incidence angle,
indicating that the degradation processes occur from the
surface of the perovskite film as seen in Figure 1c and
Supplementary Figure S4. Although the treated alkali metal
chloride interlayer is sandwiched between the perovskite and
SnO2 contact, degradation appears to originate from the
surface, and its rate depends on the alkali metal. Since the
existence of both the alkali metal cation and the chlorine
counteranion could affect the phase stability, we performed X-
ray photoelectron spectroscopy (XPS) measurements on the
perovskite surface with and without alkali metal chloride
treatments. Neither of the samples show clear signatures of the
alkali metals nor Cl (Supplementary Figures S5 and S6). Only

Figure 1. Phase stability of halide perovskites with interface treatments. (a) Illustration of sample configuration where FAPbI3 halide
perovskite films were deposited on FTO/SnO2 substrates treated with alkali metal chloride salts. (b) Moisture stability of the α-phase
FAPbI3 fraction over time with various alkali metal chloride treatments extracted from XRD measurements. (c) XRD patterns for aged
FAPbI3 films taken at 5° and 10° incidence angles.
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for high CsCl concentrations (100 mM), there is a notable Cs
signal indicating that Cs is present during FAPbI3 fabrication
and diffuses to the perovskite surface. Noting that the XPS
detection limits are typically between 0.1−1.0 atomic percent,
there are likely small amounts of alkali metals and/or chlorine
that accumulate at the perovskite surface but are not
detected.18 Previous studies using a similar alkali metal
treatment as presented here found that the alkali metal
chlorides are preferentially located between the charge
transport and the perovskite layer.17,19 Alternatively, alkali
metal halides have been directly used as perovskite precursor
additives and scanning transmission electron microscopy−
energy dispersive X-ray spectroscopy (STEM-EDX) showed
alkali metal accumulation at the top and bottom surfaces as
well as at grain boundaries.20 In a control experiment to
investigate if the alkali metals possibly diffuse toward the
FAPbI3 surface, an about five times thinner perovskite film was
deposited onto the FTO/SnO2/alkali metal chloride treated
stack. XPS measurements were then taken from the surfaces of
the FTO/SnO2/interlayer/FAPbI3 stacks (Supplementary
Figure S7). There are small XPS 'bumps'of each alkali metal
species for the thinner perovskite film conditions, this is
indicative of the possibility of alkali metal species diffusion
during the film formation processes. In agreement with

previous literature, alkali metal species might be mostly
distributed at interfaces between SnO2 and halide perovskite
layer and grain boundaries (Supplementary Figures S6, S7).
Moreover, to further verify the possibility of alkali metal
chloride diffusion into the halide perovskite layer during
growth, and consequently a modification of the crystallization
kinetics, we performed in-situ photoluminescence (PL) and
grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements. There are no notable differences in the
crystallization kinetics for the FAPbI3 films during the spin
coating or annealing processes (Supplementary Figures S8−
10). Therefore, based on these findings and in agreement with
previous literature, we assume that the alkali metal chloride
layer is mostly located at the bulk/SnO2 interface, i.e. at the
position where it was deposited.
In order to evaluate the residual lattice strain for different

alkali metal chloride treatments, we conducted synchrotron-
based GIWAXS measurements in a reflection geometry
(Figure 2a). Following our observation that degradation
occurred from the perovskite surface, we measured GIWAXS
below the critical incidence angle (∼0.2°) to extract the lattice
parameters of the surface of the perovskite film with an
estimated X-ray penetration depth around 10−30 nm (see
calculated X-ray attenuation length in Figure S11). In Figure

Figure 2. Lattice strain at the perovskite surface. (a) Schematic of a synchrotron-based grazing-incidence wide-angle X-ray scattering
(GIWAXS) measurement. χ is the azimuthal angle with a basis at 0° angle in relation to the qz axis along the out-of-plane direction. (b)
Calculated microstrain (ε) extracted by using the Williamson-Hall equation from samples prepared with 20 mM alkali metal chloride
treatments. (c) Crystallite size extracted from Scherrer analysis and average grain sizes manually extracted from the top-view scanning
electron microscopy (SEM) images for perovskite films (d) without and with (e) LiCl, (f) NaCl, (g) KCl, (h) RbCl, and (i) CsCl treatments.
For the distribution of the grain sizes, analysis was performed on 100 individual grains, and a normal distribution curve was added to the
data.
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2b, the microstrain (ε) at the surface was extracted from the
slope of the curves based on the Bragg peak width using the
Williamson-Hall equation (Figures S12, S13, more information
in the Materials and Methods section). The microstrain values
for KCl (= 5.78 × 10−3) and CsCl (= 4.53 × 10−3) are roughly
10 and 30% lower than that for the pristine sample (εpristine =
6.52 × 10−3), respectively, while LiCl, NaCl, and RbCl exhibit
higher microstrain (Figure 2b). RbCl (= 10.67 × 10−3) and
LiCl (= 7.87 × 10−3) show the highest microstrain compared
to the pristine sample while exhibiting the lowest stability. We
hypothesized that the different magnitudes of the residual
strain are related to alkali metal species localized in crystal
lattices and size effects where small atoms increase and large
atoms decrease the surface microstrain. This conclusion is
supported by our first-principles calculations, as detailed below.
However, it remains unclear why Rb does not follow the
overall size trend predicted by our calculations. We note that
two independent syntheses, degradation, and strain measure-
ments resulted in the same findings (see the change in
microstrain for 20 and 100 mM treatments in Supplemental
Figure S14).
Top-view scanning electron microscopy (SEM) images

(Figure 2d−i) do not show significant differences in
morphology, with the CsCl-treated sample showing a slightly
enlarged apparent grain size.3,21,22 To compare the apparent
grain size of halide perovskite films for each condition, we
estimated the grain size distribution and calculated the
crystallite size based on manual analysis of grooves visible in
the SEM images and Scherrer analysis of the GIWAXS patterns
(Figure 2c and Supplemental Figure S15), respectively. As can
be seen in Figure 2c and Supplementary Figure S15, CsCl-

treated halide perovskite films exhibit a higher average grain
size of around 967 nm compared to other conditions while also
featuring many small grains. While top-view SEM images do
provide information on morphology, they do not provide
crystallographic information. What appears as grooves
representing the intersection of grain boundaries visible in
the SEM may not reveal the subgrain structure.23,24 While the
average grain size is the lowest for the pristine and highest for
the CsCl-treated sample, there is no difference in crystallite
size (Figure 2c). Thus, we expect minor effects of grain
boundaries and microstructure on the strain evolution.
Notably, the sample with RbCl treatment shows the δ-phase,
illustrating the lower sample stability and possibly explaining
its large microstrain.
Given the observations that the KCl- and CsCl-treated

samples show improved stability and reduced microstrain at
the perovskite surface, while LiCl treatment results in the worst
stability, we will mostly focus on the former in the following
sections and measure depth-dependent GIWAXS. With
increasing incidence angle, i.e., when moving from the
perovskite surface to the SnO2/perovskite interface region,
the lattice parameters a are increased for all samples (pristine,
LiCl, KCl, and CsCl conditions) from ∼6.285 Å (Surface-
dominant, incidence angle α = 0.2°) to ∼6.345 Å (bulk
interface-dominant, incidence angle α = 3°), as seen in Figure
3a. The lattice parameters for the CsCl-treated sample at both
incidence angles are slightly smaller than for the pristine, while
the changes in those values for the KCl-treated sample are
negligible. These results indicate that Cs induces more
compressive strain with out-of-plane direction than K at both
the surface and bulk interface, potentially resulting in lower

Figure 3. Depth-dependent lattice deformation. Lattice parameters were obtained from GIWAXS Bragg peaks measured with (a) 0.2° and
3.0° incidence angles. Note that the calculated lattice parameters with error bars represent four different crystal planes, i.e., (002), (012),
(022), and (222). (b) d-Spacing versus sin2(ψ) plot for the (012) plane, where GIWAXS was measured with 0.2° and 3.0° incidence angles.
(c) Linear slope extracted from (∂(d(012))/∂(sin2(ψ)) with negative slope representing compressive and positive slope representing tensile
strain. (d) Definition of the subunits “with” (red) and “without” (blue) alkali defect (marked in green) in the 4 × 4 × 4 supercells used for
molecular dynamics simulations. Gray spheres represent Pb and purple spheres I atoms. For clarity, FA molecules are shown only in the red
and blue sublattices and omitted from the rest of the structure. Pair distribution function (PDF) of FA to the next-nearest Pb for subunits
“with” (e) and “without” (f) defects for Cs, K and Li. Relative global (g) and local (h) strains with respect to pristine sample, as defined in
the main text.
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microstrain and improved phase stability of the CsCl-treated
halide perovskite film. For the LiCl-treated sample, the surface
lattice parameter is compressed, and the bulk interface lattice is
expanded compared to the pristine sample. We anticipated that
the larger variation between lattice parameters for the surface
and bulk interface can possibly induce higher inhomogeneous
lattice strain distribution and/or lattice distortion, resulting in
higher microstrain and poor phase stability due to destabilizing
crystal structure. The bulk interface-dominant lattice param-
eters (i.e., incidence angle α = 3°) are in line with the results
from our molecular dynamics (MD) simulations showing a
slightly increased lattice parameter for the LiCl-treated sample
as discussed below.
Next, the residual compressive/tensile in-plane strain is

estimated from the linear slope ∂(d)/∂(sin2(ψ)) for the (012)
crystal plane (see Materials and Methods section). In general,
sin2(ψ) and d show a linear relationship, and the slope of the
linear fit represents the magnitude of the in-plane strain.25 A
positive slope indicates tensile in-plane strain and a negative
slope, compressive in-plane strain. Figure 3b shows the d-
spacing as a function of sin2ψ at 0.2° and 3.0° X-ray incidence
angles, and Figure 3c depicts their derivatives. All samples
show compressive in-plane strain at the perovskite surface and
tensile in-plane strain at the SnO2/perovskite interface,
indicating a strain crossover within the film. The most notable
difference is the lower compressive surface strain and almost
50% higher tensile strain at the SnO2/perovskite interface
when CsCl treatment was applied. In contrast, KCl treatment
can induce less in-plane tensile strain at the bulk interface and
slightly more in-plane compressive strain at the surface than
the pristine sample as well as the CsCl-treated sample,
resulting in lower microstrain and enhanced phase stability.
To further clarify our hypothesis for the KCl and CsCl
conditions, we also calculated the ∂(d)/∂(sin2(ψ)) linear slope
values for the (002) plane as can be seen in Supplementary
Figure S16. Supplementary Figure S16a demonstrates the
more enhanced compressive strain with in-plane direction for
the KCl-treated sample compared to the pristine and CsCl
samples, which is in good agreement with the in-plane lattice
strain results for the (012) plane. Therefore, we propose that
the improved phase stability of the halide perovskite films is
predominantly affected by compressive strain for CsCl- and
KCl-treated samples, respectively.
A previous report on (FAPbI3)0.85(MAPbBr3)0.15 has shown

that the tensile strain increases toward the perovskite film
surface.26 Transmission electron microscopy confirmed a
lattice constant increase from the bottom to the surface, and
it was explained from time-of-flight secondary ion mass
spectrometry (TOF-SIMS) depth profiles that this is
correlated to a composition gradient over the film thickness.
It was found that the MA+ fragment decreased from the surface
to the bulk. Compressive surface strain is in line with first-
principles DFT calculations for pristine surfaces,16 but may
additionally be affected by surface reconstruction, dangling
bonds, or adsorption of species. The crossover to tensile strain
in the samples treated with alkali metal chlorides may be
related to the preference of alkali metal atoms to occupy
interstitial positions, as predicted by our first-principles
calculations, leading to a lattice expansion. Other reasons for
this observation include a change in microstructure over the
film thickness and phenomena related to the thin film growth
process. Our synthesis follows a typical antisolvent process,
where it is possible that crystallization starts from the surface,

where rapid supersaturation is induced by the antisolvent and
fast solvent evaporation at the film surface occurs.
To gain an atomistic understanding of the incorporation of

alkali metals into the perovskite lattice, we performed first-
principles density functional theory (DFT) calculations (see
Materials and Methods). These calculations, carried out for 2
× 2 × 2 supercells with randomly oriented FA molecules and
using the PBE-D3(BJ) functional as implemented in
QuantumEspresso, show similar results to those of Cao et
al.,27 where A-site substitutions of alkali cations are in general
more favorable than interstitial additions (see Supplementary
Figure S17). The only favorable defect found was the
substitution of Cs for an FA at the A-site, and the favorability
of an A-site substitution decreased with decreasing the alkali
ionic radius. The defect formation energies of an interstitial
addition here are similar to those of Cao et al.,27 however these
show a reversed trend of Li being less favorable than Cs that
we attribute to the changes in interaction strengths and
optimized lattices from the inclusion of dispersion interactions
in our work. The B-site substitutions calculated here are not as
unfavorable as reported in Cao et al., which we again attribute
to the inclusion of dispersion interactions, as our changes in
optimized volumes are smaller than reported in that study. To
further investigate alkali defect formation at the perovskite/
vacuum interface, we constructed a 2 × 2 × 5 slab model with
both possible surface terminations of FAPbI3, i.e., PbI2 and FAI
(see Supplementary Table T1 and Supplementary Figure S18).
In these calculations, we probed size effects by inserting Li, Na,
K, and Cs into interstitial window sites (i.e., the vacant center
of a PbI2 face of a cubic α-phase unit cell of FAPbI3),
substituting FA at A-sites, and substituting Pb at B-sites at both
interfaces and in the bulk. As expected, we found that the
favorability of an A-site substitution of FA in the bulk increases
with increased alkali atomic size, as the larger alkali atoms can
maximize interactions with neighboring iodine atoms. A-site
substitution of Cs in the bulk and at the PbI2/vacuum interface
are the only substitutions found with a favorable negative
defect formation energy with the bulk being the preferred
site.28 The most favorable site for an A-site substitution of K is
at the PbI2/vacuum interface, and for Na and Li it is at the
FAI/vacuum interface. As opposed to the supercell calcu-
lations, the addition of an interstitial alkali atom in a window
site in the bulk becomes more favorable with decreasing
atomic radius due to strain effects as the x and y dimensions of
the slabs were fixed. The most favorable site for Na, K, and Cs
insertion is at the PbI2/vacuum interface, with alkali atoms
tending to protrude into the vacuum, suggesting alkali metal
enrichment at the perovskite/vacuum interface. For Li, a bulk
insertion is slightly more favorable than at the PbI2/vacuum
interface, and this is due to Li moving off the center of the
window to strengthen its interaction with three of the
neighboring iodines. Additionally, these static calculations
show that interstitial alkali defects lead to lattice expansion
while A-site substitutional defects lead to lattice compression,
as expected based on their atomic radii.
Since we expect additional effects due to temperature-

induced dynamic disorder and alkali atom migration, we
further carried out molecular dynamics simulations based on
machine-learned interatomic force fields as implemented in
VASP, trained on-the-fly on DFT-PBE-D3 energies, forces and
stress tensors.29 These molecular dynamics simulations were
run on 4 × 4 × 4 supercells at 300 K. Further details can be
found in the Methods Section. We chose the interstitial
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window site as the starting point for these calculations, running
calculations for Li, K, Rb, and Cs. For analysis of the results,
we defined two subunits in our 4 × 4 × 4 supercells,
corresponding to the unit cell containing the interstitial defect
atom (“with”) and a unit cell as far as possible away from the
defect atom (“without”) as shown in Figure 3d. We calculated
the pair distribution function (PDF) of FA to its next-nearest
Pb neighbors in both unit cells as a measure for local structural
distortions induced by the defect atom (Figure 3e and f). For
all three alkali atoms, we found that the PDF of the unit cell
without the defect is similar to that of the pristine system
(Figure 3f), suggesting minimal local distortions away from the
defect atom. In contrast, we found that the local structural
distortions in the unit cells with the defect atom are
significantly different (Figure 3e), where the local structural
distortion is decreased with a decreasing alkali atom size.
Furthermore, we estimated the local lattice strain by comparing
the volume of the unit cell with the defect atom and the
formula-unit volume of the pristine system (Figure 3g and h).
As expected based on atomic size, the largest local strain is
observed for Cs followed by K and Li. Notably, the global
supercell strain (Figure 3g) is significantly larger for Li than for
Cs and K due to the larger volume of the Li-containing
supercell, which is a consequence of the larger-amplitude
thermal motion of Li. On average, we found that Li resides
close to the center of the interstitial window site with large
displacements primarily along the diagonal of the window
plane as shown in Supplementary Figure S19. K and Cs move
further away from the window plane, with Cs moving furthest
toward the center of the unit cell, pushing away FA. This
finding is in line with the larger probability for Cs to substitute
FA as compared to other alkali halides (Supplementary Figure
S17), and suggests a potential pathway for FA vacancy
passivation that might contribute to enhanced stability in the
presence of Cs. Note that Rb follows the expected atomic-size
dependent trends in our calculations (Figure S20).

Correlated with our experimental observation that the
surface microstrain is changing in samples with alkali metal
chloride treatment, we assumed that the different magnitudes
of residual compressive strain are related to alkali metal
concentration and size effects. We hypothesized that the
reduced surface microstrain observed for CsCl and KCl
treatments positively affects the α-phase stability. Furthermore,
our calculations suggest that Cs and K tend to migrate out of
the window site toward the A-site position and that A-site
substitution is energetically favorable for these alkali atoms at
the perovskite/vacuum interface. In combination, these
mechanisms may lead to the passivation of surface defects
such as FA vacancies, which can act as seeds for surface
degradation and δ-phase formation.30

To further elucidate the possible correlation between phase
stability and residual strain, we investigated crystal plane-
dependent moisture stability along the (001), (011), and
(111) planes for different alkali metal chloride treatments
(Figure 4a−c). Degradation occurs independently of the
crystal plane for the reference film but most severely in the
(011) plane. CsCl and KCl outperform the reference and,
interestingly, CsCl exhibits superior moisture stability along
the (011) plane where the XRD peak fraction drops to 80%
compared to <20% for the reference. Since degradation was
found to propagate from the surface (Figure 1c), we next
analyzed the d-spacing differences at the surface and the SnO2/
perovskite interface (Figure 4d−f). The GIWAXS patterns
used for this analysis show random crystal orientation (full ring
patterns, Supplementary Figure S21). Thus, we also analyzed
the d-spacing variation for out-of-plane (i.e., χ = 0° filled
circles) and in-plane (i.e., χ = 40° open circles) directions at
the perovskite film surface (incidence angle = 0.2°), as can be
seen in Supplementary Figure S22. Neither of these analyses
shows a clear trend, leading to the assumption that the
reduction in surface microstrain might contribute the most to
the observed stability enhancement for CsCl and KCl

Figure 4. Crystal plane-dependent degradation. (a−c) Moisture stability of α-phase FAPbI3 corresponding to (a) (001), (b) (011), and (c)
(111) crystal planes as a function of exposure time to 70 ± 5% relative humidity. The fraction of peak area along various crystal planes was
calculated by using the [(h k l) for α-phase FAPbI3]/[(010) for δ-phase FAPbI3)] ratio. Diffraction peaks (left) and d-spacing values
corresponding to (d) (002), (e) (022), and (f) (222) crystal planes obtained from synchrotron-based GIWAXS. GIWAXS measurements
were performed at 0.2° (surface) and 3.0° (bulk) incidence angles with ±40° χ integration range.
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treatments, as discussed above. A study by Zheng et al. reports
on anisotropic lattice strain in the (111) plane that drives the
α- to δ-phase transformation.31 In particular, alloying FAPbI3
with MABr was found to lead to lattice contraction and
significantly improved stability under humid conditions. These
observations align with the average positions and thermal
ellipsoids extracted from our MD simulations (see Figure S19).
The results show that Li predominantly remains within the
(001) plane. Its thermal ellipsoid features a long principal axis
along the diagonal of the (001) plane, indicating significant
thermal motion within that plane. In contrast, Cs migrates
from the window site toward the tetrahedral site, with the long
principal axis of its thermal ellipsoid oriented in the (011)
plane, suggesting preferential thermal motion along that
direction.
We have investigated the effect of alkali metal chloride

treatment at the SnO2/perovskite interface on stability and
strain in FAPbI3 thin films. The α- to δ-phase transformation
under humid conditions initiates from the surface and is
significantly slowed for KCl and CsCl treatments, while these
treatments also lead to a reduction in surface microstrain. On
the contrary, other alkali metal treatments (LiCl, NaCl, RbCl)
lead to an increase in surface microstrain and a faster α- to δ-
phase transformation. Since microstrain reflects inhomoge-
neous deformation of lattice planes and contributions from
local regions that are compressively or tensilely strained, it is
suggested that CsCl and KCl treatments reduce lattice
deformations. In-depth analysis of synchrotron-based X-ray
diffraction data revealed a crossover from tensile to
compressive strain when moving from the perovskite/SnO2
interface to the surface of the film. The observed compressive
surface strain is possibly reduced through CsCl and KCl
treatments. DFT calculations confirm the preferential for-
mation of alkali defects at the perovskite/vacuum interface. We
attribute the effect of these alkali atom defects on microstrain
and surface stability to a combination of size effects, thermal
motion of interstitial alkali atoms, and concentration gradients.
Poor stability observed for LiCl treatment may be linked to the
dynamics of Li interstitials leading to an overall lattice volume
expansion as probed by machine-learned interatomic force
fields. This study rationalizes strain engineering via alkali metal
treatments to improve stability by altering surface microstrain.

■ MATERIALS AND METHODS
Formamidinium iodide (FAI) and methylammonium chloride
(MACl) were purchased from Greatcell Solar Materials.
Lead(II) iodide (99.99%, trace metal basis, for perovskite
precursor) was purchased from TCI Chemicals. Lithium
chloride (LiCl, ≥99.98%, trace metals basis), sodium chloride
(NaCl, ≥99.0%), potassium chloride (KCl, 99.0−100.5%),
rubidium chloride (RbCl, 99.8%, trace metals basis), cesium
chloride (CsCl, ≥99.999%, trace metals basis), N,N-
dimethylformamide (DMF, 99.8%, anhydrous), dimethyl
sulfoxide (DMSO, 99.9%, anhydrous), and diethyl ether
(contains 1 ppm BHT as inhibitor, anhydrous, ≥99.7%)
were purchased from Sigma-Aldrich. SnO2 solution (tin(IV)
oxide, 15% in H2O colloidal dispersion) was purchased from
Alfa Aesar. All chemicals were used as received without any
further purifications.
Preparation of FAPbI3 Perovskite Precursor Solution.

The FAPbI3 perovskite solution was prepared with FAI (1.5
M), PbI2 (1.5 M), and MACl (0.225 M) precursors dissolved
in 1 mL of mixed DMF/DMSO solvent (DMF:DMSO = 4:1

volume ratio). To fully dissolve precursors in the solvent, the
solution was vigorously shaken at room temperature. The
perovskite precursor solution was filtered through PTFE filters
with 0.2 μm pore size before use.
Formation of FAPbI3 Perovskite Films. The FTO

substrates were cleaned with detergent solution, acetone,
deionized water, and ethanol for min subsequently by
sonication. The cleaned FTO substrates were dried with
nitrogen gas and then treated by UV/Ozone cleaner for 60
min. The diluted SnO2 solution (4 wt % in deionized water)
was loaded onto the cleaned FTO substrate, and then spun at
3000 rpm for 30 s. The SnO2-deposited substrates were heated
at 150 °C for 30 min on a hot plate. Before coating the alkali
metal chloride solution, the FTO/SnO2 substrates were treated
with UV/Ozone cleaner for 60 min. To prepare alkali metal
chloride solutions, LiCl, NaCl, KCl, RbCl, and CsCl were
dissolved in deionized water with 20 mM and 100 mM
concentrations. The alkali metal chloride treatments were
deposited onto UV/Ozone-treated FTO/SnO2 substrates by
spin-coating at 3000 rpm for 30 s and then heated at 150 °C
for 30 min. After cooling down, the substrates were
immediately transferred to the N2-filled glovebox. The
FAPbI3 perovskite layer was deposited on the FTO/SnO2
substrate with alkali metal chloride treatment via spin coat
deposition at 1000 rpm for 10 s with 200 rpm/s and 5000 rpm
for 40 s with 2000 rpm/s. 200 μL of chlorobenzene as an
antisolvent was dropped onto the spinning substrate at 5 s
prior to the end of the spin coating process. The as-coated film
was annealed at 60 °C for 6 min and 150 °C for 20 min on the
hot plate under a N2 atmosphere.
Film Characterization. Laboratory-based X-ray diffraction

(XRD) measurements were performed by using a Bruker D8-
Discover with Co−Kα X-ray radiation operating at 35 kV and
40 mA. For the environmental stability tests, this instrument
was used to follow the α phase evolution. During measure-
ment, the sample stage was moving over a 2 × 2 mm2 area. 2θ
values in XRD patterns for Co−Kα (λ = 0.17890 nm) were
converted to that for Cu−Kα (λ = 0.15406 nm). X-ray
photoelectron spectroscopy (XPS) was performed using a
Kratos Axis DLD X-ray photoelectron spectroscopy system
with a monochromated Al−Kα (1486.6 eV) X-ray beam
source. The samples were measured in the dark under a
pressure of 10−8 Torr without a charge neutralizer. Scanning
electron microscopy (SEM) images were measured using Zeiss
Gemini Ultra-55 Analytical SEM instrument with 10 kV
accelerating voltage.
Synchrotron-Based GIWAXS Data Collection and

Analysis. GIWAXS measurements were taken at beamline
12.3.2 of the Advanced Light Source.32 The incidence angle of
the incoming X-ray beam was set to 0.2° and 3° with a beam
energy of 10 keV. The sample detector distance (SDD) was set
to 155 mm, and the detector was positioned at an angle of 35°
from the sample plane. The GIWAXS data were recorded with
an integration time of one s using a Pilatus 1 M 2D detector
(Dectris Ltd.). The beam footprint is about 5 μm × 500 μm at
0.2° and 5 μm × 38 μm at 3°. The error bar for 500 μm is
about ±200 μm due to the shallow angle.
Lattice parameter analysis was done by fitting Voigt profiles

to the respective diffraction peaks and making use of Bragg’s
law equation: nλ = 2dsin θ to convert the peak positions to d
spacing. One standard deviation of the fitted peak position was
used to estimate the uncertainty of the lattice parameter
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measurements and transformed to d-spacing using Gaussian
error propagation.
Lattice parameter calculation for cubic structure is based on
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First, bare FTO peaks were measured at different incidence
angles (α) with 0.2, 0.5, 1.0, and 3.0 degrees, then, the FTO
peak position was compared with the FTO position measured
in the FTO/SnO2/alkali metal chloride/perovskite stack taken
at different incidence angles. This comparison shows offsets of
−1.84 × 10−3 ± 6.05 × 10−4 for α = 1° and −0.53 × 10−3 ±
5.05 × 10−4 for α = 3°. Based on that the offset for the 0.2°
data was approximated because this surface sensitive measure-
ment does not show FTO peaks.
Williamson-Hall analysis was used to calculate the micro-

strain ε extracted from the slope:33

= + K Dcos 4 sin ( / )

where β is fwhm, K is a constant value depending on peak
shape (0.91−1.0), λ is the wavelength of the incident beam, D
is the crystallite size, and θ is the Bragg angle. A shape factor K
= 0.94 was used here in agreement with previous reports on
halide perovskites for approximately spherical crystal
shape.34,35 We integrated the diffraction peaks with a wide χ
angle range of ±40° to quantitatively compare the microstrain
distribution in the entire film.
The XRD-sin2ψ technique was applied following the

previous report to determine residual stress.25 In this method,
the residual stress value is determined through a linear
relationship between sin2ψ and the experimentally measured
diffraction angle (2θ)
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where E is Young’s modulus, ν is Poisson’s ratio, σ is a residual
stress/strain component, d0 is interplanar lattice spacing for
strain-free crystals, ψ is the angle between the surface normal
vector of the sample and the bisector of X-ray incidence
angle.36 Based on this equation, the residual compressive/
tensile strain in a material can be quantitatively estimated from
the linear slope ∂(d)/∂(sin2(ψ)).
Scherrer analysis was performed based on integrated

GIWAXS data for the (002) reflex. The X-ray wavelength
was 0.124 nm and the shape factor K was assumed as 0.9 for
the cubic crystallites observed in SEM. Measured fwhm values
were corrected for beam divergence (0.0017 nm) and the
energy bandwidth (0.0001 nm) according to the previous
report by Sidhik et al.37

Calculations/MD Simulations. Plane-wave Density Func-
tional Theory (DFT) structural optimizations were performed
with Quantum Espresso38,39 using the PBE functional40 with
the -D3 dispersion correction41 with Becke-Johnson (BJ)
damping.42 The SSSP PBE Efficiency v.1.3.0 pseudopoten-
tials43 were used with a 60 Ry cutoff for the wave functions, a
240 Ry cutoff for the charge density, and Gaussian smearing
with a 0.005 Ry width. The initial guesses for the 2 × 2 × 2

supercells and 2 × 2 × 5 slabs (with 15 Å of vacuum in the c
direction) have randomly rotationally oriented FA ions in
every unit cell of lattice constant 6.3943 Å; that lattice constant
was found by optimizing several orientations of FA ions in
single cubic cells with an initial guess of the previously
reported PBEsol44 lattice constant of 6.3613 Å.45 A 10−8 Ry
SCF cutoff, a 10−3 au force cutoff, and a 3 × 3 × 3 k-grid were
used for the supercell optimizations. The larger slab
optimizations used a 10−7 Ry SCF cutoff, a 7 × 10−3 au
force cutoff, and a 2 × 2 × 1 k-grid.
Molecular Dynamics (MD) simulations were performed

with the Vienna-Ab-Initio Simulation Package (VASP)46−48

using a plane wave basis and projector augmented wave
(PAW) pseudopotentials.49 We used the PBE functional40 with
the -D3 dispersion corrections as above for all calculations.38

To accelerate the MD simulations, machine-learned force fields
were trained on the fly29 using the Gaussian approximation
potential50 with two- and three-body atomic descriptors based
on the smooth overlap of atomic orbitals (SOAP) method.51

For all studied systems the training of the force fields was
performed on a 2 × 2 × 2 supercell of FAPbI3 where for the
systems containing defects, the defect was placed at an
interstitial window site at the start of the training. The
electronic minimization was performed using a 400 eV plane
wave cutoff energy and a 4 × 4 × 4 k-point grid. For all systems
the force fields were trained for 100 ps at a temperature of 400
K. The force fields were then used in production mode on a 4
× 4 × 4 supercell for all studied systems under isothermal and
isobaric NPT conditions at 300 K for 120 ps. The parameters
used for the control of the isothermal and isobaric conditions
were the same as in ref 52. The mean squared displacement for
the cases of Cs, K and Li is shown in Figure S23 where the
expected size trend is observed with Li moving the most in the
lattice followed by K and then Cs. In Supplementary Figure
S24 the evolution of the lattice parameters throughout the MD
simulation is shown, where the calculated values are in good
agreement with the experimental lattice parameters showing
the validity of the force fields. While for the systems containing
Cs, K and Li, we observe a cubic phase, the lattice parameters
of the system with Rb correspond to a tetragonal phase, which
may originate from the hopping of Rb between interstitial
window sites, contrary to expectations based on size effects. All
results shown in this paper were obtained by averaging over 4
different MD runs for each alkali metal, except for the
calculation of the thermal ellipsoids, where only 1 MD run was
chosen. We excluded an initial equilibration period of 2 ps for
the analysis of these MD runs.
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