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1. Introduction

Environmental stability is a major bottleneck of perovskite solar cells. Only a

handful of studies are investigating the effect of moisture on the structural
degradation of the absorber. They mostly rely on ex situ experiments and on
completely degraded samples, which restrict the assessment on initial and
final stage. By combining in situ X-ray diffraction under controlled 85%
relative humidity, and live observations of the water-induced degradation
using liquid-cell transmission electron microscopy, we reveal two competitive
degradation paths leading on one hand to the decomposition of state-of-the-
art mixed cation/anion (Csgo5(MAg.17FA0.83)0.05Pb(Brg 1710.53)3 (CSMAFA) into
Pbl, through a dissolution/recrystallization mechanism and, on the other
hand, to a non-equilibrium phase segregation leading to CsPb,Br; and a
Cesium-poor/iodide-rich Cso.os-x(MAo.17FA0.83)0.95Pb(B"o.17—2y|o.83+2y)3
perovskite. This degradation mechanism is corroborated at atomic-scale
resolution through solid-state 'H and >*Cs NMR analysis. Exposure to
moisture leads to a film containing important heterogeneities in terms of
morphology, photoluminescence intensities, and lifetimes. Our results
provide new insights and consensus that complex perovskite compositions,
though very performant as champion devices, are comparatively metastable,

a trait that limits the chances to achieve long-term stability.
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In the last few years, perovskite solar cells
(PSCs) became one of the most advanced tech-
nology in photovoltaics (PVs), reaching 25.5%
certified power conversion efficiency (PCE) in
single-junction cells."'! This high-performance
level, exceeding 80% of the thermodynamic
bandgap limit of the perovskite, stems from the
maximization of the solar spectrum absorption
capability and reduction of the open-circuit
voltage deficit through well-adjusted interfacial
band level alignment and bulk/interface defects
passivation to abate nonradiative recombination
processes.[z] The reduction of interfacial energy
losses due to energy misalignment is facilitated
given the large richness of cationic and anionic
substitution possibilities starting from the pro-
totypical CH3;NH;3Pbl; (MAPbI;) composition,
affording a very precise control of the opto-
electronic characteristics. Through a wide
exploration of composition, triple cation/dou-
ble  halide formulation  Cspos(MAg ;7.
FAo.83)0.95Pb(Bro.17l0.83)3  (CsSMAFA)
emerged as one of the most efficient composi-

rapidly

tions for single-junction PSCP*"*! and also as a top cell in a monolithic
perovskite/silicon tandem architecture reaching above 29% certified
PCE with a slightly bromide richer composition. ]

However, the performance enhancement has progressed more
rapidly than improving the stability, inhibiting the technology transfer
to larger scale. Many efforts are now turned toward this objective
through device encapsulation,!®’] hydrophobic interfacial layers,t™
nanoscale 2D/3D structuration,! and defects passivation.[10 13 Top-
down approaches that give further insights into the degradation path-
ways of the perovskite absorber and device stacks under operational
conditions are highly desirable to propose rational ways to improve the
stability at different scales from bulk and surface of the materials, inter-
faces, and finally on the entire device. Given the complexity in deci-
phering all possible contributions involved during the degradation, the
first step ex situ investigations provide already relevant trends about
material weaknesses. For instance, exposure of the conventional MAPbI;
composition to a humid atmosphere showed rapid decomposition into
Pbl, and gas releases.”'*] Depending on the relative humidity (RH)
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level, a phase transition from MAPbI; to its lower dimensional 1D
MAPbI; H,O (quasi-reversible transition) and then to MAPbI;-2H,0
has also been reported.!" *™®] This phase transition stems from a strong
hydrogen bond formation involving the structural water molecules and
the organic network of the perovskite.l'”) The 1D confinement of the
carriers in these types of hydrated phases leads to a bandgap widening
to 3.1 eV'”1 and significantly shorter excited states lifetimes, which is
detrimental for the device performances.”®! The introduction of inor-
ganic cations such as cesium and the more stable formamidinium in
the A site to form mixed cations/anions composition raised new issues
related to apparent metastability leading in fine to phase segregation
driven by the long-range mobility of the halides in the structure either
under illuminationt' %! or humidity.?*” "]

Capturing the degradation pathways of perovskites at the molecular-
level details provide the highest level of comprehensiveness regarding
the material response to a specific external stress. It is fundamentally the
most insightful approach to close the gap in degradation understanding,
therefore to provide new directions to hamper degradaton. In order to
achieve this, it calls for advanced in situ characterization techniques to
assess a live visualization of the degradation paths. Very recently, in situ
X-ray diffraction study under 85% RH and liquid-cell in situ transmis-
sion electron microscopy revealed the dissolution/recrystallization pro-
cess in MAPbI; and the key role exerted by the surface defects in the
reactivity of water molecules.”*"]

In this work, we reveal and clarify the different steps leading to the
phase segregation in Csg o5(MAg 17FAg 83)0.95Pb(Bro.1710.83)3 composi-
tion induced by moisture exposure on the basis of advanced in situ
X-ray diffraction, liquid-cell transmission electron microscopy tech-
niques combined with atomic-scale resolved solid-state NMR study.

2. Results

The optical bandgap of Csgos5(MAg17FAg.83)0.95Pb(Bro.1710.83)3
(CsMAFA) prepared by spin coating and deposited on glass is 1.63 eV
(Figure 1a inset), which is in good agreement with the literature.”"]
The Urbach energy is 87 meV, a value larger than what is typically
found for the simplest MAPbI; composition. Subjecting the same film
to 1000 min under 85% RH without encapsulation leads to a twofold
decrease in absorbance below ca. 520 nm. Three main optical transi-
tions are composing the absorption fingerprint of CsMAFA, one sharp
transition at ca. 750 nm, a broad transition at ca. 530 nm, and a sharp
transition at 420 nm, which are attributed to direct band-to-band tran-
sitions at different wave-vector locations in the Brillouin zone of the
perovskite.*] Three transitions are still observed after aging, however,
with very subtle differences, in particular at around 520 nm for which
the optical transition turned from a broad to a very sharp transition,
suggesting a modification in the origin of this transition, which is at
2.29 €V (Figure S1). As further evidenced in the following, we rea-
soned that this very sharp transition stems from the direct bandgap of
Pbl,, which is substantially formed after exposure to moisture.”**! The
deeper transition in blue becomes significantly weaker in absorbance
and is ca. 10 nm red-shifted after aging. This suggests noticeable modi-
fications of the nature of this band-to-band transition and the involved
density of states in the dispersion curves. The Tauc plot also shows a
slight narrowing in the bandgap value from 1.63 to 1.61 eV without
substantial modification of the Urbach energy. Steady-state photolumi-
nescence (PL) shows a maximum red-shift from 778 to 787 nm,
which corroborates very well with the optical bandgap narrowing. A
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more intense PL after aging is also systematically noticed, as observed
previously for MAPbI; (Figure 1b).2%*%** Although counter-intuitive
at first sight, the greater PL after aging can be accounted to a passivation
mechanism of the surface defects by water molecules reducing nonra-
diative recombination processes. (221

In order to grasp relevant insights about the structural evolution of
the film upon aging, we carried out in situ X-ray diffraction experi-
ments under 85% RH until 1000 min exposure (Figure 2). At the
early stage of aging, that is, before 20 min, only the diffraction peaks
belonging to CsMAFA are observed. The peaks at 20 = 14.05°, 19.99°,
24.46°, 28.42°, 31.76°, and 34.93° correspond to the (110), (200),
(202), (220), (310), and (312) planes, respectively. CSMAFA crystal-
lizes into a tetragonal unit cell within I4/men space group. The refined
lattice cell parameters are a = 8.89(1) A and ¢ = 12.57(1) A, leading
to a cell volume of 994.3(1) A°. After 20 min of moisture exposure,
the onset of new diffraction peaks at 20 = 11.13°, 12.63°, 22.38°,
25.50°, 33.86°, and 38.62° is observed, which cannot be ascribed to
the Bragg reflections of the I4/mem space group of CsMAFA. The
diffraction peaks at 260 = 12.63°, 20 = 25.50°, and 38.62° are ascribed
to the (001), (002), and (003) planes of the hexagonal Pbl, phase.
The origin of Pbl, formation stems from the water-induced decomposi-
tion of CsMAFA driven by the higher thermodynamic stability of Pbl,
compared to the bromide counterpart. The nucleation and growth of
Pbl, in the CsMAFA film is highly anisotropic, as indicated by the
strong preferential orientation along (001) plane.

After ca. 1 h of aging, another degradation phase is emerged with a
set of diffraction peaks at 260 = 11.13°, 22.38°, and 33.86° corre-
sponding to the same family of planes. This new phase is attributable
to the layered CsPb,Brs structure, which crystallizes into a tetragonal
unit cell within the same space group of CSMAFA.P 81 In this struc-
ture, the Cs* cations locate in between two sheets of [Pb,Brs]~ leading
to a layered structure along the ¢ axis of the unit cell. This phase has
been employed in advanced green-emitting devices and laser applica-
tions owing to its sharp emission at around 550 nm, with a PLQY
reported between 35% and 87%.25#11 This non-equilibrium phase
segregation induced by moisture is highly anisotropic, as testified by
the strong preferential orientation along the (001) planes. There is no
consensual report about its bandgap value in literature. Indeed,
although the previous studies agree upon the fact that CsPb,Brs seems
to have an indirect bandgap with a relatively low absorption coefficient
compared to the perovskite CsMAFA, some of these studies reported a
bandgap value greater than 3.1 eV on single crystals and as-
synthesized powder®*! and a bandgap of ca. 2.4 eV on capped quan-
tum dots or nanocrystals.[38] In our case, we synthesized small single
crystals of CsPb,Brs according to the procedure reported in the experi-
mental section*?! and found that CsPb,Brs has two very clear transi-
tions at 2.32 eV and a more predominant in the UV at 3.42 eV
(Figure S2). In a previous report by Hu et al,[**] phase segregation
involving cesium was highlighted upon CsMAFA exposure under
humidity (75% RH). The authors attributed the cesium segregated
phase to a mixed halides CsPb,I,Br based on elemental quantification
carried out by energy-dispersive X-ray spectroscopy (EDX). While the
mixed halides CsPb,Brs I, solid solution as proposed by Hu et al.
appears thermodynamically not favorable, the attempts to synthesize
this type of composition with different x values systematically led to a
two-phase product, CsPb,Brs on the one hand and CsPb,Is on the
other hand (Figure S3). These two phases, which are ion exchange
materials, are isostructural with lattice cell parameters relatively close to
each other.
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S Ch b : > N (196 pm), thus corroborating the lattice cell
P efore aging B | E . [45,46]
S 4] Ey=1.63eV 5 0617, swelling.""”** In the case of CSMAFA degrada-
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< % dation of MAPbI;.P% All diffraction peaks col-
1 £ 0-21 lected at the end of the aging experiment can
5 2 m be totally refined with three phases, namely,
400 500 600 700 800 " 640 680 720 760 800 840 CSMAFA, Pbl,, and CsPb,Brs (Figure 3b). The

Wavelength (nm)

Figure 1. Comparison of fresh (red) and aged (1000 min under 85% RH, blue) CsMAFA thin film with the values reported in the literature.
characterized by a) UV-Visible absorption spectroscopy along with the related Tauc plot assuming a
direct allowed transition (in inset), b) normalized steady-state PL measured at 450 nm excitation
wavelength. In inset, the same spectra are reported without normalization of the PL intensity.

Wavelength (nm)

lattice cell parameters refined for CsPb,Brs are
a=18356 A and ¢ = 15.840 A, in agreement
[47]
To follow the dynamics of both CsMAFA
decomposition into Pbl, and phase segregation,
Figure 3c reports the intensity evolution as a
function of aging time of the most intense
& diffraction peak of CsSMAFA, Pbl, and CsPb,Brs.
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The decomposition of CsMAFA into Pbl,
occurs in two stages. During an early stage of
degradation (first hour), a rapid decomposition
of CsMAFA in to Pbl, is observed, which then
monotonously increases but at a slower rate
until the end of the experiment. CsSMAFA non-
equilibrium segregation also starts once the film
is exposed to moisture. The evolution kinetics is
totally different, suggesting that decomposition
and phase segregation are decoupled (degrada-
tion paths). Indeed, the segregation of CsSMAFA
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- 6.0x10%
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Diffraction angle 26 (°)

Figure 2. In situ X-ray diffraction patterns in contour plot of CSMAFA film as

is continuous and linear all along the aging
experiment. Assuming this linear relationship,
one can estimate by extrapolation (of 110 peak
a function of aging time ©f CSMAFA untl zero) that this latter will be

until 1000 min under 85% RH. The color of the different crystallographic orientations in black, blue, completely segregated after ca. 650 h aging, a

and red is corresponding to the CsMAFA perovskite, Pbl,, and the segregated

zoom-in contour plot shows the evolution of the main (110) diffraction peak of CSMAFA upon aging.

Owing to the decomposition into Pbl, and the phase segregation
into the pure inorganic lead bromide CsPb,Brs, the remaining
CsMAFA perovskite has a final stoichiometry modified compared to
the pristine Csg 05(MAg.17FA¢83)0.9sPb(Bro.171p.83)3. A closer inspec-
tion of the most intense diffracion peak of the (110) plane of
CsMAFA between 20 = 13.9° and 14.2° reveals a notable shift to
lower angles upon aging, thus confirming the stoichiometry modifi-
cation (Figure 2). All diffraction patterns have been refined in full-
pattern matching mode to determine the evolution of lattice cell
parameters before (Figure 3a) and during aging (Figure S4). As
expected from the continuous shift to lower angles, both a¢ and ¢
parameters swelling are following a logarithmic-type trend. It leads to
a volume cell expansion of ca. 0.5% from 994.4(2) A® to 999.4
(1) A®, for which the perovskite structure can easily accommodate
without going through a phase transition. Based on these results, we
reasoned that the aged CsMAFA is cesium and bromide poorer and
iodide richer, which is consistent with the slight bandgap narrowing,
the PL red-shift and possibly explain the higher PL intensity as previ-
ously pointed out by Herz et . who showed higher PL yield for
iodide-rich compositions. Cesium cation size is 167 pm, significantly
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phase CsPb,Brs. The left number well below the standard IEC61215 and
IEC61646 aging test protocols.

Similar in situ XRD experiments were
repeated for a CsMAFA layer infiltrated into a
mesoporous scaffold of TiO, or underneath spiro-OMeTAD hole
transporting layer (Figure S5). The degradation products are rigor-
ously the same—excluding the contact layers—with the same strong
preferential orientation for the growth of Pbl, and for the phase seg-
regated CsPb,Brs. Therefore, the interfaces of the CsMAFA with the
ETL and HTL are not influencing these thermodynamic aspects. The
kinetics of these two processes is slightly modified owing to a change
in accessibility for the water molecules to react with the perovskite
and change in hydrophilicity of the surface when sheltered with the
HTL. Indeed, some water molecules can remain adsorbed on the sur-
face of TiO, nanocrystals or react with the dopants introduced into
the spiro-OMeTAD, which are hygroscopic (Figure $5)./** Quantifi-
cation of the different phases, in this case, is rather difficult to obtain
by X-ray diffraction because of the strong preferential orientations of
the phase formed. However, considering the decrease in intensity of
the (110) plane of CsMAFA, we evaluate that both TiO, and spiro-
OMEeTAD reduce slightly the total amount of CsSMAFA degraded.

Top-view low- and high-magnification representative scanning
electron microscopy (SEM) images of fresh and aged CsMAFA reveal
significant changes in the film morphology (Figure S6). The film

© 2022 Zhengzhou University
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Figure 3. Full-pattern matching refinement of the X-ray diffractogram of CsSMAFA film a) before and b) after aging including three different phases, CSMAFA
in black, Pbl, in blue, and CsPb,Brs in red. c) Evolution of the X-ray diffraction peak intensity as a function of aging time for the (110) plane of CSMAFA

(black), (001) plane of Pbl, (blue), and (002) plane of CsPb,Brs (red).

before aging is smooth, pinholes and crack-free. The smaller grains
are corresponding to the Pbl, nanoparticles resulting from its slight
excess into the precursor solution (9 mol. %). However, after 1000-
min exposure, the film becomes rougher and contains multiple pin-
holes, and long cracks are observed, testifying to the importance of
the internal stress exerted by the aging process. The aged film is also
composed of hierarchical tree-like regions of ca. 100 pm size, acicu-
lar particles, and well-shaped hexagonal particles of ca. 1 um size.
Emission lifetime for perovskite film is known to be sensitive to the
film’s morphology and topology. Therefore, the distribution of emis-
sion intensity and lifetime on CsMAFA films before and after aging
were investigated using a fluorescence lifetime imaging microscope
(FLIM). A square surface of 100 x 100 pm (128 x 128 pixels,
4 ms per pixels) was scanned, and its average lifetime in intensity is
shown in Figure 4 and Figure S7. As the experiments on films with
segregated regions are sample and position-dependent, two different
samples, two different areas, and four different depths of analysis
were investigated to assess the PL behavior more precisely in the
entire film. To avoid photo-degradation and to be in an excitation
regime comparable with AM. 1.5 G conditions, low power excita-
tion was used. The overall emission decay for all pixels was fitted
using two or three exponentials with a time constant ranging from
few tens of nanoseconds to hundreds of nanoseconds (Table S1).
Before aging, emission and average lifetimes are homogenous (Fig-
ure 4a,b, Figure S7a), and the existence of morphological defects is
leading to a slight decrease in the average lifetime. The main time
constants (contribution in amplitude) are the hundreds of nanosec-
onds (Table S1). After aging, the films are clearly more heteroge-
neous with a lower average lifetime (Figure 4c,d, Figure S7b).
Looking more carefully at the emission lifetime, aging leads to the
promotion of a fast component in few tens of nanoseconds, becom-
ing the main component of the emission decay (Table S1, Figure 4f).
Concomitantly to the existence of this short component, using an
iCCD camera emission spectra is showing that aged film is character-
ized by an extra of at least two broad emission bands located
between 550 and 700 nm attributed to the emission of Pbl,,
CsPb,Brs, and possible contribution from the degraded CsMAFA
remaining in the film (Figure 4e). No models are actually existing to
account for such complex time-resolved PL decays. Its complexity
stems from the multiple interfaces created after aging and possible
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mixed contributions from bulk and surface of the perovskite grains
in accordance with the more intricate steady-state PL.

In complement with the morphological and structural features at dif-
ferent scales and the long-range order measured by in situ X-ray
diffraction, the results are corroborated with solid-state NMR spec-
troscopy to elucidate the local structures and interactions. We examined
the 'H and '**Cs nudlei in fresh and aged CsMAFA materials to probe
the changes in the short-range environment of cations upon exposure
to moisture. Indeed, the sub-nanometer sensitivity and resolution asso-
ciated with solid-state NMR spectroscopy allow the local chemical envi-
ronments of organic and inorganic moieties, organic-organic, and
organic-inorganic interfaces in photovoltaic materials to be character-
ized and djstinguished.[w*“] In particular, 1D and 2D (ss)NMR tech-
niques have been employed to characterize local structures and site-
specific dynamics in hybrid halide perovskites,t'?3%-°1:52:54%8] Tpe
intrinsically high natural abundance (100%) associated with 'H and
133 MAS NMRE7**1 allows the identification of different cation envi-
ronments in CsMAFA. For the fresh material, a broad '33Cs signal cen-
tered at ~31 ppm is atributed to the Cs' cation in the CsMAFA
framework (Figure 5a). In the case of the aged CsMAFA, an additional
broad distribution of the signal is observed in the range 220—
300 ppm, which could be attributed to the Cs" ions located outside the
CsMAFA framework as expected from the phase segregation revealed
by X-ray diffraction analyses. Interestingly, the aged CsMAFA still con-
tains some cesium cations in the 3D structure in light of the remaining
133Cs signal at ~31 ppm. To corroborate the attribution of the broad
signal intensity (200—300 ppm) measured for the aged CsMAFA film
to different degradation products, 1D 133c5 MAS NMR spectra of the
synthesized powders of different stoichiometric combinations such as
1CsBr:2PbBr, and 1CsI:2Pbl, were acquired and compared. Previous
literature suggests that the '**Cs signal of CsI resonates in ~270 ppm.
Therefore, it cannot be ruled out that the CsI as a plausible by-product.
The signals observed in the range of 220-250 ppm correspond to the
different local chemical environments of Cs™ ions in these two inor-
ganic materials. While these results do not directly rule out the possibil-
ity of CsPb,Is forming, the X-ray and electron diffraction studies have
not confirmed the occurrence of this phase. It thus highlights other
possible types of Cs' ions in the aged film, such as more complex Cs-
based polycrystalline degradation product(s), which are difficult to
deconvolute and identify due to minuscule concentrations of locally
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Figure 4. Microscopic emission imaging (a, c: Intensity; b, d: Average Lifetime) of CSMAFA thin film a, b) before and ¢, d) after 1000 min aging under 85%
RH. Comparison of e) emission spectra (not corrected) and f) emission decay. A diode laser at 470 nm (500 kHz, 100 ps FWHM) was used, and emission was
collected after a 498-nm long-pass filter. Note the difference of intensity scale between panels a and c.

ordered and disordered phases. This hypothesis is in line with X-ray
diffraction results, as in the case of the aged film, a broad contribution
at around 20 ~ 18° is observed, suggesting the formation of poor
crystalline phases in the film. In addition, residual quadrupolar broad-
ening and local disorder associated with Cs' ions in degraded products
may also contribute to the signal broadening (220-300 ppm), as is
also observed for Cs" ions located in the perovskite framework (10—
70 ppm).

Next, the local environments and through-space proximites
between MA” and FA™ cations in fresh and aged CsMAFA films were
characterized by 1D and 2D "H NMR spectroscopy. Figure Sb,c (pro-
jection) compares the 1D "H MAS NMR spectra of as-synthesized and
moisture exposed CsMAFA. In the case of fresh CSMAFA, 'H signals at
3.4 and 6.3 ppm correspond to the methyl and ammonium protons of
MA”", and the signals at 7.4 and 8.2 ppm correspond to the ammonium
and methylene protons of FA', respectively. The same material upon
exposure to moisture (85% RH, 1000 min) exhibited identical 'H sig-
nals, indicating that the organic cations are located in the perovskite
framework in contrast to the Cs* ions. There is no 'H signal corre-
sponding to the degraded by-products of MA" or FA", thus further con-
firming that the segregated Cs-based phases are purely inorganic
without co-inclusion of organic units into its structure. In addition, the
signal narrowing is observed in the 'H spectrum of aged CsMAFA,
which could be attributable to the well-ordered MA" and FA" cations.
These results are further corroborated by the 2D 'H-'H spin-diffusion
NMR measurements and analyses of 1000 min aged CsMAFA (85%
RH) material (Figure 5c). In a spin-diffusion experiment, magnetiza-
tion is allowed to exchange between spatially proximate and dipolar
coupled spins as a function of spin-diffusion time (also referred to as

Energy Environ. Mater. 2023, 6, 12335

5 of 10

mixing time). The resulting 2D spectum contains on- and off-
diagonal peaks, whereby off-diagonal peaks are characteristic of the
magnetization exchange between inter- and intramolecular 'H sites. In
the case of aged CsMAFA, the off-diagonal 2D correlation peaks at
3.4 <> 6.3 ppm shown in the blue shaded region indicate the magne-
tization exchange between intramolecular 'H-'H proximities between
CH; and NH; groups in MA" cations, and the off-diagonal peaks at
7.4 <> 8.2 ppm shown in the green shaded region are attributed to
magnetization exchange between CH and (NH,), groups in FA"
cations of CsSMAFA. The most notable is the 2D correlation peaks high-
lighted in the orange shaded region at (3.4 <> 7.4 ppm and
3.4 <> 8.2 ppm, and 6.3 <> 7.4 ppm and 6.3 <> 8.2 ppm) which
indicate the intermolecular MA*---FA" proximities. These results and
analyses reveal that the MA" and FA" cations are intermixed at the sub-
nano- to nanometer length scale, retaining the 3D nature of CSMAFA
even after 1000 min of exposure to 85% RH.

We achieved live observation of CsMAFA degradation in contact
with water by in situ liquid-cell TEM experiments. In situ TEM is an
effective advanced and challenging technique to visualize microstruc-
tural aspects and changes in the materials in real-time conditions.
Recently, several direct observation studies using in situ TEM have
highlighted fascinating results when analyzing the perovskite’s thermal
degradation.[boféz] In situ liquid-cell electron microscopy allowed the
dynamic observation of nanomaterial’'s crystallization processes in
solution.[*376¢] However, this method has never been considered in
PSCs since very recently by our group. We reported for the first time
live observations of the moisture-induced degradation of MAPbI; in
contact with water molecules showing morphological change and
interfacial dissolution/recrystallization process accounting for the
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Figure 5. a) Solid-state 1D "*Cs MAS NMR spectra of fresh and aged
CsMAFA for 1000 min of moisture exposure at 85% RH, together with the
1D 3Cs MAS NMR spectra of synthesized powers of 1CsBr:2PbBr, and
1Csl:2Pbl,. b) Solid-state 1D "H MAS spectra of fresh CsSMAFA, and c) solid-
state 2D 'H-'H spin-diffusion spectrum of aged CsMAFA acquired using
tmix = 500 ms plotted with 1D 'H skyline projections in the horizontal and
vertical dimensions. 'H signals corresponding to distinct proton sites are
indicated. All spectra of CSMAFA were acquired at 18.8 T ('H, 800.1 MHz,
and "*3Cs, 1049 MHz) with 50 kHz MAS, and the spectra of CsPb,Brs and
CsPb,ls were acquired with 20 kHz MAS.

formation mechanism of Pbl, crystals.[30] For the experiment pre-
sented in this study, the CsSMAFA perovskite layer was deposited on
the top of the E-chip (Protochips) equipped with electron transparent
amorphous silicon nitride (SizN,) windows (experimental section). A
scheme of the liquid cell utilized in this study is presented in Fig-
ure S8a. The chip was first characterized by SEM (Figure S8b). The
images show a uniform coverage of the substrate, including well-
packed grains of ca. 500 nm size with no visible pinholes and cracks
over the amorphous silicon nitride window. In situ liquid-cell TEM
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experiments provide a clear and live assessment about the degradation
of CsMAFA exposed to water molecules, involving the formation and
growth of different morphologies at the nanoscale (live movie shown
in Supporting Information). Figure 6 and Movie S1 show firstly the
perovskite dissolution, which is initiated by water contact and then
followed by growth evolution. Depth analysis of the images collected
raises two key observations. First, it shows the growth of large
hexagonal-shaped particles in different parts of the film locations cor-
responding to the first 60 s of water contact (Figure 6b, Movie S1).
Second, we can observe the growth of secondary needle-like (and
hexagonal-like morphologies), growing preferentially in one direction
(Figure 6¢, Movie S1). The evolution of the transparent area of the
image, which corresponds to electrons passing through the fluid and
the silicon nitride window, was analyzed (Figure 6d). It shows at first
less scattered points growth (blue curve) and a second one (red
curve) containing a more scattered dataset owing to the non-
simultaneous expansion of several particles along with the 2D projec-
tion of the image.

Figure S9 shows the STEM images corresponding to (specific) areas
depicting particles of different morphologies with the corresponding
selected area electron diffraction (SAED). The length of the needle-
shaped particles is identified as Pbl, and can reach up to 5 pm (Fig-
ure S9d). This phase can be ascribed to two types of above-observed
morphologies, that is, the regular hexagonal particles and the sharp
needles. Pbl, growth is known to be governed by different external
conditions; therefore, it is not surprising to find different morphologies
for Pbl, particles. The morphology of Pbl, is tightly related to local
variations, for example, pH, concentration, and other factors, leading to
different morphologies.[67’68] More prolonged exposure to moisture
leads the crystals to lose their geometrical shape and split into several
crystalline particles, as shown in Figure S10. Finally, the electron
diffraction study also confirms the presence of segregated CsPb,Brs
among the hexagonal particles, as shown in inset in Figure S9e.

3. Conclusions

Combining advanced in situ characterization techniques with solid-
state NMR, this work elucidates the degradation pathways of CsMAFA
under moisture, which is crucial for understanding the environmental
stability of perovskite-based photovoltaics. Based on these techniques,
we demonstrate two concomitant degradation mechanisms, that is, the
decomposition of CsMAFA into Pbl, through a dissolution/recrystal-
lization mechanism leading to needles and hexagonal shape particles
and solid-state phase segregation leading to a Cs poorer and iodide
richer CSMAFA phase on one side and CsPb,Brs nanocrystals on other
side. We reveal that this degradation mechanism is influenced neither
by the contact with TiO, nor by the Spiro-OMeTAD, which are giving
very similar results with only slight modification on kinetics. This is in
stark contrast with MAPbI;, for which ETL and HTL contacts were
modifying the moisture-induced degradation of the absorber substan-
tially. Indeed, in the case of the latter, we evidenced a key relationship
between degradation and the level of surface defects, which is not the
case in CsMAFA. As a consequence, this work suggests that the degrada-
tion of CsMAFA under humidity is intrinsic-driven and is favored by
the disordering created by mixing different monovalent cations and
anions of very different sizes and properties in the perovskite structure
rather than governed by surface point defects as for MAPbI;. Stabilizing
in long-term such intricate compositions is thus expected to be highly
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Figure 6. a) TEM imaging of CsMAFA changing in water between 0 and 220 s (scale bars are 1 um). Growth of b) hexagonal-shaped and c) needle
hexagonal-like particles in H,O tracked by TEM as a function of time (scale bars are 500 nm). d) Growth of the transparent area of the image as a function

of time between 0—60 s (blue) and 60220 s (red).

complex given the high metastability character in contact with water
molecules, and possibly same for other external stresses. A chance to
succeed is either the tailoring of an additional hydrophobic layer in the
device stack, the introduction of an external robust encapsulation bar-
rier, or a step back to simpler compositions.

4. Experimental Section

Materials synthesis and processing: Unless specified, all chemicals were pur-
chased from Sigma-Aldrich. Mesoporous TiO, paste and FK209 were purchased
from GreatCell Solar. Pbl,, PbBr, and Csl were purchased from TCI. CsBr was pur-
chased from Alfa Aesar. FAl and MABr were purchased from Dyenamo. Glass sub-
strate was used for in situ XRD experiments to avoid additional diffraction peaks
from the transparent conducting oxide layer. Glass substrate or FTO glass sub-
strate (TEC11L) was systematically cleaned with 2 vol.% of hellmanex solution in
DI water, isopropanol and acetone (Sigma-Aldrich), and treated with UV-Oj clea-
ner for 15 min prior usage. The CSMAFA precursor solution was prepared by dis-
solving 1.1 mol L™ Pbl, (508 mg), 022 mol L™ PbBr, (80.7 mg), 1 mol L™ FAI
(172 mg), 020 mol L' MABr (224 mg), and 006 mol L™" Csl (175 mg) in
anhydrous N,N-dimethylformamide (Sigma-Aldrich) and anhydrous dimethyl sul-
foxide (Sigma-Aldrich) with 4:1 ratio (v/v), respectively. The solution was kept at
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70 °C for 2 h under stirring and then cooled down to ambient temperature and
filtrated through a 0.45-pum syringe filter, yielding a nominal composition of
Csp.05(FA083MAG17)095Pb(log3Bro17)3. The solution was spin-coated according to a
two-step procedure inside an Ar-filled glovebox (MBraun Unilab Pro SP), first at
2000 rpm for 10 s and then 4000 rpm for 20 s. During the second step, 100 pL
of chlorobenzene as an anti-solvent was dropped 10 s before the program’s end.
These films were annealed at 110 °C for 45 min inside the glovebox to crystallize
the perovskite structure leading to a mirror-like dark film. This procedure has
been optimized to reach the highest power conversion efficiency in full devices,
and ca. 20% PCE is obtained typically on average. It leads to films with the same
thickness (350 £ 10 nm).

The CsPb,Brs powder was synthesized by crystallization reaction of lead bro-
mide (1.4 mmol) and cesium bromide (0.7 mmol). They were dissolved in 6 mL
of HBr (HBr, 48%, Fisher chemicals). The mixture was heated at 118 °C and stir-
red overnight. After that, the reaction vessel was led to cool down at room tem-
perature, and the precipitates were collected by vacuum filtration and washed by
diethyl ether. The precipitates were dried under vacuum at 60 °C to obtain the
powder. Different cesium lead Br/I stoichiometry powders were prepared by crys-
tallization method (detailed for the synthesis of CsPb,Brs) of various precursor
salts (Pbl,:PbBr,:CsBr:Csl) in HBr. The total concentration of these precursor salts
was similar to the concentration used in the synthesis of CsPb,Brs. CsPb,ls was
synthesized by a halogen exchange reaction from CsPb,Brs. This reaction was per-
formed under argon flow controlled through the Schlenk line system. The
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equimolar amount of CsPb,Brs powders and lead iodide (Pbl,) was mixed in
21 mL of 1-octadecene (20 mL, 90%, Alfa Aesar), oleic acid (0.5 mL, 90%, Alfa
Aesar), and oleylamine (0.5 mL, 70%, Sigma-Aldrich). The reaction was heated at
160 °C for overnight. After cooling down to room temperature, the product was
collected by vacuum filtration and washed with ethyl ether. It was then dried at
60 °C for 4 h in vacuum and sintered at 160 °C for 30 min.

The X-ray diffraction study was carried out at room temperature on a Bruker
D8 diffractometer using a copper anti-cathode (Acugr = 1.54056 A and
Aukez = 1.54439 A) equipped with a LynxEye detector. Each pattern was col-
lected within 11 min from 20 = 10° to 40° with a step size of 0.01°. For in situ
measurements under a controlled humid atmosphere, an Anton Paar HTK fur-
nace has been modified to allow very precise humidity production and control
all over the experiment. The RH level was monitored at both the inlet and outlet
of the sample chamber to ensure moisture-level homogeneity to 85 + 5% RH.

In situ TEM experiments were performed using a FEI Tecnai F20 microscope
equipped with a cold FEG. The sample of CsSMAFA was deposited by spin coating
onto an E-chip (Protochips) equipped with electron transparent amorphous sili-
con nitride (SisN;) windows with a thickness of 30 nm. For spin coating
05 mol L™ precursor solution was used within an Ar-filled glovebox, first at
3000 rpm for 10 s and 6000 rpm for 20 s. During the second step, 100 pL of
chlorobenzene as an anti-solvent was dropped 10 s before the end of the pro-
gram. The E-chip was post-annealed at 110 °C for 30 min inside the glovebox
leading to a film thickness of ca. 200 nm. Under a binocular, the liquid cell is
mounted in the TEM holder in a sandwich configuration with a sample top chip
and a spacer bottom chip. Both chips are in contact with a two-level O-ring gas-
ket to ensure good sealing. The spacer chip fixes a gap of 1 pm for the liquid
flow. The lid of the TEM sample holder is screwed on top with a clamping force
fixed by a torque screwdriver. The sealing is then tested before the insertion in
the TEM with a turbo pump (10° Torr). While the sample holder is inserted
and kept under vacuum in the pumping station, the pressure value should
remain steady. Then, the plugs of the internal fluidic tubing circuit (inlets and
outlets) are unscrewed one after the other to check that there is no pressure vari-
ation. After 20 min of this sealing test, all plugs are put back. The specimen
holder is then inserted in the TEM, and the plugs of inlet and outlet are removed.
The inlet is connected via a PEEK tubing set to a 5-mL syringe filled with water
mounted on a pump, and the outlet is connected to a vial equipped with a sep-
tum so that the whole circuit is sealed prior to the liquid injection, and the pris-
tine CSMAFA layer was characterized by TEM, STEM-HAADF imaging, and SAED.
Water was injected inside the liquid cell using a syringe pump with a flow rate of
5 uL min~", which has been maintained during the in situ experiment. The
thickness of liquid in the cell depends on the spacer that fixes a gap of 1 um
between the chip. The evolution of the sample upon the time of exposure was
followed by TEM imaging with a Gatan Oneview CMOS camera. The high spatial
resolution and the sensibility of this camera allowed video sequences to be
recorded in 4K with an exposition of 2040 ms per image, corresponding to rates
of 25-50 images per second. This sensibility also allows to collect SAED with a
good intensity resolution in 4K images with 32 bits for gray levels. All measure-
ments were performed with 200 kV acceleration voltage. TEM images are col-
lected using low electron dose rate, from 0.1 to 24 e A72 57" The dose is
extracted through GMS3 DigitalMicrograph® software. The growth study of sin-
gle particles while CSMAFA degradation in water was analyzed using the WEKA
random-forest segmentation 3D plugin of the software Image]. The SAED patterns
were acquired operating with a precession angle of 0.7 degrees and precession fre-
quency of 100 Hz. The identification of diffraction patterns was proceeded using
ASTAR Nanomegas and MacTempaX software.

For solid-state  NMR spectroscopy experiments, Csyos(MAg17FA0g3)095Pb
(Broa7logs)s (CSMAFA) films spin-coated on glass substrates were scratched to
obtain approximately 12 mg of the powder. Scratched CSMAFA powder was
exposed to moisture (85 £ 5% RH) for 1000 min in a humidity-controlled hydra-
tion chamber. The humidity level was monitored using a hygrometer placed
inside the hydration chamber. The sample was packed into a 1.3 mm rotor
closed with Vespel® caps. All 1D 'H and '**Cs NMR experiments of fresh and
aged CsMAFA materials were carried out on a Bruker Avance Neo (188 T, 'H
Larmor frequency = 800.1 MHz) spectrometer using a double-resonance H-X
1.3 mm MAS probe. The MAS frequency was 50 kHz. The nutation frequency of
"H was 192.3 kHz, corresponding to a 90° pulse duration of 1.3 ps. The 'H spin—
lattice relaxation times (T,) were determined to be 24 s for CH; and NH; protons
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in methylammonium cation and 26 s for formamidinium cation in CsMAFA
using inversion recovery measurements and analyses. 1D 'H MAS NMR spectrum
was acquired using 16 co-added transients and a recovery delay tzp = 32 s. 2D
"H-"H spin-diffusion (SD) NMR spectrum of aged CsSMAFA (1000 min, 85% RH)
was acquired with rotor synchronized 256 t; increments, corresponding to the
total experimental time T, = 23 h. The nutation frequency of 33Cs was
69 kHz, which corresponds to a 90° pulse duration of 3.6 ps. 1D '**Cs MAS
NMR spectrum of fresh CsMAFA material was acquired using 192 co-added tran-
sients, corresponding to Te,, = 5.1 h, and a '33Cs MAS NMR spectra of the same
material after exposure to moisture (1000 min) were acquired with 600 co-added
transients, corresponding to Te,, = 82 h. To understand the different distribu-
tions of *3Cs signals in the aged CsMAFA material and identify different by-
products, we separately carried out solid-state '**Cs NMR experiments of
CsPb,Brs and CsPb,ls materials and compared them. These materials were packed
into a 3.2-mm rotor, and "**Cs spectra were acquired using a double-resonance
H-X 32 mm MAS probe at MAS frequency of 20 kHz. *3Cs nutation frequency
was 125 kHz corresponding to a 90° pulse duration of 2.0 s. 1D "3Cs spectra
were acquired using 32 co-added transients corresponding to Te,, = 34 min. The
"H chemical shifts were calibrated with respect to neat TMS using adamantane
as an external reference ("H resonance, 1.8 ppm). The "*Cs shifts were calibrated
with respect to 0.1 m CsCl solution.

Scanning electron microscopy experiments were performed using an envi-
ronmental FEI Quanta 200 FEG microscope. UV-Vis absorption spectra were
recorded in absorbance mode using an Agilent Cary5000 UV-Vis-NIR spectrom-
eter. Steady-state fluorescence and TCSPC were carried out on Edinburgh
Instrument FLS980 spectrometer equipped with a 450W Xe arc lamp for
steady-state measurements with two excitation/emission monochromators (ex-
citation/emission bandwidth of 3 nm). Fluorescence lifetime images were
obtained using a homemade confocal microscope setup. The excitation
(100 ps, 470 nm, 6 nW, circular polarization, dichroic mirror at 488 nm, air
objective 40x), emission collection pathway (long pass emission filter at
496 nm, confocal pinhole 100 pm, APD) and an inverted microscope (IX81).
Piezostage and single-photon count card were different to be able to image
100 x 100 um area and detect longer photon arrival time. The sample was
mounted here on a three-dimensional translation stage (P-562.3CD, Digital con-
troller E-7253CD, Physik Instrument), which allows raster scanning pixel-by-
pixel an entire area of 200 x 200 x 200 um (1 nm resolution) and controlled
by commercial software (Symphotime64, Picoquant). Photon arrival time for
each pixel was obtained using a TimeHarp 260 Picodual (25-ps bin time resolu-
tion), and calculation of average lifetime for each pixel was done by Sympho-
time64. The emission spectra were measured by adding a 50:50 non-polarized
beam splitter between the pinhole and the APD. 50% of the collected emission
light was focused into the slit of a spectrometer (Isoplane-160, grating
300 G mm~' blazed at 750 nm, calibration with a Mercury lamp, bandpass
2 nm) coupled to an Intensified back-illuminated emICCD camera (PI-MAX4-
1024, Genlll filmless, Princeton Instrument). Pixel dwell time was fixed to 4 ms,
and for average lifetime imaging calculation, images (128 x 128 pixels) were
rebinned by 4 and bin time by 16 (400 ps) to get enough photon statics. The
average lifetime in intensity was calculated by tailfit using a sum of 2 or 3
exponential decays from 26 ns to 2 ps. The quality of the fit was judged on
the residuals and reduced y® (<1.1) for the overall decay. Emission spectra
were registered by accumulating all photons during the acquisition of one
image.
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