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To date, the potential exploitation of hybrid organic—inorganic perovskites (HOIPs) in photovoltaic tech-
nologies has been significantly hampered by their poor environmental stability. HOIP degradation can be
triggered by conventional operational environments, with excessive heating and exposure to oxygen and
moisture significantly reducing the performances of HOIP-based solar cells. An imperative need
emerges for a thorough investigation on the impact of these factors on the HOIP stability. In this work,
the degradation of methylammonium lead bromide (CHsNH3zPbBr3) thin films, deposited via spin-coating
on indium tin oxide (ITO) and strontium titanate (STO) substrates, was investigated by combining Raman
and ultraviolet-visible (UV-Vis) absorption spectroscopy, as well as optical and fluorescence microscopy.
We assessed the physical and chemical degradation of the films occurring under diverse preservation
conditions, shedding light on the byproducts emerging from different degradation pathways and on the
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1 Introduction

Hybrid organic-inorganic perovskites (HOIPs) of chemical for-
mula ABX;, where A is an organic cation (methylammonium
MA" = CH3NH;", or formamidinium FA" = HC(NH,)*"), B is a
metal (Pb>", Sn**), and X is a halogen anion (i.e. 1", Br~ or CI "),
have been considered emerging energy conversion materials, to
be integrated in high performance photovoltaic technologies.
Their direct bandgap is indeed conveniently found in the
visible range and can be finely tuned by varying the system
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optimal HOIP preservation conditions.

composition."™ Furthermore, they are characterized by high
absorption coefficients® and relative ease of fabrication, with
low-cost materials and processes. Such favorable properties
made HOIPs operational in tandem solar cells devices with
power conversion efficiency (PCE) exceeding 30% in just two
decades of development.”® However, the degradation induced
by the conventional working environment of a typical solar cell,
i.e. exposure to oxygen and moisture or prolonged UV irradia-
tion, cannot be overlooked, as they could significantly decrease
the performances of the device.” " The chemical degradation
routes of HOIPs usually involve other molecular species, like H,O,
that can infiltrate in the perovskite crystal lattice and occupy the
space between organic cation and halogen,'? and O,. The latter, in
presence of external stimuli, such as electromagnetic radiation or,
to a lesser extent, temperature, can result in perovskite decomp-
osition.”® The deterioration triggered by H,O and O, is not
exclusive, as the degradation of thin HOIP films was also observed
in vacuum, iLe. a condition in which HOIP represents a closed
system, without the influence of these (or other) environmental
catalytic agents."*® Even though many hypotheses have been
formulated around the degradation pathways and the chemical
products of such reactions, a rationalization of the deterioration
mechanisms of HOIPs is still needed. An identification of the
triggering mechanisms that lead to the degradation and loss of
efficiency in HOIP-based solar cells might help improving the
long-term stability of these devices and reach the end goal of a fully
functional, highly performative, and competitive solar cell, ready
for commercialization.
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In this work, we apply optical spectroscopy and microscopy
techniques to analyze the physical and chemical degradation
of methylammonium (CH3;NHj;, indicated herein as MA) lead
bromide HOIP (MAPDbBTr;) thin films deposited via spin-coating
on the two transparent substrates indium tin oxide, ITO, and
strontium titanate, STO. HOIP thin film depositions on trans-
parent substrates are of interest for cutting edge photovoltaics
technology such as indoor or smart glass applications."”™°
Among HOIP, MAPbBr; is selected as a case study. In the
present case, samples were preserved in different environmen-
tal conditions and monitored over a period of one month,
to elucidate how external agents can impact the physical and
chemical state of the sample, leading it to degradation.
As compared to the available scientific literature, which most
commonly focuses on high resolution microscopy (e.g., SEM) to
study the degradation processes in HOIPs from morphological
changes in the sample, our aim is here to adopt nondestructive
optical methods for characterizing the material and assess
its physical as well as chemical modifications. Raman and
UV-Vis spectroscopy and optical microscopy techniques were
employed to first characterize the film samples stored in
ambient condition, to obtain a test reference for the successive
analysis. Similar samples were then studied comparing different
conservation environments (vacuum, and nitrogen, N,, atmo-
sphere). Our study shows that vacuum storage accelerates the
physical degradation of the MAPbBr; films, and that a chemical
degradation process only develops, in the time-window of observa-
tion, when the samples are stored under vacuum, as a conse-
quence of the volatility of the MA compound. We observe that the
chemical degradation of the thin perovskite film results in the
formation of CH,Pb,Br; crystallites, previously unreported. Two
new possible degradation reactions are proposed to explain our
observations.

2 Materials and methods
2.1 Sample synthesis

To achieve films of different thicknesses, a solution of MABr
and PbBr, is dissolved in DMSO at different molarities (0.4 M,
0.8 M and 1.4 M), and stirred in a N,-filled glovebox for
12 hours. Before deposition, the STO and ITO (1 cm x 1 cm)
substrates are kept under a UV lamp for 30 minutes to improve
the surface wettability, and then are heated up to 60 °C. 80 uL of
the prepared solution is finally deposited on the substrate
(either ITO or STO), and spinned at 4000 rpm for 20 seconds.
After 10 seconds of spinning, 200 pL of ethylacetate is poured
on the sample in dynamic mode. As a last step, the samples are
sintered at 80 °C for 10 minutes.

2.2 Raman spectroscopy

Raman spectra were acquired using a commercially available
Horiba LabRAM HR Evolution microspectrometer operating in
backscattering geometry. A He-Ne laser emitting at 632.8 nm
was employed for excitation. An Olympus BX62 micro-
scope equipped with objectives with different magnification
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(20%, 50x and 100x) was used for focusing the laser on the
sample surface and collecting the Raman signal. The same
microscope was also used for optical imaging, in reflectance
mode. All the spectra were acquired employing a 600 groves per
mm diffraction grating (allowing for a spectral resolution better
than 3 cm™ ") and were collected with a Peltier-cooled charge-
coupled device (CCD) detector. A volume Bragg grating optical
filter was used to remove the elastic component of the scattered
light, granting signal acquisition at Raman shift as low as
10 em ™" from the laser line. All spectra were analyzed using
Origin software.

2.3 Fluorescence microscopy

Fluorescence microscopy images were obtained with a Leica
DM IL inverted fluorescence phase contrast microscope,
equipped with interchangeable objectives at different magnifi-
cations, from 10x to 63 x. The microscope was connected to an
external exciting light source, the wavelength of which was
selected using filters in the red, green, and blue ranges.
Ilumination of the sample was achieved with a built-in halogen
lamp. Image acquisition was obtained employing a Zeiss Axio-
Cam ICc camera.

2.4 UV-Vis spectroscopy

The UV-Vis absorbance spectrum of the samples was measured
using a custom double beam optical dispersive spectrometer.
A broadband visible beam from a laser driven light source is
collimated by a spherical lens and subsequently divided by an
optical mask into two separated beams, arranged horizontally,
one measuring the transmission of the sample, and one that of
the reference. The two beams are then vertically superimposed
by a periscope and focused through the aperture slit of a
home-built, fixed grating (150 grooves per mm) Czerny-Turner
spectrometer, which disperses the beams chromatically and
delivers them into two superimposed regions of a fast CMOS
camera, used as a detector. The optical extinction is obtained
as the ratio of the transmitted intensity as a function of the
wavelength.

3 Results and discussion
3.1 Characterization at ambient conditions

The optical and morphological characterization of the MAPbBr;
films at ambient conditions consisted in the acquisition of
spectroscopic data and microscopy images (see Fig. 1). The
perovskite films analyzed in this section are deposited on ITO
and STO and were prepared with different precursor molarity in
the spin coated solution (0.8 M, and 1.4 M). An additional film
deposited on STO with 0.4 precursor molarity was also prepared
(data are available in the ESIt). UV-Vis transmission measure-
ments of the four main samples were performed on three
different sites of each film. The resulting absorbance spectra
are shown in Fig. 1(a)—-(d), after polynomial (2nd order) back-
groud subtraction to correct for scattering effects. The scatter-
ing contribution appears as a smooth background in the optical
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Fig. 1 Individual absorbance spectra acquired on three different sites of the MAPbBTrs film deposited: on ITO at (a) at 1.4 M precursor, and (b) at 0.8 M

precursor; on STO at (c) at 1.4 M, and at (d) at 0.8 M precursor. Data are shown after polynomial background subtraction. (e)-(h) Fluorescence
spectroscopy images (top) and optical microscopy images (bottom panel) relative to the samples in panels (a)—(d). (i)—(l) Film texture profile, extracted
from dashed lines in panels (e)-(h) with Gwyddion software, (solid lines) and extrapolated roughness (dashed black lines). For a better inspection of
pattern rugosity, profiles were selected from a region where the texture exhibits a parallel alignment.

extinction spectra (see Section S1 in the ESIt) and originates
from the granular nature of the HOIP films.”® The sample
morphology was characterized by transmission optical micro-
scopy and fluorescence microscopy. In panels e-h of Fig. 1 the
fluorescence (top, acquired with blue light illumination) and
transmission (bottom, acquired with white light illumination)
optical microscopy images of the samples are shown. As clearly
shown in Fig. 1(e) and (g), the thickest HOIP films display
micrometer-sized wrinkles when deposited both on STO and
ITO. The textured pattern becomes less visible as the film
thickness lowers (Fig. 1(f) and (h)). The analysis of the patterns
in the optical microscopy image (panels i, k of Fig. 1) reveals
that the wrinkling spatial period is around 2.5 um for the 1.4 M
film deposited on ITO and STO, while no distinguishable
periodicity can be observed for the 0.8 M films (panels j, 1 of
Fig. 1). The disappearance of the pattern in the thinner films
might occur either because the spatial periodicity of the pattern
becomes significantly low and the spatial resolution of our
imaging system cannot resolve it or, more likely, because at
such film thicknesses no wrinkling patterns are expected at
all.>" Coherently, the scattering contribution in the UV-Vis
transmission spectra of the samples at 1.4 M is much larger
than that observed in the 0.8 M films (see Fig. S1, ESIT).

The discussed patterned features are typical of systems
formed in non-equilibrium conditions.”>?* In the case of HOIP
polycrystalline films formed via spin-coating deposition, as in
the present case, the growth of the film is a result of forces
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acting in different directions: (i) the surface tension at the
interface between the deposited solution and the substrate and
(ii) the centrifugal force exerted by the rotating substrate on the
solution, both parallel to the plane of the substrate, (iii) the
pressure forces associated to the vaporization of the solvent,
occurring prevalently in the direction normal to the substrate,
and (iv) the adhesion forces associated to three dimensional
HOIP crystal formation, although the growth is prevalently
bi-dimensional. It has been reported that surface texture
(wrinkling or buckling) develops in the synthesis of perovskite
thin films with spin coating and solution-based methods.>"**** In
detail, wrinkling can occur because of compressive stress endured
by the film during its formation. The surface tension and the
lattice mismatch between film and substrate can hinder the
perovskite from freely expanding on substrate while processing.
Relaxation after the film adhesion, and the subsequent energy
release from the stressed state, can cause the fracture of the film
surface with the formation of wrinkles.

Film morphology can be a relevant factor in engineering
highly efficient devices. Recent works have shown that HOIP-
based solar cells exhibit improved photovoltaic performances
when in the wrinkled morphology compared to the non-
wrinkled counterpart.>*?® The textured surface of the perovs-
kite might be advantageous in enhancing light harvesting and
overall absorption.”® Furthermore, the differences in the lattice
strain of the wrinkled perovskite film, and the consequent
density of local defects,”” can directly affect the photocarriers’

This journal is © the Owner Societies 2024
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lifetime: time resolved photoluminescence spectroscopy dis-
closed longer photocarrier recombination times in wrinkled
HOIP films (as observed in perovskites with mixed-cation
mixed-halide composition), suggesting that a suppression of
nonradiative trap-assisted recombination is occurring.>**%*®
Notably, in the work of S. G. Kim et al., a downward trend
was observed in the recombination rate measured on the more
elevated sites of the wrinkle in mixed HOIP films, with increasing
amplitude of the wrinkle morphology itself. The tailored wrinkled
pattern, transferred over to the electron and hole transport layers
of the HOIP solar cell, allowed the authors to obtain a PCE as high
as 23%, without sacrificing the long-term stability of the device.
Considering this result, identifying the thickness threshold at
which roughness starts appearing can be important for the
optimal control of HOIP thin film preparation.

From the absorbance spectra, the MAPbBr; film thicknesses
can be inferred. In Fig. 2, we show the average spectra from
data in panels a-d of Fig. 1. The main absorption peak of the
MAPbBr; films lies around 525 nm, as expected from
literature.*?%*° Adapting the Lambert-Beer law for diluted
solutions A = ¢(4)-C-d, with d sample thickness, C solution
concentration and ¢(/) extinction coefficient, to the form A =
a(2)-d, we can obtain an estimate of the film thickness of each
sample. Being «(/ = 525 nm) = (5.5 & 0.5) x 10> nm ' the
absorption coefficient for MAPbBr;,> and using the measured
peak absorbance value, we find the thicknesses of the 1.4 M
and 0.8 M films to be around 230 nm and 170 nm respectively,
with compatible values on the two substrates. The estimated
thickness data are plotted as a function of the precursor
concentration in the inset of Fig. 2, including data acquired
on the 0.4 M film on STO (Fig. S2, ESIt). The relation between
the precursor concentration and the final film thickness is
nicely reproduced by a linear trend, which suggests a threshold
concentration for stable film formation. Joining the results
from the film thickness analysis with microscopy observations,
we guess that the perovskite films form wrinkles when depos-
ited with thicknesses above 200 nm. This value is in line with
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Fig. 2 Average absorbance spectra measured on the 1.4 M and 0.8 M
MAPDBr3 films on ITO and STO. Colour palette as in Fig. 1. In the inset,
estimated thicknesses versus precursor molarity (circles: films on ITO;
triangles: films on STO; error bars are estimated based on the dispersion in
repeated optical measurements and the uncertainty on the absorption
coefficient). The fitted linear trend is shown (dotted gray line).
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the claim of K. A. Bush et al.,>" who reported that in the Cs-FA
mixed perovskite wrinkling occurs between 232 and 346 nm.
The present results show that pure MA-based HOIPs exhibit
surface textures qualitatively similar as those observed in the
above-cited mixed perovskites.

3.2 Physical degradation

To study the degradation processes and their typical timescale,
four total freshly prepared films of MAPDbBr; (1.4 M) deposited
on STO and ITO were stored at ambient temperature in a N,
filled, sealed vial at atmospheric pressure, and in vacuum (at
pressure maintained at P = 13 mbar by continuous pumping).
In addition, a film prepared with 0.8 M precursor concentration
deposited on ITO was also stored in vacuum atmosphere; the
results of its analysis are reported in Section S3 of the ESL{ No
shielding for ambient optical radiation was implemented, to
mimic relevant material application conditions. The deteriora-
tion of the films was monitored by optical and fluorescence
microscopy, and Raman spectroscopy. The optical micro-
scopy images of the samples (acquired in reflectance mode)
at different timesteps from deposition are shown in Fig. 3.
As reasonably expected, the freshly prepared samples evenly
cover the substrates and show no sign of deterioration, even at
the largest magnification available (zoom in Fig. 3(a), (d), (g)
and (j)). After storing the films for some time both under
vacuum and nitrogen atmosphere, physical degradation can
be observed on all samples, with the formation of small yellow
crystallites of size between 1-5 um (Fig. 3(b), (e), (h) and (k)).
A visual inspection of the image in Fig. 3(c) and (i) shows the
bare surface of the ITO and STO substrates (appearing in gray),
as evidence that the physical degradation of the perovskite film
is developing under vacuum. On the other hand, N, storage
only slightly affects the film integrity and at a much slower rate
(after approximately a month, see Fig. 3(f) and (1)). To explain
the observed behavior, we first consider that all the films
analyzed in this paper are polycrystalline, with an expected fine
grain structure and a consequently a large number of grain
boundary interfaces.*! It is known that an intergranular film is
typically formed in between the grains, with a different struc-
ture (e.g., amorphous) and chemical composition (e.g., contain-
ing residual solvent) as compared to the HOIP domains. The
grain size is expected to be smaller than the spatial resolution
of the optical techniques here employed (~ 1 pm), thus making
the grain boundary indistinguishable optically, but readily
observable by high resolution microscopies like SEM (see
Fig. S4, ESIt).>"* The literature allows to hypothesize a physi-
cal degradation mechanism triggered by the polycrystalline
nature of the sample. Unfortunately, the composition of the
intergranular film is not assessable by Raman scattering, as the
scattering volume is mostly occupied by the bulky grains,
providing the largest part of the Raman signal. Nevertheless,
the intergranular film is expected to show different physical-
chemical properties compared to the HOIP grains, resulting in
a lower chemical stability and higher susceptibility to moisture
degradation.?™** The origin of microcrystal formation (Fig. 3)
can be thus hypothesized based on the evaporation of the MA
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Fig. 3 Optical microscopy images of MAPbBr3 (1.4 M) film deposited on: (a) and (d) ITO, and (g) and (j) STO. Images of the films: (b) and (h) stored in
13 mbar vacuum for two weeks; (c) and (i) stored in 13 mbar vacuum for three weeks; (e) and (k) stored in N, atmosphere for one week and (f) and (l) one
month. Images were acquired with 20x (left column) and 100x magnification.

molecules and the possible solvent residues embedded in the
intergranular film, more likely occurring in vacuum. The eva-
poration produces an unbalance in the forces acting on each
crystallite in the film, resulting in its morphological instability
and finally leading to the formation of larger grains,”” with a
new equilibrium shape® governed by minimization of the
sum of the elastic and surface energy,”>>* and the consequent
macroscopic fragmentation of the HOIP thin film. Thus, stor-
ing the films at 13 mbar (i.e., in vacuum) strongly accelerates
the natural degradation of the samples.

The Raman spectra acquired on the microcrystals of all
three samples are shown in Fig. 4 and are compared with the
ones acquired on freshly made films (these are obtained by
subtracting the Raman spectra of bare substrates to the sample
ones, see Fig. 4(a)) and to that of a pristine MAPbBr; powder
sample, as reported by F. Capitani et al?’ In the low Raman
shift region, all the spectra look comparable, and the fitting
deconvolution of the spectral profiles gives similar results. The
Raman spectra of the pristine film samples on both STO and
ITO substrates is covered by the substrate signals, particularly

(a) MAPbET, on ITO (b) S (c)
crystal on ITO (B M/\__..—
(vacuum) : .M_
— crystal on ITO ‘5)
E El B ——
« 3 =
~ © — 1 " 1 n
- R R S > S 1000 1500 2000
c n (nitrogen)
8 g |- ~
£ E from literature : H (d)
AN g A N—
MAPbBY, on STO film on ITO 2
c
Do film on STO Q
1 N 1 1 1 R R R B £ 1 N 1 N
0 1000 2000 3000 0 100 200 300 400 2900 3000 3100

Raman shift (cm™) Raman shift (cm™)

Fig. 4 (a) Raman spectra of the MAPbBrs films (black lines) and of the bare ITO and STO substrates (gray lines). (b) Raman spectra, in the low Raman shift
(0-400 cm™?) range, of the MAPbBrs microcrystals formed on the aged samples, compared to the Raman spectrum of pristine MAPbBrz powder (from
ref. 35) and to those obtained subtracting the substrate background to the thin film Raman spectra. In panel (b), the dashed gray lines show the spectral
deconvolution in Gaussian components, centered at the vibrational modes reported by O. Yaffe et al.>® (c) Raman spectra of the microcrystals in the
1300-1700 cm~* and (d) in the 2800-3100 cm™~* range. All Raman spectra in panels b, c and d are normalized to the intensity of the lowest frequency
mode (~15 cm™?).
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in the MA fingerprint region, above 900 cm ™" (Fig. 4(a)). On the
contrary, the Raman spectra of the microcrystals reveal the
vibrational modes of the MA molecule, as shown in Fig. 4(c)
and (d). This evidence suggests that the microcrystal thickness
is sufficiently large to screen any light emitted by the substrate,
and that these domains reasonably form from film aggregation,
as discussed above, with no change of chemical composition in
the sample. In other words, the physical degradation of the film
results in the clustering of the sample into more compact
crystalline aggregates which are stabilized for the decrease of
the contact area with the substrate (minimization of surface
tension). This is not accompanied by any relevant changes in
the chemical or crystal structure. After three weeks of vacuum
storage, the MAPbBr; films show further signs of physical
degradation, as shown in Fig. 3(c), and the perovskites micro-
crystals also gather in larger clusters (contraction effect).>*

3.3 Chemical degradation

Beside the purely physical degradation consisting in the shrink-
ing of the deposit, chemical degradation also occurs in the
samples stored under vacuum. Instead, no signs of chemical
degradation occurring in the analyzed time window could be
detected on the sample stored under N,, where the measured
Raman signals were homogeneous and consistent with that of
the pristine film. For sake of simplicity, only the results from
the 0.8 M MAPDBr; film on ITO will be discussed. Analogous
observations are valid also for the other samples stored in
vacuum, on both STO and ITO (see Section S4 of the ESIT). After
two weeks of storage under vacuum, the MAPbBr; film appears
extremely fragmented. In some regions, big crystalline aggre-
gates (linear size 10-20 um), larger than those shown in Fig. 3
and above discussed, developed with a different optical appear-
ance (see Fig. 5).

Upon comparison of the transmission optical and fluores-
cence microscopy images in Fig. 5(a) and (b), it is concluded
that these new aggregates are not made of MAPbBr;. The image
in (b) was obtained by illuminating the sample with blue light,
above MAPDbBr; bandgap absorption (Fig. 2). A fragmented
MAPDBr; film should still emit fluorescence light with above
bandgap irradiation, as shown in Fig. 1(e)-(h). On the other
hand, the new crystal domains are absent in the fluorescence
image: their emission properties are then different from that of
MAPDBr;, and this likely points to domains with distinct
chemical composition or structure. To identify the produced
degradation compounds, we studied the Raman spectrum of
the crystallites. As shown in Fig. 5(d), the Raman spectrum
does not resemble the one of MAPbBr;, nor the one of the
solid precursors PbBr, used for the synthesis of the com-
pound. A plausible hypothesis for the nature of these domains
can be formulated referring to the structural phase transitions
of the inorganic perovskite CsPbBrs;. It is known from the
literature that CsPbBr; can decompose into the solid bypro-
duct CsPb,Brs; when exposed to a humid environment: H,O
molecules permeate the solid and strip CsBr out of the crystal,
changing the coordination number of Pb(u) and inducing a
phase transition.*® Furthermore, as reported in the work of
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Fig. 5 Transmission optical microscopy and fluorescence microscopy
images on the same area of the 0.8 M MAPbBr film on ITO after vacuum
storage. Images were acquired with (a) broadband and (b) blue light
(380-500 nm) illumination, respectively. (c) Optical microscopy image
after two weeks of storage under vacuum acquired with 100 x magnifica-
tion (reflectance mode). A large crystal is observed, and it is reasonably
associated with a degradation product owing to its appearance and optical
properties. (d) Raman spectrum of the large crystal shown in (c) at low
Raman shift (black line). Comparison with the Raman spectrum of pre-
cursors and plausible degradation products PbBr; (grey line, from ref. 37)
and CsPb,Brs (green line, from ref. 38).

W. Guo et al.,*® X-ray diffraction (XRD) measurements showed
that subjecting MAPDbBTr; to the simultaneous stressing action
of high temperature and intense UV irradiation led to the
formation of NH,Pb,Brs;, a compound with the same room-
temperature structure of CsPb,Br; (as shown in the insets of
Fig. 6). With these premises, we hypothesize that this degra-
dation product might result as well by simply storing MAPbBT;
films under vacuum conditions. To the best of our knowledge,
that is an original and unreported observation.

Given the very low amount and the dispersed character of
the new degradation product NH,Pb,Brs over the surface of
the degraded film, an XRD analysis on these samples is not
expected to give satisfactory results neither in the detection,
nor in the identification of the new material, even in the
grazing angle mode. To the best of our knowledge, degrada-
tion and/or defective products cannot be easily detected in
thin films by XRD at volume fractions below 10%.*"** On the
contrary, Raman and photoluminescence (i.e., optical) studies
allow to overcome that limit.” In the present case, the volume
fraction of the degradation product, as estimated from micro-
scopy imaging, is in the order of a few percent (<5%), and
hence would not provide the necessary contrast in an XRD
analysis. On the other hand, a possible elemental determina-
tion by energy dispersive X-ray analysis would not be indica-
tive of the structure of the degradation product, and it would
retrieve nearly the same composition of the perovskite, that
differs to NH4Pb,Brs for the sole additional presence of
C atoms. We thus believe the vibrational fingerprint provided
by Raman spectroscopy, and the comparison to the literature

Phys. Chem. Chem. Phys., 2024, 26, 18898-18906 | 18903
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Fig. 6 (a) Fitting deconvolution of the Raman spectrum of CsPb,Brs measured by V. G. Hadjiev et al.*® (b) Fitting deconvolution of the Raman spectrum
of NH4Pb,Brs measured in this work. In the insets, the layered crystal structures of CsPb,Brs (a) and NH4Pb,Brs (b). Images produced with the VESTA

software.

data, is the most informative option for the identification of
the degradation products.

In NH,Pb,Brs, the Pb>* cations coordinate eight Br~ anions
(and not six with octahedral geometry as in the perovskite
structure), forming a compact layer of face-sharing [Pb,Brs]"
hendecahedric units. Each layer is separated by a layer of NH,"
(or Cs") cations to form NH,Pb,Brs (or CsPb,Br;) with result-
ing formation of a layered intercalation compound.*® Further
confirmation of the similarity between the two crystal struc-
tures is given by the relative ease in substituting the NH," with
Cs' ions by just adding NH,4Pb,Br; powder in a CsBr methanol
solution. This exchange turns the first compound into the
second.*® The comparison of the Raman spectra collected on
the crystalline aggregates with that of CsPb,Br;,***>® whose
phonon peaks are associated solely with the vibrational modes
of the hendecahedric units (identical for the two compounds),
allowed us to identify the observed vibrational modes of
Fig. 5(d). The Raman spectra of CsPb,Br; and NH,Pb,Brs,
shown separately in Fig. 6, were deconvoluted using Gaussian
and Lorentzian peak functions (for the assessed peak frequen-
cies, see Table 1).

In Section S5 of the ESI, we report two possible alternative
pathways for the fomation of NH,Pb,Brs from MAPbBr; under
vacuum conditions, one of which is triggered by above bandgap
illumination. As no direct assessment of the intermediate
(mostly, gaseous) reaction products can be realized with the

Table 1 Raman phonon frequencies measured on the NH4Pb,Brs aggre-
gates after two weeks of storage in vacuum (first column) and corres-
ponding values of CsPb,Brs fitted from ref. 38 (second column)

NH,Pb,Brs peak position (cm™") CsPb,Br; peak position (cm ™)

38 37
48 48
64 67
72

79 77
134 132
143 140

18904 | Phys. Chem. Chem. Phys., 2024, 26, 18898-18906

methods here employed, we refer to the processes merely as
hypotheses, which deserve further investigation.

After three weeks, the sample stored under vacuum show
considerable signs of degradation. Both MAPbBr; microcrystals
and NH,Pb,Br; aggregates are largely present on the substrates
surface and the NH,Pb,Br; aggregates appear larger in size as
compared to the ones observed at the two weeks’ timestamp.
This increase in scale could be probably attributed to aggrega-
tion mechanisms analogous to the ones originally observed for
the MAPbBr; microcrystals.

4 Conclusions

In this work we analyzed the physical and chemical stability of
MAPDBr; thin film deposited on SrTiO; (STO) and In, ,Sn,O3
(ITO) substrates under different storage conditions. Film sam-
ples deposited with different precursors molarities (0.4 M,
0.8 M and 1.4 M) were first analyzed as a reference after storage
in air. UV-Vis absorption spectroscopy was employed to infer
the mean thicknesses of each sample, and optical microscopy
was used to evaluate the overall film quality. Microscopy images
acquired on these samples showed that the thicker films
(~300 nm) develop a wrinkled surface pattern with spatial
period of 2.5 pm, as an effect of the compressive stress endured
by the film during the spin coating synthesis process. Films on
STO and ITO were analyzed upon storage under N, atmosphere,
or under vacuum at 13 mbar. All the samples showed signs of
physical degradation with the appearance of micrometric-sized
MAPDBr; crystals on the surface. N, atmosphere preserved the
integrity of the film for a month (indeed, only a few micro-
crystals appeared on the sample), while vacuum accelerated the
degradation process with observation of film fragmenta-
tion just a week after deposition. Aggregates of the byproduct
NH,Pb,Brs were also retrieved in the samples stored under
vacuum, suggesting that chemical degradation also occurred.
Likely, chemical degradation was caused by the volatility of MA.
Two possible degradation routes were proposed for the for-
mation of NH,Pb,Brs. Joint Raman and microscopy techniques

This journal is © the Owner Societies 2024
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allowed us to perform nondestructive and informative mea-
surements on the film surfaces with accurate spatial resolution,
providing an unambiguous identification of the degradation
pathways. For the characterization of the species produced in
the degradation process of HOIPs, we demonstrate that the
experimental approach here presented results in a possibly
more informative characterization when compared to the pre-
valent AFM/SEM and UV-Vis approaches reported in the litera-
ture. In conclusion, this work provides insights on the
degradation mechanisms of thin perovskite films as a function
of thickness and storage conditions. Storing the films either in
air, N, or vacuum provided very different outcomes for the film
integrity, from both a physical and a chemical point of view.
The observation of microcrystals and aggregates of completely
different chemical structure allows to understand mechanisms
controlling the long-term stability/degradation of HOIPs. The
present observations can provide a valuable contribution to the
study of the environmental stability of HOIP films and useful
insights on the ideal working condition of these systems.
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