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Degradation and Self-Healing of FAPbBr; Perovskite under

Soft-X-Ray Irradiation

Valeria Milotti,* Stefania Cacovich, Davide Raffaele Ceratti, Daniel Ory, Jessica Barichello,
Fabio Matteocci, Aldo Di Carlo, Polina M. Sheverdyaeva, Philip Schulz,*

and Paolo Moras*

The extensive use of perovskites as light absorbers calls for a deeper
understanding of the interaction of these materials with light. Here, the
evolution of the chemical and optoelectronic properties of formamidinium
lead tri-bromide (FAPbBr;) films is tracked under the soft X-ray beam of a
high-brilliance synchrotron source by photoemission spectroscopy and
micro-photoluminescence. Two contrasting processes are at play during the
irradiation. The degradation of the material manifests with the formation of
Pb? metallic clusters, loss of gaseous Br,, decrease and shift of the
photoluminescence emission. The recovery of the photoluminescence signal
for prolonged beam exposure times is ascribed to self-healing of FAPbBr;,
thanks to the re-oxidation of Pb® and migration of FA* and Br~ ions. This
scenario is validated on FAPbBE; films treated by Ar* ion sputtering. The
degradation/self-healing effect, which is previously reported for irradiation up
to the ultraviolet regime, has the potential of extending the lifetime of X-ray

detectors based on perovskites.

1. Introduction

Hybrid organic inorganic metal tri-halide perovskites are at-
tracting growing interest for photonic applications, as their op-
toelectronic properties can be easily tailored by tuning their

chemical composition.'3]  Potential
fields of use include photovoltaics,
thanks to power conversion efficiencies
close to those of monocrystalline silicon
solar cells,*® and ionizing radiation
detection for space applications or med-
ical imaging. "° Studying the effects
of light irradiation on these materials
over a wide spectral range is of crucial
importance, in order to determine, for in-
stance, the mechanisms of deterioration
of device performances.

Hybrid organic inorganic lead tri-
halide perovskites are represented by the
formula APDX;, where site A is filled
by an organic cation (such as methy-
lammonium or formamidinium FA* =
CH(NH,)7) and site X by halides."”) A
relevant property of solar cells based on
APDbX; perovskites is the extended work-
ing lifetime, as a result of self-healing
processes occurring within the perovskite layers.[''-13] In fact, the
quality of the perovskites, which is degraded by external stres-
sors, such as light exposure, tends to recover automatically when
the stressor is removed.['*18] These processes originate from the
low activation energies of chemical reactions and migration of
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ionic species in APbX, perovskites.'>?’ Anions are the most
mobile species, while Pb** is found to be the slowest moving
species.[28:2]

APbX, perovskites incorporating FA* and Br~ ions dis-
play higher stability than other compositions under external
stresses.303¢] For this reason, FAPbBr, has been used as an ac-
tive layer for both rigid and flexible solar cells.’’*°] Owing to
its large bandgap (2.2 eV), FAPbBr; has been considered as one
of the best photo-active material for semitransparent solar cell
for Building Integrated Photovoltaics.****!] FAPbBr; nanocrys-
tals are used in the active layer of light-emitting diodes.[*?!
The resistance of FAPbBr; to high temperatures and irradiation
makes it a good candidate also for X-ray detectors and space
applications.[*3#7]

The present study focuses on the chemical and optoelec-
tronic properties of FAPbBr, films under soft X-ray irradiation.
High-brilliance synchrotron light is employed to accelerate the
ageing of the material. X-ray photoemission spectroscopy (XPS)
shows the formation of Pb® metallic clusters and loss of gaseous
Br,, which are distinctive fingerprints of degradation of the
perovskite. The observed rate of decomposition suggests the ex-
istence of a counterbalancing process. Micro-photoluminescence
(PL) spectroscopy reveals that soft X-ray irradiation has different
effects on FAPDBr; depending on the exposure conditions.
The degradation occurring at low photon density irradiation
is followed by self-healing of the material at higher photon
density, owing to the re-oxidation of Pb® and the mobility of
the FA* and Br~ ions. This scenario is confirmed on Ar* ion
sputtered FAPbBr, films, which display different degradation
and self-healing rates with respect to the pristine case. The
present results complement similar observations on FAPbBr,
films irradiated with lower photon energies!'*?!l and pave the
way toward advanced applications of this material in the field of
X-ray detection.

2. Results and Discussion

High-quality FAPDBr, is synthesized according to well-
established procedures!*®] and deposited on conductive sub-
strates in the form of films with thickness of about 350 nm.
Irradiation and XPS experiments are performed at photon
energy hv = 750 eV, with an average flux of 10'° photons per
second. Almost 99% of the photon flux is concentrated in an
oval spot of about 250 pm X 400 ym (7.9 x 10* pm?). The
remaining 1% of stray light, which derives from the non-ideal
alignment of the beamline optical elements, is spread over a
wider region of low photon density surrounding the oval spot.
While the penetration depth of the soft X-rays (> 1 mm) is
larger than the film thickness, the XPS signal originates from a
region close to the film surface, due to the short inelastic mean
free path of electrons with kinetic energies below 750 eV (1-2
nm). As shown in the following, the combination of surface-
sensitive XPS and bulk-sensitive PL measurements is suitable
to understand the effects of X-ray irradiation on FAPbBr;.
The experimental results are presented in Sections 2.1 and
2.2 for pristine and sputtered FAPbBr, films, respectively. The
optoelectronic properties of the two systems are compared in
Section 2.3.
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2.1. Irradiation of Pristine FAPbBr; Films

XPS spectra are collected on the same position of the sample at
intervals of 14 min (5 sets of spectra in 70 min) in order to charac-
terize the changes of the surface chemical properties of FAPbBr,
as a function of the irradiation time. All expected elements are
detected in the survey spectrum of Figure 1a,[*”*?] including oxy-
gen deriving from air exposure. Figure 1b—e compares the rele-
vant core level lines of FAPbBr; corresponding to the first and
last set of spectra. In the N 1s region (Figure 1b) the single peak
observed at 400.5 eV (N in FA*) broadens by 13% (full width at
half maximum, FWHM) and is accompanied by another peak at
399.3 eV after prolonged irradiation. We attribute the additional
peak at lower binding energy to decomposition products of FA*.
While the complex decomposition process of formamidinium is
still under debate,*! sym-triazine and hydrogen cynanide have
been identified after film degradation and accelerated ageing.*!
Here, the formation of the new peak in the XPS data is consis-
tent with the binding energy for nitrogen coordinated in an azine
group. Two C 1s peaks (Figure 1c) are associated to C in FA*
(288.3 eV), for which we observe a broadening of 15% (FWHM)
after prolonged irradiation, and surface contamination by adven-
titious C (284.7 eV). The drop of the latter peak as a function
of the irradiation time, probably due to light-stimulated release
of C from the surface, explains the overall increase of the sig-
nal of FAPbBr;-related peaks. The broadening of the N 1s and C
1s peaks indicates changes in the immediate chemical environ-
ment of FA*, for instance due to the creation of defects such as
vacancies of Pb and/or Br on neighboring crystallographic sites,
which will be discussed in the quantitative analysis of the atomic
ratios later in the paper. The main Pb 4f doublet (Figure 1d), cor-
responding to Pb? * in the perovskite, shows a shift toward higher
binding energies for prolonged irradiation (from 138.7 to 138.9
eV for the 4f,, component), while another much weaker Pb 4f
doublet emerges at lower binding energies (4f;,, component at
136.8 V). Also Br 3d (Figure le) presents a shift toward higher
binding energies as a function of irradiation time (from 68.5 to
68.7 eV for the 3d;,, component).

All these experimental observations can be rationalized by con-
sidering the photo-degradation path of APbX; perovskites, which
consists of two main steps. In the first step APbX; — PbX, + AX,
that is, for the specific case of FAPbBr;:[1#]

FAPbBr, «— PbBr, + FABr 1)
PbBr, further degrades into:
PbBr, — Pb’ + Br, (g) (2)

thus making Br, gas and Pb°, metallic lead, characteristic side-
products of the decomposition.l**>!] Notably, this process is anal-
ogous to the decomposition of Pbl,, which has been used as a
photo-sensitive material in photography because it easily decom-
poses to metallic lead under illumination.[>?

The second Pb 4f doublet emerging in Figure 1d under irra-
diation is thus associated to the formation of Pb°, most proba-
bly agglomerated in metallic clusters, on the film surface.[>%%3
Its evolution can be better seen in Figure 2a, where the Pb 4f, ,
components of Pb?" and P are displayed as a function of the
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Figure 1. XPS data of pristine FAPbBr;. a) Survey spectrum. b—e) Core level spectra extracted from the first (14 min) and last (70 min) sets of data and

related fittings: (b) N Ts, (c) C 1s, (d) Pb 4f, and (e) Br 3d.

irradiation time. Metallic Pb° clusters act as donor defects and
cause Fermi level pinning close to the bottom of the conduction
band of FAPbBr,.>*5°] This explains the downward shift of the
core level lines.

For a quantitative analysis of the XPS data it is useful to com-
pare the experimental atomic ratios referred to the total lead con-
tent Pb" = Pb** + Pb® (Figure 2b, see Experimental Section for
the derivation) to those expected from the chemical formula of
FAPDBr,, that is, Br/Pb* = 3, N/Pb** = 2 and C/Pb" = 1. The
first experimental value of Br/Pb* is 2.95 and shows that Br
is nearly stoichiometric in the film surface, while N (N/Pb** =
0.42) and C (C/Pb™ = 0.36) are significantly understoichiomet-
ric. This discrepancy can be attributed to vacuum degassing of
FA* from the film surface, as it will be pointed out in Section 2.2.
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Importantly, Br/Pb** decreases from 2.95 to 2.4 (-18.6 %) after 70
min irradiation, while N/Pb** and C/Pb* remain approximately
constant. This suggests that gaseous Br, produced by reaction
(2) is released from the film surface. However, the decrease of
Br/Pb™ turns out to be much larger than the formation of Pb°
(Pb?/Pb* = 0.01 for 70 min irradiation, inset of Figure 2a). This
is an indication that Pb° is partially re-oxidized to Pb?* through
the reaction:

Pb’ + 2H' — Pb** + H, (g) 3)
The re-oxidation of Pb® by an acid is a thermodynamically favored

reaction. Moreover, as molecular hydrogen leaves the sample, the
reaction proceeds favorably also thanks to the law of mass action.
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Figure 2. a) Pb 4f; , spectra of pristine FAPbBr;: the main peak is ascribed to Pb%*, the smaller feature to Pb (zoom in the bottom inset). The Pb®/Pb**
atomic ratio is shown in the top inset. b) Br/Pb**, N/Pb**, and C/Pb** atomic ratios for pristine FAPbBr;. Dashed lines indicate the expected Br/Pb**
ratio in pristine FAPbBr; and PbBr,. c—e) PL maps at 2.25 eV after (c) 1, (d) 10, and (e) 60 min irradiation. The same scale and contrast bars apply to
all images. Yellow dotted lines enclose the high photon flux spot of synchrotron light. f) PL spectra collected in the areas indicated by ovals in (c—e).
Dashed, continuous, and dash-dotted lines are used for the baseline (B), center (C), and stray light (S) spectra. The shaded rectangle highlights the shift

of the PL emission.

The presence of Pb?* opens a pathway for self-healing at the
surface that circumvents the loss of gaseous Br,. FA* is the con-
jugated acid of formamidine (HC(NH,)NH), which can form
bonds with Pb?*, thus stabilizing its deprotonated form and in-
creasing its acidity. This process is described by the reaction
(structural form in Figure S2, Supporting Information):

FA* + Pb?" = HC(NH,)NH — Pb** + H* (4)
Reactions (3) and (4) together give:
2FA" + 2Pb° — 2HC(NH,)NH - Pb** + H, (g) (5)

where each HC(NH,)NH-Pb?* can be seen as a vacancy of
H* inside FAPDBr,.[2221 As the addition of methylamine to
methylammonium-based perovskites has been shown to im-
prove their quality,*®! an equivalent improvement in degraded
FAPDBr, is expected once formamidine is formed through re-
action (5). Of course, complete self-healing of FAPbBr, is disfa-
vored at the surface due to the loss of gaseous Br, but can occur
in the bulk, as the following PL data demonstrate.

The effects of X-ray irradiation on the optoelectronic proper-
ties of the FAPbBr, films are investigated by using PL imaging
analysis.’7%8] Spectrally resolved multidimensional datasets (x,
y, A) are acquired on samples exposed to the synchrotron beam
for 1, 10, and 60 min. Figure 2c—e reports the corresponding PL
maps at hv = 2.25 eV.
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As we anticipated at the beginning of this section, 99% of the
X-ray flux is concentrated within the spot delimited by the yellow
dotted lines (Figure 2c—e). In this area, the PL signal is low for 1
min irradiation (Figure 2¢) and increases with increasing the ir-
radiation time (Figure 2d,e). This behavior is a clear signature of
the self-healing effect occurring in the bulk of the FAPbBr, film
between 1 and 10 min irradiation. It can be described by exam-
ining the PL spectra of Figure 2f, which are extracted from the
ovals with area 6 X 10* um? indicated in Figure 2c-e. The gray
dashed line represents the reference baseline (B) spectrum ac-
quired away from the region irradiated by X-rays, with maximum
at 2.299 eV. The spectra acquired at the center (C) of the X-ray spot
show that the PL emission for 1 min irradiation (pink continuous
line) is much less intense (33%) and red-shifted (2.282 eV) with
respect to spectrum B. Both intensity and peak position of spec-
tra C for 10 (green continuous line) and 60 min (blue continuous
line) tend to approach those of spectrum B. In particular, for 60
min irradiation the intensity reaches 88% of spectrum B and the
peak maximum is located at 2.295 eV.

The high flux spot enclosed by the yellow dotted line in
Figure 2c—e is surrounded by areas of low PL intensity and irreg-
ular shape, which extend laterally with increasing the irradiation
time. These areas receive stray light, corresponding to 1% of the
total photon flux. Their evolution gives us the opportunity to fol-
low the initial degradation process of FAPbBr;. The PL spectrum
collected in the oval labeled S in Figure 2d (green dash-dotted
line) has 50% of the intensity of spectrum B and peak maximum
at 2.275 eV. Instead, most of the same area in Figure 2c looks

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 3. a) Pb 4f;, spectra of the 6 min sputtered FAPbBr; film under irradiation: left and right peaks are ascribed to Pb%* and Pb?, respectively.
The Pb%/Pb** atomic ratio is shown in the inset. b) Br/Pb**, N/Pb**, and C/Pb** atomic ratios for the 6 min sputtered FAPbBr; film. The dashed line

indicates Br/Pb*" in PbBr,. c) Same as (b) with reference to Pb?*.

similar to the non-irradiated regions of the sample. It is straight-
forward to conclude that the degradation of FAPbBr; begins in
the oval S at an intermediate stage between the cases depicted in
Figure 2c,d.

The PL data reported above allow us to estimate the threshold
values for degradation and self-healing of FAPDBr;, in terms of
X-ray areal density. Within ovals C, the photon flux is 7.6 x 10°
ph s (this values is obtained by normalizing 99% of the total
photon flux to the ratio between the area of oval C and the area of
the synchrotron spot) and the average photon flux density is 1.3
x 10° ph (s X um?)!. Hence, the average photon densities in C
for 1 and 10 min irradiation are 7.8 X 10° and 7.8 X 107 ph pm~2,
respectively. An intermediate value of 3.9 x 10’ ph um~2 can be
considered as the threshold for the observation of the self-healing
process by PL. By repeating the calculation of the photon density
for ovals S (we assume they receive about 0.1% of the photon flux
of ovals C), we find 3.9 x 10* ph um~2 to be the threshold value
for the observation of degraded FAPbBr; by PL. Notably, the very
low photon density in ovals S does not allow to collect XPS data
for characterizing the chemistry of the initial degradation stage
of the film.

The combination of XPS and PL analysis provides the follow-
ing picture. The primary effect of X-rays is the degradation of
FAPDbBr, according to reactions (1) and (2) that is observed by PL
for X-ray density higher than 3.9 x 10* ph um=2. An irradiation
level higher than 3.9 x 107 ph um™ leads to the observation of
self-healing processes inside the material through enhanced ion
migration of FA* and Br~.[282] The recovery can be complete in
the bulk of the FAPbBr, films, where gaseous Br, is captured as
a reagent and reforms the perovskite via the inverse of reactions
(1) and (2).['*18] This process is disfavored on the Br-deficient sur-
face. However, in the presence of ion migration, a recovery path-
way for the surface is provided by reaction (5). Experimental data
showing explicitly the migration of FA* and Br~ ions under soft
X-ray irradiation will be reported in the next section.

2.2. Irradiation of Sputtered FAPbBr; Films
The analysis of chemical reactions occurring at the surface of

pristine FAPbBr, films is complemented with XPS data acquired
on Ar* ion sputtered films. The sputtering cycles consist of ex-
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posing the samples to an ion flux density of 10° Ar*/(s X pm?)
for 3, 6, 9, and 18 min. Sputtering induces evident changes in
the surface composition of the films. Surface contaminants are
removed efficiently, as testified by the absence of the O 1s peak
(Figure S3, Supporting Information). The clean surface displays
a visible increase of the Pb and Br signals already after the first
sputtering cycle (Figure S4, Supporting Information).

The XPS analysis of the 6 min sputtered film is reported in
Figure 3. Similar results are obtained for all sputtering times
(Figure S5, Supporting Information). The spectra are acquired at
14 min intervals with the soft X-ray beam on the same position,
following the acquisition protocols used for the pristine FAPbBr,
films. Figure 3a shows the evolution of the Pb 4f; , lines as a func-
tion of the irradiation time. The shift of the peak toward higher
binding energy is assigned again to Fermi level pinning by the ac-
cumulation of Pb° clusters (similar shift for the other core level
lines of the material are displayed in Figure S6, Supporting In-
formation). These clusters gives rise to characteristic defect states
within the gap of FAPbBr;, whose intensity increases as a func-
tion of the sputtering time (Figure S7, Supporting Information).

The Pb®/Pb* ratio (inset of Figure 3a) is much higher than in
the pristine case. Figure 3b indicates that Br, N, and C are severely
understoichiometric just after sputtering. This is expected, since
N and C are light elements and gaseous Br, produced by sputter-
ing escapes easily from the film surface, while heavy Pb is diffi-
cult to sputter away. Initially, the conversion of Pb?* into Pb° is
weakly contrasted by the re-oxidation of Pb?, due to the low con-
centration of FA* at the surface. However, for longer exposure
times the concentration of N and C increases considerably, espe-
cially if compared to Pb** (Figure 3c). This behavior is a direct
signature of the migration of FA* from the bulk to the surface.
The higher surface content of FA* slows down the conversion
rate of Pb?* into PbP. Notably, for 70 min irradiation N/Pb** and
C/Pb** are similar to the average values of N/Pb*" and C/Pb** in
Figure 2b. This observation strengthens the hypothesis that the
equilibrium surface concentration of FA* is determined by vac-
uum degassing. Finally, Figure 3b shows that Br/Pb" remains
nearly constant (and Br/Pb?** increases, Figure 3c) during irradia-
tion, while PbBr, is degraded through reaction (2). Since gaseous
Br, produced by this reaction is lost to vacuum, the nearly con-
stant Br/Pb"" value indicates the migration of Br~ ions from the
bulk to the surface of the FAPbBr, film.
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Figure 4. PL map at 2.25 eV after 6 min of sputtering and 60 min of irra-
diation. B, C, and S areas are highlighted.

The surface chemical analysis reported above is coupled to PL
imaging to probe the effects of beam exposure also in the bulk of
the material. In general, sputtered samples show lower PL emis-
sion compared to the pristine ones, due to the increased density
of recombination centers generated by ion sputtering (Figure S8,
Supporting Information). After exposing the 6 min sputtered
film to synchrotron radiation for 60 min (Figure 4; Figure S9,
Supporting Information), the signature of degradation (oval S)
and self-healing (oval C) are observed by PL, in analogy to the
behavior reported in Section 2.1.

XPS and PL observation together hint again at the importance
of reaction (5) for the recovery of FAPbBr, in the case of a Pb° rich
environment, such as the surface of the film, where the inverse
of reactions (1) and (2) are not viable.

2.3. Quantitative PL Analysis of FAPbBr, Films

To evaluate quantitatively the changes in the optoelectronic prop-
erties of the FAPbBr, films under different conditions of irradi-
ation and sputtering, the PL spectra are fitted by using a model
based on Planck’s law, which allows to extract Quasi-Fermi Level
Splitting (QFLS, Ay) and energy gap (E,) of the material.[*>]
Figure 5a compares the values of QFLS for the B, C and S ar-
eas of the pristine and 6 min sputtered samples exposed to the
synchrotron beam for 60 min. Sputtering alone causes a reduc-
tion of the QFLS from 1.79 to 1.74 eV. For low photon densities
(S areas) the decrease of QFLS is sizeable in both samples. Mean-
while, the irradiation-stimulated recovery in C areas increases the
QFLS to values comparable to those measured on the B areas of
both samples.

The different stresses have an influence also on the bandgap
of the material. The B areas exhibit a bandgap of 2.29 eV for both
pristine and sputtered samples, in line with values reported in the
literature.[*?! Irradiation leads to a slight red-shift of the band gap
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value in the S (low photon density) areas followed by a blue-shift
in C (high photon density) areas. A quantitative indicator of the
non-radiative losses of a semiconductor material is the difference
L= E, — Ay, which is reported in Figure S10 (Supporting Infor-
mation). This analysis reveals that overall the sputtering damages
the material, as L increases from 0.5 to 0.55 eV. In any case, after
prolonged irradiation the losses in the C areas are negligible if
compared to the values in the B areas.

3. Conclusion

The combination of XPS analysis, which provides chemical sen-
sitivity, and PL imaging at the micro-scale*”*8] allows to obtain
a comprehensive picture of the processes occurring in FAPbBr,
under soft X-rays (Figure 6). For photon density lower than 3.9
x 10* ph um~=? there is no evidence of changes in the optoelec-
tronic properties of the pristine material (Figure 6a). The decom-
position of FAPDBr;, driven by reactions (1) and (2), prevails
for photon density between 3.9 x 10* and 3.9 x 10’ ph um™
(Figure 6b). This is accompanied by a decrease in PL emission
compared to the non-irradiated material and the formation of Pb?
metallic clusters. Photon densities higher than 3.9 X 107 ph pm2
(Figure 6¢) stimulate self-healing of the material, which occurs
through re-oxidation of Pb? and enhanced ion migration, as di-
rectly observed by XPS. The self-healing process is able to restore
completely the optoelectronic properties of FAPbBr; in the bulk,
where the degradation products remain trapped. Instead, the full
recovery is disfavored on the surface due to the loss of gaseous
Br,.

The self-healing of FAPbBr, stimulated by X-ray exposure is
reported for the first time in the present study. The experimental
observations and the proposed chemical paths for the degrada-
tion and restoring of the optoelectronic properties provide a com-
plementary perspective to previous studies exploring the interac-
tion of FAPbBr; with lower energy light. From the technological
point of view, the results suggest that FAPbBr; films could be
exploited as light adsorbers in X-ray detectors operating in high-
dose environments.

4. Experimental Section

Sample Preparation: FAPbBr; solution (1.3 M) was prepared starting
from stoichiometric concentrations of PbBr, and FABr powder precursors
in DMSO solvent. The FAPbBr; perovskite films were deposited by spin-
coating on FTO/c-TiO, substrates (FTO/c-TiO,/FAPbBr3) at 4000 rpm for
20 s using the solvent quenching method. After 10's, 200 ul of ethylacetate
antisolvent was dropped above the samples. Then, the samples were an-
nealed at 80 °C for 10 min to obtain the final FAPbBr; films.

Material Characterization: XPS measurements were performed at the
VUV-Photoemission beamline at Elettra (Trieste, Italy). Core levels were
measured with hv = 750 eV. The acquisition time of a set of O 1s, N 1s, C
1s, Pb 4f, and Br 3d spectra was 14 min. Five sets were acquired consecu-
tively on the pristine and sputtered samples. Valence band spectra shown
in Figure S7 (Supporting Information) was collected with hv = 65 eV. All
experiments were performed in ultra-high vacuum conditions (10~'© mbar
regime) at the temperature of 20 °C.

Core levels were fitted with Voigt functions.[8'] The atomic ratios of el-
ement x with respect to element y were determined as:

AX/O-X

Dl Ox 6
A /o, (6)

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 5. a) Quasi-Fermi level splitting Au and b) energy gap E, values calculated from the PL spectra collected in the B, S, and C areas of pristine and
6 min sputtered samples after 60 min X-ray exposure.
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Figure 6. Sketch of the degradation/self-healing process in FAPbBr; under soft X-rays. a) Below 3.9 x 10* ph um~! no change in the optoelectronic
properties of the material is observed. b) For photon densities between 3.9 x 10* and 3.9 x 107 ph um~2 the PL signal shows a drop and metallic Pb°
clusters are detected. c) Higher photon densities favor the re-oxidation of Pb® and stimulate the migration of mobile FA* and Br~ ions, which participate
in the recovery of the material properties.
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where the core levels areas A, and A, were normalized to the correspond-
ing photoemission cross sections o, and o, at hv = 750 eV.[62]

Photoluminescence Imaging: The hyperspectral imaging system
records a luminescence intensity signal along three dimensions (x, y, 4).
The set-up was composed by a home-built microscope with Thorlabs
optomechanical elements, a 2D bandpass filtering system from company
Photon Etc with 2 nm resolution, and a 1 Mpix silicon-based CCD camera
PCO1300. The samples were illuminated with a LED (A= 405 nm) through
an infinity-corrected x 4 Olympus objective with numerical aperture of
0.10, and the luminescence was collected through the same objective. The
beam size of the 405 nm LED was larger than 5 mm and the illumination
was homogenous over the sample. The incident photon flux was 0.45
mW cm~2. The excitation beam and luminescence signals were separated
with appropriate Thorlabs dichroic beam splitter (DMLP425R) and filters
(FELH 0450). The 2D luminescence signal was corrected for each pixel
of the sensor from the spectral transmissions along all the optical path,
from the read noise and dark current noise of the camera. Samples were
exposed to ambient conditions for a few days between X-ray exposure
and PL measurements. All acquisitions were performed in nitrogen
atmosphere at the temperature of 20 °C. Post-treatment of the data cubes
includes a deconvolution and fit to the generalized Planck law. The latter
is described in Section S1 (Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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