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X-ray stability and degradation mechanism of lead
halide perovskites and lead halidesT
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Lead halide perovskites have become a leading material in the field of emerging photovoltaics and
optoelectronics. Significant progress has been achieved in improving the intrinsic properties and
environmental stability of these materials. However, the stability of lead halide perovskites to ionising
radiation has not been widely investigated. In this study, we investigated the radiolysis of lead halide
perovskites with organic and inorganic cations under X-ray irradiation using synchrotron based hard
X-ray photoelectron spectroscopy. We found that fully inorganic perovskites are significantly more
stable than those containing organic cations. In general, the degradation occurs through two different,
but not mutually exclusive, pathways/mechanisms. One pathway is induced by radiolysis of the lead
halide cage into halide salts, halogen gas and metallic lead and appears to be catalysed by defects in the
perovskite. The other pathway is induced by the radiolysis of the organic cation which leads to
formation of organic degradation products and the collapse of the perovskite structure. In the case of
Cso.17FA g3Pbls, these reactions result in products with a lead to halide ratio of 1:2 and no formation of
metallic lead. The radiolysis of the organic cation was shown to be a first order reaction with regards to
the FA* concentration and proportional to the X-ray flux density with a radiolysis rate constant of 1.6 x
1078 cm? per photon at 3 keV or 3.3 cm? mJ~L These results provide valuable insight for the use of
lead halide perovskite based devices in high radiation environments, such as in space environments and
X-ray detectors, as well as for investigations of lead halide perovskites using X-ray based techniques.

stable compositions such as CsxFAyMA;_x yPbBr,l;_» where
FA is formamidinium (NH,CHNH,").> However, the long-term

The invention of lead halide perovskite solar cells about a
decade ago has been a revolution in the field of emerging
photovoltaics due to their low cost starting materials,' excellent
optoelectronic properties,> and simple deposition techniques.”
Lead halide perovskites emerged in 2009 from the field of dye-
sensitised solar cells with the usage of MAPbI; as a photo
absorber, where MA is methylammonium (CH;NH;").> During
the last decade lead halide perovskite solar cells have developed
into their own research field with efficiencies comparable to
that of silicon solar cells.* This has, in part, been achieved
through the development of significantly more complex and
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stability of these materials remains a significant obstacle for
commercialisation. Lead halide perovskites are sensitive to
high humidity, elevated temperature, and oxygen, especially
during illumination.® These are issues that need to be resolved
before the widespread implementation of commercial lead-
halide perovskite devices.

For certain applications, the stability to ionising radiation
becomes one of the most important factors. One such application
is the deployment of solar cells for powering spacecrafts where
the requirements are quite different from terrestrial deployment.
Most significant being the lack of atmosphere (and therefore
no moisture or oxygen), extreme temperature variations, and of
course significantly higher exposure to ionizing radiation. Another
example is the usage as radiation detectors, where early studies
indicate that the performance of wide bandgap lead halide
perovskites is competitive to currently used materials,” and with
the additional benefit that they can be deposited on flexible
substrates.® The most promising candidates for this kind of
applications appear to be MAPbBr;>'° and CsPbBr;. "' '

Studies using high energy photon (i.e. gamma/X-rays) or
proton irradiation have been carried out on perovskite solar cells.
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The perovskites demonstrated remarkable radiation resistance,
often better than for the substrate and significantly better than
for silicon, partially attributed the perovskites self-healing
ability."*™"” Boldyreva et al. studied a large number of hybrid
organic-inorganic and inorganic perovskites composition under
up to 500 krad of 662 keV gamma rays. They found that inorganic
perovskites as well as MAPbI; have excellent radiation hardness
and self-healing ability. More complex mixed cation perovskites
showed poorer radiation stability which was attributed to the
inhibition of the reactions responsible for self-healing.

Several studies have also been carried out on the effect of
electron radiation with variations in perovskite composition,
temperature, and electron energy. Both hybrid organic-inorganic
(MAPDbBr3/MAPDI;) and inorganic (CsPbBrs;/CsPbly) lead halide
perovskite have been shown to rapidly degrade under electron
beam irradiation. Electron beam irradiation has been found to
induce the formation of nanometre sized metallic lead particles
(Pb°) and voids in the lead-halide crystal."®"'® However, the direct
effect of high-energy photons, i.e. X-ray and gamma radiation, on
perovskites structure and composition is still relatively unknown.
The effects are expected to be similar to those from electron
beams due to the generation of, and damage induced by,
secondary electrons. The X-ray stability of these materials is
highly relevant for the interpretation of the results from X-ray
photoelectron spectroscopy (XPS) and other X-ray based techni-
ques commonly used for characterisation of lead halide perovs-
kites. Knowledge of the indicators of degradation also allows
researchers to detect X-ray damage, and understanding the
degradation mechanisms could aid in designing experiments to
minimize the effect of X-rays.

X-ray damage during XPS measurements on lead-halide perovs-
kite has previously been reported. MAPbI; and FAqg;MAg17-
PbBry 51540 perovskites have been showed to form Pb° during
X-ray irradiation at both elevated temperatures®® and at room
temperature.>** Pb® has also been observed before X-ray irradiation
of perovskite®*?® as well as been shown to form during visible light
illumination.”*" Furthermore, most lead halide perovskite compo-
sitions contain an organic component which is expected to be
sensitive to ionizing radiation.?**°

The aim of this study was to investigate how X-ray radiation
affects the composition and electronic properties of both hybrid
organic-inorganic and inorganic lead halide perovskites and to
determine how the degradation depends on X-ray fluence or flux
density. The study was carried out using synchrotron light
sources where the X-ray flux density and photon energy can be
carefully controlled. This allows the X-rays to be used as a probe
by detecting the outgoing photoelectrons using hard X-ray
photoelectron spectroscopy (HAXPES) which gives insight con-
cerning changes in both chemical and electronic properties.

26,27

Experimental section

The perovskites and lead halide thin film samples were deposited
on FTO/TiO, substrates prepared in the following way: the FTO
glass was cleaned in an ultrasound bath in three 30 minutes steps
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with RBS 50 detergent, ethanol, and finally acetone. The sub-
strates were subsequently treated in a UV-ozone cleaner for 10
minutes. An electron transport layer of TiO, was deposited on the
cleaned FTO substrates using spray pyrolysis. The spray solution
consisted of ethanol, acetyl acetone and titanium diisopropoxide
(30% in isopropanol) in the proportions of 90:4:6 by volume
with air at a base pressure of 1 bar as a carrier gas. The FTO
substrates were heated to 450 °C on a hotplate and kept at that
temperature for 15 minutes prior to the spraying. A 10 ml of spray
solution was used to cover 200 cm” of substrates giving a compact
layer of anatase with a thickness of around 20-30 nm. On top of
the compact layer, a mesoporous scaffold of TiO, nanoparticles
was deposited by spin-coating. TiO, paste (30 NR-D) and was
dissolved in ethanol at a concentration of 150 mg ml~*. On each
substrate (1.5 x 2.5 cm), 50 pl of the TiO, solution was applied and
spin-coated at 4000 rpm, with an acceleration of 2000 rpm s, for
10 s. Both the compact and mesoporous TiO, layers were sintered
at 450 °C in air on a hot plate/oven for 30 minutes after deposition
and then slowly cooled to ambient temperature.

Perovskite precursor solutions were prepared in a glovebox
with an argon atmosphere. Stock solutions of Pbl, and PbBr,
were prepared in advance, whereas the final precursor solutions
were prepared just before perovskite deposition with anhydrous
DMF : DMSO in the proportion 4 : 1 used as the solvent. The Pbl,
and PbBr, solutions were close to the saturation point, and
to ensure that the lead salts were completely dissolved, the
solutions were heated under stirring on hotplate at 100 °C for
20 min, and then cooled down to room temperature just before
use. For the perovskite with composition FA, gsMA 17PbBr 5115 49
(MAFA-Mix), two master solutions were prepared, (a) 1.35 M Pbl,
and 1.24 M FAI, (b) 1.35 M PbBr, and 1.24 M MABr. Those were
mixed in the proportion a:b = 83:17 to give the final precursor
solution. For the perovskite with the composition Cs1,FAg g3-
PbBrj 511,40 (CSFA-Mix), three master solutions where prepared:
(a) 0.9 M Pbl, and 0.9 M FAI, (b) 0.9 M PbBr, and 0.9 M FABr,
(¢) 0.9 M PbI, and 0.9 M Csl. Those were mixed in the proportion
a:b:c=66:17:17. The Csl does not dissolve easily and therefore
solution (a) and (b) where poured into (c) in the right proportion.
For the perovskite with composition Cs ;7FAq g3Pbl; (CSFA-I), two
master solutions were prepared, (a) 0.9 M Pbl, and 0.9 M FAI, (b)
0.9 M Pbl, and 0.9 M Csl in a proportion a: b = 83 :17. As for CsFA-
Mix, solution (a) was added to solution (b). In the case of the pure
inorganic CsPbBr; perovskite, the final solution was prepared by
dissolving 0.33 mol of PbBr, and 0.40 mol of CsBr in Dimethyl
sulfoxide (DMSO) (121 mg ml~" PbBr, and 85.7 mg ml~" CsBr).
The solutions were heated under stirring on a hotplate at 50 °C for
30 min, after that the solutions were cooled down and filtered
through a 0.22 um PTTA filter right before the deposition. The
MA and FA salts were bought from Dyesol, the lead salts from
TCI, solvents from Fisher, and the remaining chemicals from
Sigma Aldrich. All chemicals were used as received without
further treatment.

The perovskite precursor solutions were spin-coated in a
glove box with an inert atmosphere. For the MAFA-Mix and
CsFA-Mix 35 pl precursor solution and for the CsFA-I and
CsPbBr; 75 pl precursor solution was spread over the substrate
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(1.5 x 2.5 cm), which thereafter was spin-coated using a two-
step program. The first step was a spreading step using a rotation
speed of 1000 rpm with an acceleration of 200 rpm s™* for 10 s.
That step was immediately (without pause) followed by the
second step where the films were spun at 4000 rpm for 20 s
using an acceleration of 2000 rpm s~ ' for the FAgg3sMAg -
PbBro 511540 (MAFA-Mix) and Cs,;;FAgg3MAg;,Pbl; (CSFA-T)
perovskite and 6000 rpm for 15 s using an acceleration of
2000 rpm s~ * for the Csy1,FA¢ s3PbBry 5115.40 (CSFA-Mix) perovskite.
During the second step, when approximately 5 seconds of the
program remained, 100 pl of anhydrous chlorobenzene was
dropped on the spinning film with a handheld automatic pipette.
This last step, known as the anti-solvent method, has a large impact
on film morphology. Directly after spin-coating, the films were
placed on a hotplate at 100 °C where they were annealed for
30-70 min. The pure inorganic CsPbBr; perovskite was spin-
coated using the same two steps program described previously
but without the use of the anti-solvent method. PbI, and PbBr,
thin films samples were prepared by spin-coating 0.8 M solu-
tions of the materials in DMF using a one step program and a
rotation speed of 3500 rpm with an acceleration of 3500 rpm s ™"
for 20 s. This was followed by 30 min of annealing at 70 °C.

The measurements were carried out on 3 different occasions,
twice at the GALAXIES beamline at the SOLEIL synchrotron®®
and once at the 109 beamline at the Diamond light source.>
All the measurements were carried out at a photon energy of
3000 eV. The X-ray flux density was controlled by transmission
filters at the GALAXIES beamline and by detuning the undulator
at the 109 beamline. All measurements were carried out at room
temperature and at pressures below 10~° mbar. The average
X-ray flux densities were estimated from the maximum photon
flux, the ring current, the spot size, and the incidence angle to
the sample. To cover a greater range of intensities, the X-ray flux
densities were varied exponentially. The probing depth of the
HAXPES measurements was calculated to be 19.3 nm for the valence
band and 15.6 nm for the deepest core levels (Cs3d and 13d).*

At the 109 beamline, Diamond light source, the X-rays were
generated using the U27 undulator and monochromated using
a Si(111) double-crystal monochromator with a secondary mono-
chromator using back-reflecting Si(111), Si(011) and Si(001)
channel cuts. The beam was defocused in order to reduce the
X-ray flux density. The maximum intensity was estimated to 1.0 x
10" photons per s and the defocused beam forms a circle with a
diameter of 300 um, giving it an area of 70 700 pm”. However, the
beam hits the sample at a grazing angle of 11 degrees resulting in
a spot size of 37000 um” and an actual flux density of about
2.7 x 10" photons per s per cm? The intensity was reduced by
detuning the undulator gap, resulting in a lower X-ray intensity as
measured by the mirror current, see Table S1 (ESIT).

At the GALAXIES beamline at the SOLEIL synchrotron, the
measurements were carried out at two different occasions, and
the synchrotron was operating at two different modes and with
two different ring currents: 8 bunch mode with a ring current of
100 mA and hybrid mode with a ring current of 450 mA. The full
beam intensity was estimated to 3.4 x 10"® and 7.6 x 10> photons
per s at ring currents of 450 and 100 mA, respectively. The beam
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has a size of about 30 um (H) x 80 pum (V), giving an area of
1885 um?. However, sample is at an angle of 2 degrees relative
to the incoming beam which increases the spot size to
54000 um?. This results in a flux density of 6.3 x 10'® and
1.40 x 10" photons per s per cm” at a beam current of 450 and
100 mA, respectively. The beam intensities were reduced using
the transmission filters available at the beamline, resulting in
the intensities shown in Table S2 (ESIT).

The photoelectrons at both beamlines were detected using a
Scienta Omicron EW4000 HAXPES hemispherical analyser. The
measured core levels were fitted using a pseudo-Voigt function
with a polynomial, a Herrera-Gomez,* and a Shirley background®*
as deemed appropriate. The intensity of the core levels derived by
the Voigt fit was normalised by photoionization cross section,*®
and an homogeneous distribution was assumed to attain the
relative fractions of the different species. However, due to the
exponential decrease in the escape probability of the photo-
electrons, the atomic density obtained is dominated by the
surface layer and for non-homogeneous materials, this will
affect the obtained values.

The X-rays and secondary radiation will affect the samples
mainly in three ways: through ionisation (e.g. bond breaking),
the excitation of charge carriers, and by heating. Due to the
small spot sizes used, no significant heating is expected as even
the highest X-ray intensities (672 mW cm~*) would increase the
temperature by less than 3 °C, see ESIT for details. The excitation of
charge carries from the X-rays and the secondary radiation could,
however, be significant as the Xray intensities approach or
even exceed an irradiance of 100 mW cm™> (2.0 x 10" photons
per s per cm? at 3000 V), i.e. the same power as 1 sun illumination.

Results and discussion

Before investigating the detailed effect of X-rays on two specific,
single anion lead halide perovskites, we studied the simpler
lead halide compounds and general degradation trends in
mixed cation and anion perovskites. Fig. 1a shows the changes
in the Pb4f,,, and 14d core levels as well as the valence band of a
thin film sample of Pbl, under X-ray irradiation with a flux
density of 4.6 x 10" photons per s per cm?. Initially there is a
single Pb4f signal associated with Pb>* at 138.4 eV while the 14d
spectra show a single spin orbit split doublet associated with I~
(I4ds,, at 49.3 eV). However, during irradiation a new Pb4f
signal associated with Pb® appears at 136.6 eV with a Fermi
edge signal appearing in the valence band. The I4d spectra
show no new signals during X-ray irradiation and no clear shift
or intensity changes relative to the Pb4f signal coming from
Pb>". Equivalent measurements carried out at additional X-ray
intensities are supplied in the ESIf (Fig. S2a).

Fig. 1b shows the percentage of the total Pb4f signal
intensity associated with the Pb° signal (left) and the relative
change in the I /Pb*" ratio relative to the initial value (right).
The values were determined from curve fitting of the individual
spectra as a function of time. The fraction of Pb° increases with
time and with a higher rate at higher X-ray flux densities, but
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Fig. 1 (a) The Pb4f, 14d and valence band (Fermi edge enlarged) spectra

recorded for a Pbl, sample at an X-ray flux density of 4.6 x 10'* photons
per s per cm? as a function of time (blue: start, orange: end). Energy
calibrated and intensity normalised against the Pb?* component of Pb4f.
Measured at the 109 beamline at the Diamond light source with a photon
energy of 3000 eV. (b) The contribution of Pb° to the total Pb4f signal and
I-/Pb?* signal ratio relative to the initial ratio as a function of time at
different X-ray flux densities.

there is no significant change in the I"/Pb®" ratio with irradiation.
Similar behaviour was observed for PbBr, (Fig. S2c and d, ESIY).
X-Ray irradiation of lead halides (Pbl, and PbBr,) appears to
induce the formation of Pb® but very little change in the halide/
Pb®" ratio indicating the loss of halide (I” or Br) in relation to
total lead. This agrees with the following reaction

PbX,(s) — Pb%(s) + X,(g)

where X is I or Br and which has previously been observed in
lead halides under excitation with visible light.?®?”¢ At the
surface under vacuum conditions the halogens (I, or Br,) would
then escape into vacuum as gasses leaving Pb® and any remain-
ing lead halide.

The behaviour for typical mixed anion and cation perovskite
compositions under X-ray irradiation becomes significantly
more complex, suggesting several competing reactions. Fig. 2a
shows the changes in core level spectra for such a perovskite thin
film with a composition of FA, gsMA, 1,PbBr 5115 40 (MAFA-MiX),
during X-ray irradiation with a flux density of 2.0 x 10"* photons
per s per cm?®. The Pbaf,, signal shows two contributions, one
peak at 138.6 eV associated with Pb*" and one peak at 137.0 eV
associated with Pb°. Initially, there is a significant fraction of Pb°,
most likely formed during sample fabrication®® or due to
exposure to light**” afterwards. During X-ray exposure we observe
a decrease in the relative Pb° concentration. Simultaneously, we
see a decrease in FA" and I~ and an increase in Br . This is
quantified by the N1s signal at 400.8 eV, attributed to the
formamidinium (FA') cation, and the 13ds, component at
619.3 eV, attributed to I, which decrease significantly in
intensity, while the Br3d signal at 68.6 eV, attributed to Br-,
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increases. We would also expect a signal from the N1s core level
of methylammonium (MA") cation at around 402.5 eV. However,
due to the low nitrogen concentration, we are unable to reliably
quantify this species.

The detailed analysis of measurements carried out at several
X-ray flux densities (Fig. S3, ESIT) shows that the Pb° contribu-
tion initially increases but then decreases, with the decrease
occurring earlier and faster at higher X-ray flux densities.
Simultaneously, the N(FA)/Pb** ratio decreases from about
1.3 to almost 0.1, while the I"/Pb*" ratio decreases from
2.8 to 1.8, and the Br™/Pb>" ratio increases only slightly. Similar
behaviour was also observed for measurements of a perovskite
with a composition Csg 17FAq g3PbBrg 5115 49 (CSFA-Mix) but with
the difference that no initial formation of Pb® was observed
(Fig. S4, ESIY).

To summarise, the MAFA-Mix initially show a significant
fraction of Pb® which increases at the start of X-ray irradiation
similar to what was observed for the pure lead halides. As the
X-ray exposure continues, there is, however, a reversion in the
trend and with a significant decrease in Pb°. There is simultaneously
loss of both FA" and I". This would suggest radiolysis of FA" and the
degradation of the perovskite. There is also an increase in Br-,
which could be related to ion movement or phase segregation.>”~*
The behaviour of MA" is unknown, which further complicates the
analysis. Overall, this suggests several competing reactions.

The mechanisms and kinetics of the cation radiolysis and
Pb° formation can be investigated in detail, by exploration of
similar systems where some processes (such as phase segregation)
cannot occur. We therefore explored the behaviour of two perovs-
kites with simpler compositions, i.e. the hybrid organic-inorganic
perovskite Cs, 1,FA, g3Pbl;, referred to as CsFA-I, and the inorganic
perovskite CsPbBr;. Both perovskite compositions are known to be
relatively stable, in part due to the exclusion of MA', which is
thought of as a degradation trigger, and because they contain only
one type of halide, preventing halide phase-segregation. Further-
more, each core level can be clearly assigned to one perovskite
component in the analysis, which enables us to follow the
evolution of each ion in the perovskite structure.

X-ray degradation of hybrid organic-inorganic Csg ;,FA, g3Pbl;

The evolution of the core level spectra of the CsFA-I sample
during irradiation at different X-ray flux densities is shown in
Fig. 3a. The Pb4f,, core level spectra show no initial Pb°, and
no formation of it either (expected between 136 and 138 eV).
The presence of Cs' is observed through the Cs4d core level,
which shows little change in intensity during X-ray irradiation. On
the other hand, the intensity of the I4d core level decreases during
irradiation. However, the most significant changes are in the C1s
and Nis core levels. The Ci1s core levels show an adventitious
carbon signal at about 285.0 eV and an FA" signal at 288.5 eV with
the corresponding FA" signal in the N1s core level being found at
about 400.7 eV. During irradiation we observe a decrease in
intensity of both FA" signals. While the intensity only drops by a
small amount for low flux densities, these changes occur faster
with increasing flux densities with the FA" signal intensity
decreasing to zero at the highest X-ray flux density.

This journal is © the Owner Societies 2021
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Fig. 2 (a) The Pb4f,,,, N1s, 13ds,» and Br3d spectra of recorded for a MAFA-Mix sample at an X-ray flux density of 2.0 x 10'* photons per s per cm?as a
function of time (blue: start, orange: end) energy calibrated and intensity normalised against Pb>* component of Pb4f. Measured at the GALAXIES
beamline at SOLEIL synchrotron, ring current of 100 mA, with a photon energy of 3000 eV. (b) The contribution of Pb®/Pb?*, N(FA)/Pb?*, I7/Pb*,

Br~/Pb?" ratio as a function time at different X-ray flux densities.

In addition to the decreases in the FA' signals, we also
observe two new nitrogen signals (marked N1 and N2) during
irradiation. The first new nitrogen signal (N1) appears early
during irradiation at about 402.6 eV but disappears over time,
which is most clearly seen at higher X-ray flux densities. The
second new nitrogen signal (N2) appears at higher X-ray flux
densities at about 399.6 eV and appears to stem from a less
volatile species, as it remains even after all the FA" has degraded,
most clearly seen at the highest flux density. In addition to the
changes in intensity, there is also a shift in the position of the 14d
and Cs4d core levels relative to Pb>" during irradiation, which
indicates a change in the chemical environment. However, the
exact nature of these shifts is difficult to determine as will be
discussed below.

Measurements carried out at additional X-ray flux densities
(Fig. S5, ESIt) show similar trends as Fig. 3a. All the core level
spectra were curve fitted to obtain quantitative information.
Fig. 3b shows the resulting I /Pb*" (left), N(FA")/Pb*" (middle
left), C(FA")/Pb>" (middle right) and Cs*/Pb** (right) intensity
ratios as a function of irradiation time. During X-ray irradiation
with the highest flux densities, the I /Pb*" ratio decreases from
about 3.5 to about 2.0, the N(FA")/Pb>" ratio decreases from about
1.8 to close to 0, the C(FA")/Pb*" ratio decreases from about 0.8 to
close to 0, while the Cs*/Pb>* stays relative constant around 0.2.
These ratios indicate that the degradation of the perovskite
results in Pbl, that remains in the film and the loss of almost
all of the organic component, with the volatile components
leaving as gas into vacuum.

Typically, variations in binding energies would be used for
assignment of changes in chemical states. However, binding
energies of semiconductors/insulators are often energy calibrated
with respect to the position of the Fermi level in the band gap
which can vary significantly, especially if the defect density varies
as a consequence of irradiation. A useful approach is to use the
relative binding energy of the core levels, which we refer to as

This journal is © the Owner Societies 2021

core-to-core difference, and which is largely independent of
changes in the Fermi level. Using this metric, we find that the
core-to-core difference of Pbaf (Pb*") to 14d (I7) of both Pbl, and
CsFA-I are almost identical (Table S4, ESIT). Since we observe a
shift of the 14d (I") position relative to the Pb4f (Pb>*) during the
degradation, this suggest that we are not forming crystalline Pbl,.
Furthermore, at these X-ray flux densities it should degrade by
forming Pb° similarly to the pristine Pbl, films, but we do not
observe any traces of Pb’. On the contrary, the MAFA-Mix and
CsFA-Mix samples show a decrease in the amount of Pb° during
irradiation, not an increase, suggesting a reaction that consumes
Pb° faster than it is formed.

A similar process allowed encapsulated MAPbI; to reform
after decomposition under gamma radiation as proposed by
Boldyreva et al.'® The new nitrogen species observed during
radiolysis of the organic cation are very likely, in part, respon-
sible for this self-healing process. Radiolysis of ammonium
halide salts and alkylammonium halide salts has been shown
to result in the production of halide containing radicals.*"*?
Some of these degradation products could likely react with Pb°,
reforming the Pb>*, and even remain bound to the film result-
ing in a more amorphous Pbl,. This could also help passivate
defects and slowing the degradation of PbI, to Pb°. Regardless,
even if all the FA" at the surface is decomposed, there is likely
ongoing FA" decomposition in the bulk that could help prevent
the formation Pb°.

We now turn to the specific kinetics of the radiolysis of the
FA" cation. The N(FA")/Pb*>" ratios can be shown to decrease
exponentially with X-ray fluence (number of photons absorbed
per area sample). This is a first order reaction with regards to
the FA" concentration and the X-ray flux density. The first order
behaviour with regards to the FA" concentration is observed
through plotting the logarithm of (N(FA*)/Pb®") ratio vs time
(Fig. 4a). These graphs give straight lines from which first order
rate constants (k;) with units of min~' can be extracted for
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Fig. 3 (a) The Nis, Cls, Pb4f, Cs4d and |4d spectra recorded for a CsFA-I sample at different X-ray flux densities function of time (blue: start, orange:
end) energy calibrated and intensity normalised to the Pb?* component of Pb4f. A zoomed-in version of the Nis spectra showing the formation of two
new nitrogen species, one higher binding energy (N1) and one lower binding energy (N2). Measured at the 109 beamline at the Diamond light source with
a photon energy of 3000 eV. (b) The I7/Pb?* (left), N(FA*)/Pb?* (middle left), C(FA")/Pb>* (middle right) and Cs*/Pb2* (right) ratio of a CsFA-I samples as a
function of time at different X-ray flux densities.
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Fig. 4 (a) The N(FA*)/Pb%* decay profile at all X-ray flux densities for the CsFA-I sample. Straight line fit to determine rate constant k; shown. (b) The rate
constant for the decay of the N(FA*)/Pb?" ratio of the CsFA-I sample as a function of X-ray flux density. (c) The exponential decay fit N(FA*)/Pb?* ratio of
the CsFA-I, CsFA-Mix and MAFA-Mix samples.

different X-ray flux densities. These rate constants are propor- of the chemical ratios (R) vs. the X-ray fluence (photons per cm?)
tional to the X-ray flux density (Fig. 4b) and an overall radiolysis to an exponential decay according to the equation

rate constant (k) with units of cm® per photon can then be

extracted. This constant can also be determined by fitting a plot R(x) = Roe &~ (1)
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where R, is the initial ratio (more details in ESIt). This 2nd
procedure is shown in Fig. 4c and was repeated for the CsFA-
Mix and MAFA-Mix samples in addition to the CsFA-I sample.

For CSFA-I, k. determined by the first method has a value of
1.3 x 10~'® cm?® per photon, while a value of 1.55 x 10~ '® cm? per
photon was obtained from the 2nd method. As all data points are
fitted together in the 2nd method, we regard this radiolysis rate
constant as more accurate, while the first method clearly shows that
the reaction rate is first order with regards to the FA" concentration
and proportional to the X-ray flux density on the sample.

The radiolysis rate constants determined with the 2nd
method are similar for the different samples. A similar fitting
procedure was also carried out for C(FA")/Pb>" for the CsFA-I
sample (Fig. S6 and Table S5, ESIt), yielding a rate constant very
close to that for N(FA*)/Pb>". Fitting procedures of I /Pb*" had
to include a constant ratio to which the signal decreases as a
large fraction of the iodide ions remains in the sample (see
ESIT) and yielded slightly lower constants than those for N(FA")/
Pb>" for all samples. These findings indicate that the radiolysis
of the FA" cation is driving these changes and that this process
is unaffected by tweaking the composition by the addition of
Br~ or the replacement of Cs" with MA". This is expected as the
bonds between the FA" cation and the lead halide cage are
strongly ionic, i.e. lead halide cage does not affect the internal
bonds in the cation. Taking the average of the radiolysis rate
constants determined from the N(FA")/Pb>" ratio using the 2nd
method gives a value of 1.6 x 10~ '® ecm® per photon or, when
converted to energy deposited, 3.3 cm®> mJ . A radiolysis rate
constant of 1.6 x 10~ *® cm? per photon should be accurate for
photon energies close to 3000 eV, while for larger deviations,
3.3 cm® mJ ! could be a reasonable first estimate as radiation
damage often depends on the deposited energy.

Comparing these results with literature, a study by Hodes
and co-workers®® found that the current generated by a
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TiO,/MAPbI;/spiro-MeOTAD solar cell exposed to a 3 keV
electron beam decayed exponentially with respect to electron
fluence, although with a different radiolysis rate constant. On
the other hand, Milosavljevic et al.** using low energy electron
beams (10 eV) on MAPDI; found a logarithmic decrease of the
N/Pb and I/Pb ratio. The damage varied with the electron
energy (between 4.5-60 eV) with little damage at 4.5 eV and
but increasing damage at the higher energies. This indicates
that different radiolysis pathways might be available depending
on the energy.

X-ray stability and degradation of the inorganic CsPbBr;

We now turn to the inorganic perovskite CsPbBr;, where we do
not expect any radiolysis of the monovalent cation. Fig. 5 shows
the evolution of the Cs4d, Br3d, Pb4d core levels and valence band
of the CsPbBr; sample at four X-ray flux densities (additional X-ray
flux densities shown in Fig. S9 and S10, ESIf). The intensity was
normalised to total Pb, as the amount of Pb is assumed to be
constant over time due to the relative immobility of the Pb atoms.

The core level spectra initially show the spin orbit doublets
expected for the perovskite: a Pb5d doublet (19.8 and 22.4 eV)
associated with Pb**, a Br3d doublet associated with Br~ (68.6
and 69.6 eV) and a Cs4d doublet (75.7 and 78.0 eV) associated
with the Cs' cation. In the spectra at low X-ray flux densities,
there is little change in these core levels over time.

At higher X-ray flux densities, all original core levels decrease
in intensity and simultaneously new doublets appear, which
increase in intensity: a new lower binding energy doublet of
Pb5d (18.0 and 20.6 eV), associated with Pb° a new higher
binding energy Br3d doublet (69.8 and 70.8 eV, most clearly
visible as a higher energy shoulder in the inset) and a new higher
binding energy doublet of Cs4d (76.8 and 79.1 eV). Furthermore,
signal appears at the Fermi edge in the valence band spectra,
which is associated with the formation of metallic states in
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Fig. 5 The Cs4d, Br3d (new feature enlarged), Pb5d and valence band (Fermi level enlarged) spectra of recorded for a CsPbBr3z sample as a function of
time (blue: start, orange: end) energy calibrated against the Pb?* component and intensity normalised to total intensity of Pb5d. Measured using the

GALAXIES beamline at SOLEIL synchrotron with a ring current of 450 mA.
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the material. The initial Br3d doublet shifts by +0.1 eV and
the initial Cs4d doublet shifts by +0.2 eV relative to the Pb>"
contribution of Pb5d core level, indicating a change in the
chemical environment.

The spectra at all intensities were fitted to extract the
positions and relative intensities of the core levels. At higher
X-ray flux densities, the new components were included in the
model and typical fits including both components are shown in
Fig. S11 (ESIt). The top row of Fig. 6 shows the intensity changes
of the Pb>*, Br~ and Cs* components initially found, and the
bottom row shows the intensity of the emerging components
determined from the Pb4f (left), Br3d (middle) and Cs4d (right)
core levels normalised to the total intensity of the Pb4f signal as
a function of X-ray fluence. The same data is shown in Fig. S12
(ESIt) as a function of time and on a logarithmic X-ray fluence
scale. For Br3d and Cs4d, the initial intensity ratios relative to
Pb are set to 3 and 1, respectively. For all these components, no
changes are observed until the X-ray fluence reaches about 10"
photons per cm” and therefore no degradation is observed at
the two lowest X-ray flux densities. However, at higher fluence
the reaction initially starts slowly and then accelerates until it is
slowed again. This suggests that a certain amount of fluence (i.e.
damage) is required to initiate the degradation, which in turn
appears to catalyse further degradation, meaning that degrada-
tion could be limited or avoided by reducing the X-ray fluence.
Additionally, at 3.2 x 10"® photons per s per cm” the formation
of metallic lead is significantly slower than at higher intensities,
indicating that the reaction behaves differently at lower X-ray flux
densities. Therefore, the same total fluence can give less damage at
lower X-ray flux densities suggesting that the X-ray stability is
improved by limiting the maximum X-ray flux density.

The conversion of Pb*>" to Pb® determined from the Pb4f
signal reaches about 80% at the highest fluences (Fig. 6, left),
indicating that very little CsPbBr; perovskite remains. The Br—
component decreases from about 3.0 to about 0.4 Br/Pb, while
the new signal only increases to about 0.25 Br/Pb (Fig. 6,
middle), resulting in a significant decrease of the total Br/Pb
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ratio from 3 to about 0.65. Finally, a decrease in the Cs'/Pb
from about 1 to about 0.5 was observed, while the Cs(New)/Pb
increases from 0 to about 0.25 (Fig. 6, right). Overall, this
signifies a small decrease in total Cs/Pb ratio from 1 to about
0.75, which could be explained by a preference of Pb° to accumulate
at the surface.'® Additionally, the new Br and the new Cs appear to
track each other with a ratio close to 1:1 (Fig. S13a, ESI}),
suggesting the formation of CsBr. This is roughly in agreement
with studies using electron beams which show a loss of Br~ by
about 2/3 but not Pb or Cs with increased electron fluence."® Using
the Fermi level independent core-to-core difference we find a Br3d
(New) to Cs4d (New) difference of 7.16 eV and the Br3d (New) to
Cs3d (New) difference of 656.23 eV. This is close to that of a
CsBr reference sample which shows a Br3d to Cs4d difference of
7.12 eV and Br3d to Cs3d difference of 656.13 eV (Table S6 and
Fig. S14, EST}).

There is a significant decrease in bromide in relation to the
other components at the surface of the CsPbBr; sample. This
loss of bromide is not fully balanced by the loss of Pb**, as the
Br(initial)/Pb®>" ratio decreases from about 3 to 2 (ie. there
remains just enough Br~ to charge balance Pb**) while the
Cs'/Pb>" ratio increases significantly, see Fig. S13b (ESI{). This
means that not enough Br~ is available to charge balance the
Cs', indicating that it is either balanced by another species
(adventitious carbon being one candidate) or has lost its positive
charge.

To summarise, we observe the conversion of Pb>" to Pb’, a
significant of loss Br, and the formation of CsBr. This can be
explained by the following reaction

CsPbBr; — Pb’(s) + CsBr(s) + Br,(g)

with the Br, escaping into vacuum. This involves the excitation of
an electron from the halide dominated valence band edge to the
lead dominated conduction band edge® and therefore a transfer
of electron density from the halide to Pb. The reaction has
45,46

been shown to be catalysed by the high defect (trap) density
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Fig. 6 The ratio of the initial signals (top row) and new signals (bottom row) of the Pb4f (left column), Br3d (middle column) and Cs4d (right column)
core levels intensity normalised to total Pb4f core level. The Br3d and Cs4d signals were calibrated by setting the initial Br/Pb and Cs/Pb ratio to 3 and 1,
respectively. See Fig. S12 (ESIt) for the same data as a function of fluence (log scale) or time.
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in the perovskite. This could explain why the reaction only starts
after a certain fluence, specifically after 10'° photons per cm?, as
the reaction requires the build-up of defects in the film. The
concentration and formation of defects could be affected by cation
or halide ratio as well as the manufacturing technique. While the
formation of Pb® was not observed for CsFA-, the formation of
metallic lead has been detected in other hybrid organic-inorganic
perovskites under X-ray irradiation.””*® When a similar reaction
was caused by the excitation with visible light,***” it was found
that even small amounts of Cs" reduced the formation of Pb° thus
suggesting that CsPbBr; could be more resistant to the formation
of Pb°. Given previous studies on CsBr*”™* and other caesium
halides,*® one would also expect the degradation of CsBr during
irradiation according the following reaction

CsBr — Cs° + 1/2Br,(g)

with Br, escaping into vacuum. This is supported by the
decrease of the CsBr species at the highest X-ray fluences and
the apparent lack of counter-ions for Cs" after degradation.
However, the formation of Cs® should give rise to new Cs4d
signals at about 77.4 and 79.7 eV°"*> and Cs3d signals at
726.3 and 740.3 eV>* with a characteristic Cs3d plasmon at
about 729 and 743 eV.>* None of these indications of metallic
Cs are observed. One explanation could be alloying Cs® with Pb°
resulting in CsPb, as observed under electron irradiation at
cryogenic temperatures.”” The Cs3d plasmon is suppressed in
similar alloys (CsAu), while the Cs core levels are shifted to
lower binding energies.”®> However, CsPb is a semiconductor
with an estimated band gap between 0.5-0.8 eV, depending on
phase, and would not contribute to a Fermi edge signal.>*
Furthermore, there is no indication of any new lead signal
associated with this compound.

Comparison between the compounds

To compare the X-ray stability of the different samples, the
amount of Pbl,, CsFA-I and CsPbBr; remaining as a function of
X-ray fluence is shown in Fig. 7. These amounts were determined
from the percentage Pb>* of total lead in the Pbl, and CsPbBr;
samples and from the percentage of N(FA")/Pb>" relative to the
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Fig. 7 Percentage of Pbl, or perovskite remaining as a function of X-ray
fluence. Determined by percentage of Pb®* to total Pb for the Pbl, and
CsPbBrs and by N(FA*)/Pb?* ratio relative to the initial ratio for the CsFA-I,
using all the measurements at different X-ray flux densities.
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initial in the CsFA-I sample for all measurements at different
X-ray flux densities. We find that the onset of degradation occurs
significantly earlier for lead iodide and for the hybrid organic-
inorganic perovskites (between 10'® and 10 photons per cm?)
than for the inorganic perovskite (at about 10'° photons per cm?).
The kinetics are also different with the CsFA-I degradation
following an exponential decay (first order) as shown previously,
while the CsPbBr; degradation appears to be initiated and
catalysed by X-ray damage. Pbl,, unlike CsPbBr;, begins degrading
at the onset of X-ray irradiation but degrades significantly slower
than CsFA-I but not CsPbBr; (the larger slope of the later is due to
the logarithmic scale).

Conclusions

We have investigated the X-ray stability of lead halide perovskites
with a particular focus on two different, relatively stable, perovskite
compositions. For these two compositions, the inorganic CsPbBr;
is significantly more stable under X-ray irradiation as damage is
only observed at fluences over 10" photons per cm” compared to
10"°-10" photons per cm” for the hybrid organic-inorganic FA*
based perovskite. Comparing the two perovskites in detail, we
found two different X-ray degradation reactions, of which only one
was observed for each. However, in other perovskite compositions,
both reactions might occur simultaneously.

In the case of CsPbBrj, X-rays cause the formation of
metallic lead and CsBr with a significant loss of bromide. This
mechanism is also observed in lead halides such as PbI, or
PbBr,, but which are significantly more sensitive to degradation
by X-rays than CsPbBr;. The reaction appears to be initiated,
and then catalysed, by the accumulation of defects (e.g. defects
induces by radiation damage) in the perovskite meaning that
degradation only becomes pronounced after a certain X-ray
fluence. There also appears to be a threshold of X-ray flux
density (photons per s per cm?) below which the radiation
damage of CsPbBr; per photon is reduced, compared to flux
densities above this threshold.

For Csg 17FA¢ g3Pbl;, the X-rays cause degradation of the
organic cation (FA') resulting in a Pb to I ratio of 1:2 but no
formation of metallic lead. Instead, the degradation appears to
consume metallic lead, as observed in similar compositions.
Furthermore, we have been able to show that the radiolysis of the
organic cation FA" is a first order reaction (exponential decay) with
regards to the FA" concentration and proportional to the X-ray flux
density, i.e. the damage induced by a photon is independent of
flux density. The reaction has a radiolysis rate constant of 1.6 x
10~"® cm?® per photon at 3000 €V or 3.3 cm® mJ ' and does not
appear to be affected by small variations in the anion or cation
compositions. The radiolysis rate constant of 3.3 cm* mJ~* could
be a reasonable first estimate for FA" radiolysis at other photon
energies as radiation damage usually depends on the deposited
energy. Other organic cations, e.g. methylammonium and
guanidinium, might behave similar to FA', although the radiolysis
rate constant is likely to be different. Radiolysis constants for these
cations could be determined in future studies.
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