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ABSTRACT: Metal halide perovskites have emerged as
materials of high interest for solar energy-to-electricity
conversion, and in particular, the use of mixed-ion structures
has led to high power conversion efficiencies and improved
stability. For this reason, it is important to develop means to
obtain atomic level understanding of the photoinduced
behavior of these materials including processes such as
photoinduced phase separation and ion migration. In this
paper, we implement a new methodology combining visible
laser illumination of a mixed-ion perovskite ((FAP-

X-rays

515
nm

Perovskite

TiO,

bL;)oss(MAPbBr;),,5) with the element specificity and chemical sensitivity of core-level photoelectron spectroscopy. By
carrying out measurements at a synchrotron beamline optimized for low X-ray fluxes, we are able to avoid sample changes due to
X-ray illumination and are therefore able to monitor what sample changes are induced by visible illumination only. We find that
laser illumination causes partially reversible chemistry in the surface region, including enrichment of bromide at the surface,
which could be related to a phase separation into bromide- and iodide-rich phases. We also observe a partially reversible
formation of metallic lead in the perovskite structure. These processes occur on the time scale of minutes during illumination.
The presented methodology has a large potential for understanding light-induced chemistry in photoactive materials and could
specifically be extended to systematically study the impact of morphology and composition on the photostability of metal halide

perovskites.

KEYWORDS: photoelectron spectroscopy, laser illumination, lead halide perovskite, ion migration, phase separation, stability

B INTRODUCTION

Perovskite-based solar cells originated in 2009 from liquid-
electrolyte-based dye-sensitized solar cells with a power
conversion efficiency of 3.8%' and poor stability. Since then,
they have evolved to solid-state devices™® with much improved
stability and over 22% efficiency.” Reaching such a remarkable
level of performance has been possible, partly because of the
beneficial optoelectronic properties and benign defects® of the
metal halide semiconductors. High absorption coefficients allow
for absorber layers as thin as 300 nm, which combined with the
long charge carrier diffusion length of about 1 um enable
excellent charge collection.’

Another important advantage with these materials is their
tunability. Mixtures of different cations and anions have been
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used to tune the optoelectronic properties of the perovskite and
to enhance efficiencies and stabilities. In the original ABX;
structure, methylammonium (MA*) CH;NH,;" was introduced
as the cation at the A site, but more recently, methylammonium
has been fully or partially replaced by other cations such as
formamidinium (FA*) CH,(NH,),", cesium (Cs"), and more
recently rubidium (Rb*).”~"* B is typically lead (Pb**) but can
be replaced with tin (Sn**) to narrow the band gap, but
currently at the cost of stability. Finally, X, which originally was
iodide (I7), can be fully or partially replaced by, for example,
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bromide (Br™) to further tune the band gap. Typically, in a
mixture of Br~ and I7, a high iodide content leads to smaller
band gaps (from 2.3 eV for MAPbBr; to 1.6 eV for MAPbI;)"
with optimum solar cell efficiencies around 15% Br
content.'*”'® Many studies have focused on improving the
deposition techniques and the crystal quality of perovskite
films, and it was, for example, shown that illumination during
film formation can enhance the quality of perovskite films."”

Even though perovskite solar cells have improved in stability
in recent years,'® for example, by moving from MAPbI; to
mixed-ion perovskites, stability still remains an important
obstacle for the commercialization of perovskite solar cells.
Perovskite solar cells are known to break down by heating, in
contact with humidity, and under UV radiation.'®'?™>* This is
not optimal for a solar cell expected to operate under hot and
humid conditions and under illumination for over 20 years with
little loss of efficiency. In addition to the impact of external
factors such as humidity on the solar cell stability, it is also
important to understand how the absorber material itself is
affected by continued visible-light illumination. For mixed-
anion perovskites with certain I” and Br™ ratios, a reversible
photoinduced phase se;)aration into I-rich and Br-rich phases
has been observed.”* ™

Perovskites also suffer from what has been referred to as JV-
hysteresis where the output of the cell depends on if it is
scanned from short circuit to open circuit or vice versa.”® This
is believed to be caused by diffusion of ions inside the
perovskite under a bias voltage and illumination.”””° The
migration of ions is generally believed to be linked to I”
vacancies due to the low activation energy; however,
mechanisms including MA have also been suggested.
Information on such processes is important, as they may
impact the intrinsic stability of metal halide perovskites during
solar illumination.

Photoelectron spectroscopy (PES) is a method highly suited
to studying chemical changes at the perovskite surface and
therefore to investigate the stability and ion movement. PES
works by using monochromatized X-rays to eject electrons
from core and valence levels in a material. The kinetic energy of
these electrons can be experimentally measured, and knowing
the photon energy, the binding energy can be calculated using
eq 1:

E,=h —E,~-¢ (1)
where E, is the kinetic energy of the photoelectron, ¢ is the
work function of the analyzer, and E,, is the binding energy of
the electron. PES allows us not only to determine the elemental
composition of a material but also to distinguish different
oxidation states and chemical environments for each element in
the material. Furthermore, the different peak intensities in
conjunction with the photoionization cross sections can be
used to determine the relative amounts of the various elements
and chemical states. PES is a surface-sensitive technique with
the probing depth depending on the kinetic energy of the
emitted electrons. By varying the photon energy, the probing
depth can therefore be varied for a given core level. We have
previously used PES to determine the surface versus bulk
chemical compositions of perovskites®** and to determine the
energy alignment with contacting layers in solar cells.”
Furthermore, PES is suited for investigating chemical changes
that occur at the perovskite surface because of external factors,
and we have, for example, studied the impact of humidity and
heating on MAPbI;.**
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A challenge for such measurements can arise through
changes of the perovskite, which are caused by the X-rays
used for the photoemission experiment. In the traditional lead-
based organic perovskite, such processes can be followed by the
decrease of the nitrogen signal from the cation and/or the
appearance of metallic lead. This is generally observed by
consecutive core-level measurements while these effects,
although substantial, may be more difficult to follow and
quantify by valence-level measurements such as traditional
ultraviolet photoelectron spectroscopy. A new opportunity to
overcome this challenge is implementing time-of-flight
spectrometers instead of using the more traditional hemi-
spherical analyzers. The LowDosePES beamline® at BESSY I
is based on this technology and combines a relatively low flux of
soft X-ray photons with a highly efficient electron spectrom-
eter.”® This system offers much improved opportunities to
study X-ray-sensitive systems.

PES using traditional spectrometers has been recently used
to investigate the effects of illumination on MAPbL;*” and on
MAPbI,_,Cl.*® In the first case, the degradation of MAPbI,
was observed through a decrease in the amounts of iodide and
methylammonium in relation to lead as well as in the formation
of metallic lead. In the latter case, substantial formation of
metallic lead was also observed for prolonged illumination with
white light and was accompanied by a significant decrease in
the concentration of iodide and the formation of Pbl,.

In this paper, we use the new opportunities with the
LowDosePES beamline described above to investigate the
changes caused by laser irradiation to the surface of a thin film
of a mixed-ion perovskite ((FAPbL,),ss(MAPbBr,)y,5) in
detail. This perovskite has given high efficiencies in solar
cells, with the record efficiency in our constellation being
approximately 18% when the films are made using an ambient
air processing method also employed here.’” Using the element
specificity and chemical sensitivity of core-level spectroscopy,
we are able to follow the chemical changes that occur at the
sample surface during illumination. These changes include
substantial intensity changes in the amounts of Br, I, and Pb
and the (partially reversible) formation of metallic lead which
will be the focus of the present paper. In contrast to the results
of the studies on methylammonium-based perovskites
described above,””>® we do not observe a decrease in the
overall halide concentration, which would suggest a significant
nonreversible degradation of the perovskite. Additionally, core-
level shifts were found during laser illumination, which are
consistent with charge separation to the TiO, substrate.

B EXPERIMENTAL METHODS

Sample Fabrication. Fluorine-doped tin oxide (FTO) glass
substrates (Pilkington TEC-1S5) were cut to dimensions of 14 X 24
mm? and then washed in an ultrasonic bath sequentially in 2% RBS S0
solution (Fluka) in deionized water, deionized water, acetone, and
ethanol, each wash lasting around 30 min. After drying the substrates
with dry air, a thin (50—100 nm) dense TiO, blocking layer was
deposited on the substrates by spray pyrolysis of 0.2 M titanium(IV)-
tetraisopropoxide (Sigma-Aldrich) and 2 M acetylacetone (Sigma-
Aldrich) in isopropanol (Sigma-Aldrich) at S00 °C. Then, a diluted
solution of TiO, nanoparticle paste (Dyesol DSL 30NR-D) in ethanol
(150 mg/mL) was spin-coated on the substrates at 4000 rpm for 30 s,
and the samples were dried on a hot plate at 125 °C for 1S min,
followed by sintering at 500 °C in air for 30 min.

The perovskite solution consisting of 1.1 M Pbl, (TCI Chemicals),
0.2 M PbBr, (Alfa Aesar), 1 M formamidinium iodide (Dyenamo),
and 0.2 M MABr (Dyenamo) in 4:1 dimethylformamide/dimethylsulf-
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Figure 1. Stability of perovskite samples under X-ray irradiation at the LowDosePES beamline. Spectra at selected times (0, 1, 4, and 7 h) measured
during 7 h of continuous X-ray irradiation in the same spot of a mixed-cation perovskite sample with a photon energy of 139 eV. (a) Total spectral
region. (b) Zoom-on Br 3d peaks. (c) Zoom-on I 4d peaks. (d) Zoom-on Pb Sd peaks.

oxide (both from Sigma-Aldrich) was prepared in an argon-filled
glovebox by heating to around 100 °C to dissolve the inorganic salts
(otherwise kept at room temperature). The perovskite films were
prepared in ambient conditions®® by preheating the substrate
(mesoporous TiO, film and dense TiO, on conductive glass) on a
hot plate at 60 °C and spin-coating 75 uL of perovskite solution on the
warm substrate with a program of 1000 rpm for 10 s and 4000 rpm for
30 s. In the middle of the second step (at 15 s), 150 uL of antisolvent
chlorobenzene (Sigma-Aldrich) was applied on the perovskite layer.
After that, the substrates were heated at 100 °C for 60 min in air. The
resulting perovskite has a band gap of about 1.57 eV as determined
previously.*

PM4 Beamline. PES measurements were carried out at the
LowDosePES endstation® of the PM4 beamline at the synchrotron
BESSY I The endstation is equipped with an angular-resolved time-
of-flight (ARTOF-2) spectrometer as well as a hemispherical SES100
analyzer. The ARTOF spectrometer was used for all measurements
with the laser, whereas the hemispherical analyzer was used for the
quantification of measurements at a higher kinetic energy (Br 3d, I 4d,
and Pb 5d with 540 eV) to achieve a higher energy resolution. The
beamline was operated in pseudo-single bunch mode, where only the
camshaft bunch of the BESSY II fill pattern—isolated via a mechanical
chopper’>**—is used to irradiate the sample. With the selected
beamline settings (360 1/mm grating and cff = 1.6), X-ray photon
fluxes were below 10° photons/s at all used energies. Despite the
relatively low flux, measurement times were reasonably short thanks to
the high transmission of the ARTOF-2 featuring a whole acceptance
cone of +15°. PES measurements were carried out at pressures of
around 10™° mbar, and ex situ prepared perovskite samples were
transferred into the main analysis chamber via a loadlock and a radial
distribution chamber.

For photoinduced measurements, the laser system installed at the
beamline (Tangerine model from the company Amplitude Systemes)
was used at its second harmonic (515 nm), a pulse length of about 350
fs, and a repetition frequency of 208.33 kHz (i.e., 1/6 of the repetition
rate of the synchrotron pulses).

The spatial overlap between the laser and X-ray pulses was regularly
checked using an yttrium aluminum garnet (YAG) crystal installed on
the manipulator and optimized by moving the piezoactuated laser
incoupling mirror. The area of the laser spot was estimated from the
YAG crystal to be about 0.046 mm” The power was adjusted by
changing the efficiency of the external acousto-optic modulator of the
laser system and was measured using a thermopile-based power sensor
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right before the in-vacuum laser incoupling optics. The laser powers
used here were 1.3, 0.52, 0.21, and 0.13 mW, which given the
estimated laser spot size correspond to 2800, 1100, 450, and 280 mW/
cm?, respectively. Because of the uncertainty in the determination of
the exact power density in the overlap area of the laser and X-ray spots,
we quote the measured laser powers in milliwatts throughout the
paper.

Measurements with Laser. Measurements with the laser were
carried out on fresh sample spots. Prior to and after each laser
exposure, the spot was analyzed by an overview spectrum taken with
the same photon energy as the measurements with laser illumination.
Measurements with the laser were then carried out with the ARTOF
spectrometer in a fixed mode and the kinetic energy window centered
on the core level of interest. Each of these measurements was started
with the laser shuttered. Then, usually after 5 min, the laser shutter was
opened and the measurement was continued for the desired duration
with both laser and X-rays illuminating the same sample spot. Finally,
the laser was shuttered again, and the measurement was continued for
some time.

Data Analysis. The spectra measured with the ARTOF were
analyzed using the IGOR ARTOF loader and analysis package
available at the endstation to convert the raw data into spectra of
intensity versus kinetic energy. As no angular dependence was
observed, all spectra presented here were integrated over the entire
acceptance cone of the electron spectrometer. The spectra were
calibrated by measuring the Fermi level or the Au 4f level of a gold foil
mounted on the manipulator. The binding energy of the Au 4f;/, level
was set to 84 eV.

For the measurements with the laser, the spectra were loaded as a
series of bins, each of 30 s size (60 s for the Br 3d core level), to give a
matrix of intensity (z) versus binding energy (x) and time (y). After
energy calibration, this matrix was exported to MATLAB for further
analysis. The spectra at each time point were fitted with a series of
Gaussian functions representing the number of peaks present in the
spectra and a quadratic background. For the fit of the Pb 5d spectra,
four Gaussian peaks were used, representing two spin—orbit doublets
(Pb** and Pb°). The relative intensity and separation of the Pb°
doublet were fixed to those of the Pb?* doublet. For I 4d and Br 3d,
only one spin—orbit doublet was used for fitting. From the fitted
parameters, the relative changes in peak positions and intensities (ie.,
in the integrated area of the peaks) could be determined. For Pb 5d,
also the percentage of Pb’ which was formed, was estimated according
to intensity (Pb°)/[intensity (Pb°) + intensity (Pb**)] X 100. All
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spectra and fit results were normalized to the background of the
spectra to account for intensity variations in the single bunch current
of the synchrotron.

B RESULTS

Stability upon X-ray Exposure. PES can be used to
determine the elemental composition of sample surfaces and
therefore to confirm their quality. The steady-state photo-
electron spectra of the MAFA perovskite can be found in
Figures 1, S1, and S2. Quantification was carried out on the Br
3d, I 4d, and Pb 4d peaks measured at a photon energy of 540
eV (Figure S1) and showed Br/Pb and I/Pb ratios in good
agreement with the nominal sample composition (Table 1).

Table 1. Relative Intensities of Pb, I, and Br”

relative normalized relative
intensity relative intensity intensity intensity
(theoretical) (experimental) (laser off) (laser off)
Pb 1 1 0.89 0.89
I 2.55 2.56 091 232
Br 0.45 0.44 1.92 0.86

“Theoretical (from preparation) and experimental (from PES with a
photon energy of 540 eV) values before laser illumination. The third
column shows the values after 30 min of 0.52 mW laser illumination,
normalized to the corresponding intensity before illumination. The
fourth column shows the estimated amounts in the surface region
compared to the theoretical ratios before illumination (calculated by
multiplying the values in column 1 and 3). An increase of the relative
amount of halides relative to Pb is found.

Analysis of the N 1s region can be used to compare the amount
of MA and FA in the samples, as the nitrogen peaks for MA and
FA appear at distinctly different binding energies.’" A ratio of
MA/FA = 30:70 was found for our sample, which is slightly
higher than the nominal ratio of 15:85 and could be related to
variations of the distribution close to the sample surface as
discussed previously.”" Similar information can, in principle, be
obtained from C 1s, but the analysis of this core level is more
complicated because of the presence of carbon contamination

on the surface of an ex situ prepared sample (Figure S2). As
discussed above, a concern for PES measurements of
perovskites arises because of the instability of the materials
under high X-ray flux. As shown in Figure 1, this is not a
concern with the low X-ray flux at the LowDose beamline:
during 7 h of continuous X-ray illumination on the same spot,
no significant changes were observed in the perovskite peak
positions and intensities, with variations in the peak positions
being less than 0.05 eV during this time. Furthermore, the Br
3d, I 4d, and Pb Sd peaks are observed at similar binding
energies as previously observed for a similar sample on a TiO,
substrate.”’ Therefore, in the following, any effects linked to the
influence of X-rays, such as sample degradation or sample
charging, can be disregarded.

Effects of Visible (515 nm) lllumination. Pb 5d. Figure 2
shows a typical evolution of the Pb 5d core-level spectra of the
perovskite during laser illumination. Before laser illumination,
only a single spin—orbit doublet is observed. This doublet is
assigned to the perovskite and will be referred to as Pb**. Upon
switching the laser on, the doublet shifts to higher binding
energies by approximately 0.1 eV. During laser illumination, the
intensity of the doublet slowly decreases while a new doublet,
which can be assigned to the formation of metallic lead, Pb’,
appears at lower binding energies and increases with time.
Upon switching the laser off, Pb** shifts to lower binding
energies again and the intensity of Pb® decreases with time. We
also measured the changes in the Pb 5d spectra with lower and
higher laser intensities (Figure S3), and similar changes were
observed. To quantify the variations and compare the effect of
different light intensities, we fitted the individual spectra with
Gaussian peaks representing the two spin—orbit split doublets
connected to the different oxidation states of Pb. Examples of
these fits are shown in Figure 2b, for a spectrum before laser
illumination, for a spectrum during laser illumination, and for a
spectrum after laser illumination. From the results of these fits,
we work out the change in intensity of the total amount of lead
(Pb° + Pb*; Figure 3a), the percentage of metallic lead (Figure
3b), and the change in the Pb** peak position (Figure 3c). It
can be seen that the total amount of Pb observed decreases

Time (minutes)

24 23 22 21 20 19 18
EB (eV)

b 1
65 min,
Laser off
35 min,
Laser on
j 2.5 min,
Laser off
T
24 18

EB (eV)

Figure 2. Time evolution of the Pb Sd spectra measured with a photon energy of 90 eV before, during, and after laser illumination at 515 nm and a
power of 0.52 mW. (a) Normalized intensity of spectra vs binding energy and time. The black horizontal lines indicate where the laser was switched
on (5 min) and off (35 min). The region where a signal due to Pb° appears during laser illumination is highlighted. (b) Pb 5d spectra (gray crosses)
at selected times: 2.5 min (laser off), 35 min (laser on), and 65 min (laser off). The total fit is shown as a solid black line, and the quadratic
background is shown as a gray line for each spectrum. The Gaussian doublet for Pb** is shown in light red, and the doublet for Pb° is shown in cyan.
The vertical red lines indicate the changes in the Pb** peak position between the different spectra.
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Figure 3. Laser power dependence of fit parameters of the Pb 5d spectra. (a) Total intensity of Pb 5d (Pb** and Pb°) normalized to the intensity
before laser illumination. Linear trend lines are included during and after laser illumination as separate trend lines. Right: intensities extracted from
the linear fits at the time when the laser was switched off vs the laser power (linear trend line included). (b) Intensity of Pb° as a percentage of the
total Pb intensity. A linear trend line is included during laser illumination, and a fit to a single exponential decay is made after laser illumination.
Right: intensity of Pb at the time the laser was switched off (red) and intensity of Pb° after the exponential decay (blue) vs laser power, with linear
trend lines included. (c) Change in the Pb** 5d;/, position relative to the average Pb** 5ds, position before laser illumination. The data are fitted to
the sum of an exponential and a straight line. Right: difference between the Pb** 5d;, position just after the laser was switched on and the position in
the final spectrum (purple) as well as the difference between the position just before the laser was switched off and the position in final spectrum
(green) vs laser power. Note that the laser power is plotted on a log scale in this case. Linear trend lines are included.

during laser illumination and remains at the lower amount after
the laser is switched off, with a larger decrease observed for
higher laser powers. Pb° appears during laser illumination and
increases linearly for all laser intensities, with a higher gradient
and a higher final concentration for higher intensities. Upon
switching the laser off, the amount of Pb° decreases in the first
few minutes and then a constant amount of Pb is reached for
all laser powers. The final amount of Pb° after switching of the
laser is approximately 44% of the amount measured
immediately before the laser is switched off.

The change in the Pb** peak position follows the same
pattern for the different laser powers: an initial shift to higher
binding energies by about 0.1 eV, followed by a slow change in
position back to lower binding energies during illumination,
and a change to lower binding energies upon switching the laser
off, followed by a further decrease (Figure 3c). The magnitude
of the initial shift does not show a trend with regard to laser
power. However, comparing the final peak position (last point
in Figure 3c on the left) with the peak position just after
switching the laser on and the peak position just before
switching the laser off, a trend with laser power can be
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observed: the change in peak position increases with laser
power (Figure 3c).

I 4d and Br 3d. Figure 4 shows the laser measurements of I
4d and Br 3d core levels with the same laser power as the data
presented for the Pb 5d core level in Figure 1. The spectra were
measured with photon energies of 120 and 139 eV so that the
kinetic energies of the photoelectrons were roughly the same
for Pb 5d, I 4d, and Br 3d (approximately 65 eV). This ensures
that the elements are probed with a very similar mean free path
of emitted electrons, that is, a very similar surface sensitivity.
For both I 4d and Br 3d, only one spin doublet component is
observed before, during, and after laser illumination. The
spectra were therefore fitted with two Gaussian peaks
representing a single chemical species for each element. Figure
4¢,d shows the normalized intensity and relative position of the
I 4d;/, and the Br 3d;,, peaks compared to those of Pb 5d. It
can be seen that the intensity of I 4d also decreases during laser
illumination but increases again after the laser is switched off.
The intensity of Br 3d increases significantly during laser
illumination and decreases as the laser is switched off. The peak
positions for all three elements shift in a comparable way during
and after laser illumination (Figure 4d).
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normalized to the intensity before laser illumination for each core level. Linear fit lines are included during and after laser illumination. (d) Changes
in the ds/, peak positions relative to the average positions before laser illumination. Fitted lines (1 exponential + linear) are included.

Using the nominal relative amounts of Pb, I, and Br in the
samples and the intensity changes determined from the
measurements with the laser, we can work out the relative
amounts after 30 min of laser illumination (Table 1). These
values suggest that there is an increase in bromide
concentration, which is not completely balanced with the
decrease in iodide concentration during illumination, and an
overall increase in the halide (I” + Br~) concentration can be
observed.

N 1s. We also investigated the effect of laser illumination on
the N 1s spectra by the measurement of these spectra in spots
that had been illuminated by the laser and in a fresh spot on the
sample with a photon energy of 540 eV (Figure S2). The
measurement of N 1s spectra with good statistics takes
significantly longer than the measurement of Pb 5d, I 4d, and
Br 3d because of the lower cross section of N 1s and the lower
photon flux at higher photon energies at the PM4 beamline.”
Therefore, it was not possible to investigate the changes in the
N 1s spectra during laser illumination. However, the measure-
ment of N 1s in sample spots that had been illuminated by the
laser showed no significant intensity difference as compared to
the spectrum from a fresh spot.

B DISCUSSION

The chemical changes observed here are clearly induced by the
visible laser illumination. Our control experiment in which the
X-ray illumination was switched off during laser illumination
shows that the presence of X-ray photons did not alter the
observed effect and only the visible laser light is needed to
induce changes (Figure 1 and the Supporting Information).
Furthermore, the effects observed are not consistent with the
decomposition of the material due to heating® because this
would be expected to result in a significant decrease in the
nitrogen intensity. Moreover, the observed intensity changes
vary linearly with laser power and therefore photon flux.
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Together, these findings clearly suggest that the changes are
due to photoinduced reactions.

For the amount of Pb’, a linear trend with the total number
of photons was found (Figure S). These data were extracted
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< 67 O I(off), 0.52 mw -
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& 44 o I(fin), 0.52mW L
>
‘@
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Figure 5. Intensity of metallic lead at the end of illumination [I(off)
and 30 min after illumination I(fin)] vs total illumination energy (laser
power X illumination time) determined from 30 min illumination
experiments at different laser powers and from experiments with 0.52
mW for different illumination times.

from the resulting concentrations as a function of total
illumination either by using different laser powers during 30
min or by using different illumination times but at a constant
laser power of 0.52 mW (Figure S4).

The immediate change observed for the core-level peak
positions upon switching on the laser is consistent with the
generation of a photovoltage between the FTO/TiO, substrate
and the perovskite absorber. Illumination should lead to
electron injection into the substrate, creating a voltage drop and
electric field somewhere between the substrate and the surface,
and therefore to a splitting of the Fermi levels (Figure 6a). As
the PES measurements are referenced to the Fermi level of the
substrate, which is in direct electrical contact with the ground of
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Figure 6. (a) Illumination leading to charge separation to the substrate and a change in Fermi levels. (b) Schematic image of the composition
changes in the perovskite film under illumination: Pb® and I, are formed. The surface becomes more halide-rich. Br™ moves to the surface.

the spectrometer, this leads to a shift of the perovskite core
levels to more positive binding energies. As the perovskite
surface region becomes positively charged because of the
charge separation, more energy is required to photoemit its
electrons. This interpretation is further supported by
preliminary results of a perovskite on a p-type NiO, substrate,
where the peaks are at lower binding energies during
illumination compared to those under dark conditions,
consistent with the accumulation of electrons in the perovskite
film. For the FTO/TiO,/perovskite sample studied here, the
changes in peak position upon following from continuous
illumination indicate that the Fermi level splitting is followed by
slower chemical changes. The shift back to more negative
binding energies upon switching the laser off is consistent with
a recombination of charges and a re-establishment of the
equilibrium of the Fermi level of the perovskite and the
substrate. The slow changes in peak position during and after
laser illumination are likely to be related to the changing
chemistry of the perovskite surface as will be discussed below.

The changes in the Pb*', I", and Br~ concentrations and the
formation of Pb® observed here are likely due to a combination
of effects, and a summary of our suggested mechanisms is
shown in Figure 6b. The increase of Br™ relative to I” and Pb**
suggests the formation of a Br-rich phase at the surface upon
illumination. The direction of the field caused by electron
injection and accumulation in TiO, with a positive potential at
the perovskite/vacuum interface may initialize ion migration,
leading to an increased overall halide concentration at the
surface (Table 1). Reduction of the perovskite to Pb® has to
occur in a photoinduced electron-transfer reaction. In the
excitation of the perovskite material with 515 nm photons,
electron density is transferred from the highest valence levels,
which largely consist of I Sp orbitals, to the lowest conduction
band levels, which are largely associated with Pb 6p, the same
orbitals, which become partially occupied in Pb%*" The
formation of Pb° is therefore likely to be initialized by an
electron-transfer reaction between I~ and Pb**, and we suggest
that the process is followed by the following reaction

FAPbL, + light — Pb + I, + FAI (2)

In the outermost surface layer, which is probed by PES, any
I, which is formed, is likely to leave the film through
sublimation and is therefore not detected in our PES
measurements. This mechanism is consistent with a small
decrease of I” and Pb*" in the surface region of the perovskite
on the same order of magnitude as the amount of Pb°, which is
formed. However, an additional mechanism is needed to
explain the larger intensity changes observed for I" and Br™.
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Here, we suggest a phase separation with a reversible formation
of a Br-rich phase at the sample surface, where some I™ ions are
replaced by Br™ so that the Br™ intensity is increased in the
surface region and the I” intensity is reduced (Figure 6b). Such
effects have been previously observed in photoluminescence
measurements of mixed Br/I perovskites.””** Here, the
formation of a Br-rich phase appears to occur at the sample
surface, which could indicate that it is the grain boundaries that
become enriched in Br.

The intensity changes observed here are not consistent with
the formation of Pbl,, PbBr,, and volatile MA or FA fragments,
as such processes should lead to an increase in Pb relative to I”
and Br™. This is further supported as neither a color change nor
a decrease in the N 1s intensity was observed in the illuminated
areas, as is common when Pbl, and PbBr, are formed through
heating or exposure to water vapors.”’ Our results for
(FAPbL,)oss(MAPbBr;), 5 are therefore very different from
those obtained in photoinduced PES studies of MAPbI; and
MAPbI;_,Cl,, where a degradation of the perovskite and
formation of Pbl, and much larger amounts of Pb’ were
observed.>”*® In our measurements, we therefore observe a
better stability of (FAPbI;),ss(MAPDbBr;), ;s than what others
have observed for MAPDI;. At the same time, our results
indicate a process linked to a phase separation.

Upon switching off the laser, the core-level peak positions
decrease and reach lower binding energies than the original
ones, consistent with a decay of the photovoltage and a change
in the Fermi level of the perovskite due to the changed
composition at the surface. The amount of Pb® observed
decreases again within a few minutes (Figure 3), suggesting that
the material at least partially recovers from the changes induced
by illumination. The decrease of Pb’ could be due to the
migration of Pb? into the film. Deeper in the film, any I, formed
might remain in the film, leading to the re-formation of the
perovskite in the dark

Pb + I, + FAI — FAPbI, 3)

The part of the process, which is not reversible, may
therefore be related to the measurement of a bare perovskite
surface in ultrahigh vacuum, as the above reaction might always
occur if there is no sublimation of I,.

The concentrations of I” and Br~ immediately start reversing
back toward their original concentrations (Figure 4), suggesting
that any induced phase separation is likely to be at least partially
reversible. The ion movements observed here could be related
to the hysteresis observed in current—voltage measurements—
the correlation of such effects will be the focus of future studies.
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B CONCLUSIONS

In this paper, we have demonstrated a new methodology, which
can be used to follow photoinduced chemical changes in
materials at an atomic level by combining PES measurements
with visible laser illumination. The methodology avoids X-ray-
induced effect by the use of low X-ray density at the LowDose
photoemission beamline and allowed us to separate visible-
light-induced changes from any X-ray-induced changes, which
generally is a severe concern when measuring at other
beamlines. The use of an ARTOF spectrometer allowed for
the efficient measurement of Pb, I, and Br core levels with a
high energy resolution.

For the particular mixed perovskite material studied here, we
find partially reversible changes occurring during illumination,
some of which are clearly caused by the movement of halide
ions: during illumination, the concentrations of I and Pb** at
the surface decrease while the concentration of Br™ increases
significantly. This suggests a phase separation with the
formation of a Br-rich phase at the surface during illumination,
which is reversed in the dark. Furthermore, we observe the
partially reversible formation of Pb°, for which we suggest a
photoinduced electron-transfer mechanism from I" to Pb*".
Finally, illumination also causes a systematic core-level shift,
which we relate to a photovoltage between the perovskite and
the TiO, substrate. With our method, we were therefore able to
unravel the details of chemical changes occurring in a mixed-ion
perovskite during illumination. While our measurements clearly
confirm that illumination leads to ion migration and photo-
induced electron-transfer reactions, the partial reversibility of
the induced changes also indicates some “self-healing” ability of
the perovskite material.

In the future, this method could be extended to a range of
photoactive materials including the study of perovskites with a
systematic variation in composition and/or crystal quality. The
findings from photoinduced PES measurements could then be
directly related to device performance and stability, and
fundamental limitations to solar cell stability could be
identified. Furthermore, the impact of different device
configurations such as selective contacts could be investigated.
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