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Light-induced degradation of tin-based organic inorganic halide perovskite (Sn-HOIP) absorbers is a major
barrier for their deployment in photovoltaic applications. Sn-HOIPs are believed to intrinsically degrade due
to the tendency of tin to change the oxidation state from (+2) to (+4). So far, most studies have been
performed on absorbers that were synthesized with solvent-based techniques. The solvents themselves
have been associated with Sn-HOIP degradation. Here, we show that in solvent-free coevaporated
methylammonium tin iodide (MASnls) films exposed to white light, no Sn(+4) could be detected, even
after almost 100 h of exposure. To understand the degradation mechanism, the chemical composition at
the surface of MASnls was measured by X-ray photoelectron spectroscopy after different illumination
intervals. The measurements showed that MASnls; decomposed into tin iodide (Snl;) and a minimal
amount of metallic tin. The Snl, phase at the surface increases as a function of light exposure. Despite
the strong degradation, light-induced decomposition was not accompanied by the formation of Sn(+4).
In addition, the stability of Snl, under illumination was studied and compared to that of Pbl,. Here, Snl,
did not show any degradation, in contrast to Pbl,, which degraded into metallic lead. Our results show
that the tendency of tin to be in multiple oxidation states is not triggered by light. Instead, the critical
point is the choice of an organic component (methylammonium) that leaves the perovskite crystal
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1 Introduction

Halide organic-inorganic perovskites are attracting attention in
the photovoltaic community due to their fast evolution in power
conversion efficiency (PCE). In little more than 10 years, the PCE
of halide perovskites increased from 3.8% to 26.1% on the
laboratory scale.’™ This record efficiency is comparable to the
record for silicon solar cells, which is a well-established mate-
rial for photovoltaic applications.**

Despite its extraordinary properties, the toxicity of lead
remains one of the major challenges, as the residues of
degraded lead perovskite can dissolve in water and this is
a concern for public health and the environment.®® So far, Sn-
based perovskite solar cells have been considered the most
promising replacement for Pb-based ones, with their PCE
record already exceeding 14%.>' This efficiency was obtained
by doping a formamidinium tin iodide (FASnI;) based absorber
with tin fluoride (SnF,), which has been reported to improve the
stability and efficiency of Sn-based perovskites."*™**
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perovskite lattice, either by including additives or by replacing the organic component.

Nevertheless, Sn-based solar cells are still less stable than
their lead counterparts and their degradation has been attrib-
uted in numerous studies to the tendency of Sn to oxidize from
Sn(+2) to Sn(+4) when exposed to moisture, oxygen, heat and
light.**** The degradation and low efficiencies are even more
obvious in methylammonium tin iodide (MASnI;) based solar
cells, where the current record PCE is 7.13%."®

In terms of optoelectronic properties, MASnI; films exhibit
high photoluminescence quantum yields and the peak has been
reported to be around 1.3 eV, which corresponds to the
optimum bandgap for single junction solar cells.**** The same
articles report very short carrier lifetimes, which were attributed
to fast recombination due to defects and self-doping.

Multiple stability studies have been performed on Sn-based
perovskites, where Sn-perovskites (ASnX;) are found to easily
oxidize and form double perovskites (A,SnXe)*>*® or decompose
into Al, SnO, and Snl, and eventually form I,.>* Note that A can
be an organic cation, such as methylammonium or for-
mamidinium, or an inorganic one, such as cesium. Snl, has
been considered the main contributor to the degradation of Sn-
perovskites and was even found to cause cyclic degradation of
perovskite films.'> Furthermore, Sn oxidation from the oxida-
tion state of Sn(+2) to Sn(+4) has already been shown to cause
self-p-doping in the absorber, resulting in loss of PCE.">** This
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effect was found to be more predominant in MASnI; than in
FASnI,."

It is worth mentioning that a large majority of the perovskite
studies so far have been performed on absorbers that were
synthesized via chemical, solvent-based methods. Although this
growth method produces films for high-performance devices,>°
the use of dimethylsulfoxide (DMSO) as a solvent has also been
associated with the oxidation of Sn in the precursor
solution.”? X-ray photoelectron measurements show that
solvent-grown Sn-perovskite absorbers contain Sn(+4) even
when they are fresh,>'®*** while thermally evaporated films
with physical vapor deposition (PVD) can be grown without
Sn(+4).2%2>°

From all the stresses that perovskites are sensitive to, light
degradation seems to be of the highest importance, since every
solar cell needs light to produce electricity. Therefore, it is not
acceptable that light promotes the decomposition of solar cells
and there is an urgent need to understand the exact mecha-
nisms of degradation. Thorough studies of light degradation in
perovskites have already been done. For lead perovskites, it was
found that the degradation mechanism under light illumina-
tion is such that the Pb perovskite first degrades to Pbl, and
then Pbl, degrades to Pb(0).*%*

Although there seems to be a consensus that MA" tends to
leave the surface of methylammonium-containing perovskites
upon illumination,**~*® there is no clear agreement on the resi-
dues remaining on the surface of the sample.”®*®* Further-
more, all reports containing chemical analysis of Pb-free
perovskites include only solvent-grown absorbers, adding
another variable to their degradation study. A light degradation
study of solvent-free Sn-perovskites is crucial for understanding
light-induced degradation, without the deterioration effects of
the solvents in the absorber.

In this study, we performed a detailed chemical analysis of
light-degraded MASnI; absorbers that were grown using phys-
ical vapor deposition (PVD). This growth technique has previ-
ously been shown to form nominally Sn(+4)-free absorbers.>®
Additionally, the samples in this study were always kept in an
inert gas or ultra-high vacuum (UHV) to minimize degradation
due to contaminants such as oxygen or moisture. This is
important since all external stresses are likely to contribute to
degradation.

Compositional measurements were performed using X-ray
photoelectron spectroscopy (XPS) after the sample was illumi-
nated for different intervals of time. This technique is highly
sensitive to changes in the composition and allowed us to
distinguish between the different oxidation states of Sn, ie.
Sn(0), Sn(+2) and Sn(+4). The chemical analysis is com-
plemented by surface measurement of topography and the work
function of the fresh sample, using atomic force microscopy
(AFM) and Kelvin probe microscopy (KPFM), which have been
previously used to identify the presence of secondary phases,
such as Pbl,, in Pb-perovskites.*® Furthermore, photo-
luminescence (PL) and time-resolved photoluminescence
(TRPL) measurements were performed to assess the quality of
the fresh sample.
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We show that MASnI; formed SnI, on the surface and lost
MAI upon illumination. The degradation was not accompanied
by the formation of Sn(+4), which highlights that the change in
the oxidation state from +2 to +4 was not triggered by light. The
KPFM measurements revealed no secondary phase on the
MASNI; surface, unlike the observations typically made with Pb-
containing perovskites. In contrast, our XPS results indicate
that a uniform Snl, layer forms on the surface of the perovskite
and thickens over time under illumination. From the temporal
evolution of the elemental ratios, deduced by XPS, a model was
developed that allowed us to estimate the thickness of the SnI,
layer as a function of light exposure time.

Given the degradation mechanism and the tendency of
Sn(+2) to decompose into Sn(+4),'>* complementary measure-
ments of XPS were done on light exposed SnI, films. The
impressive stability of Snl, under illumination indicated that
the organic cation is the main cause of the degradation induced
by the light of Sn perovskites. Interestingly, SnI, is much more
stable against light exposure than Pbl,.

2 Methods

2.1 Synthesis

MASnNI; samples were grown on ITO substrates using physical
vapor deposition (PVD). Before deposition, ITO substrates,
provided by Lumtec, were cut into approximately 7 mm squares,
which were cleaned in a sequence of six ultrasonic baths at
50 °C. Each bath lasted 4 minutes and each contained
a different liquid, namely an aqueous solution of Helmanex
2 wt%, DI water twice, ethanol, acetone, isopropanol and finally
DI water. Then each substrate was blow dried with N, and ozone
treated for 15 minutes. After the cleaning procedure, the
substrates were immediately stored in a glovebox. The SnI, and
the methylammonium iodide (MAI) powders were provided by
Tokyo Chemical Industry (TCI), product number M2556. During
thermal evaporation, the pressure was kept at 1 x 10> mbar
with the source temperature of Snl, at T = 265 °C and the
CH;NH;I powder was kept at a temperature between T = 98 °C
and T = 108 °C such that the pressure in the chamber would be
constant during deposition. The deposition time was set to 90
minutes to obtain films of approximately 300 nm thickness.
The PVD was performed in a vacuum chamber embedded in
a glovebox; therefore, the samples were never exposed to air or
moisture and were always under a N, atmosphere or vacuum.
The samples were transferred to the ultra-high vacuum (UHV)
via dedicated suitcases.

The SnI, and the PblI, films were also deposited on ITO. The
Snl, was evaporated at 265 °C, whereas the Pbl, was evaporated
at 300 °C. For every deposition, the substrate was at nominal
room temperature T = 21 °C (£2 °C).

2.2 Characterization

XPS measurements were performed with a Prevac EA15 analyzer
under UHV at a pressure of 5-9 x 10 '° mbar during the
measurements. The X-ray source was a non-monochromatic Mg
K, source. During measurement, the acceleration voltage was

This journal is © The Royal Society of Chemistry 2025
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12 kV and the emission current was 25 mA. The pass energy was
set to 50 eV and a rectangular lens slit of 2.5 cm x 25 mm was
employed. The raw data from the MASnI; and Snl, samples
were corrected for each element using Scofield factors and
a calibration transmission function, which was determined by
high resolution measurement of reference samples.*’

In order to further reduce the systematic errors of the XPS
system, PbI, and Snl, samples were used as standards to have
the correct ratios for I/Sn and I/Pb. For each binding energy
region, multiple individual high-resolution scans were per-
formed to verify whether the sample exhibited charging. Since
in this case there was no charging, the average of the scans was
used.

The non-monochromatic X-ray source produces multiple
emission lines, which produce satellite peaks in the measure-
ment. In the case of Mg K,, satellite peaks are expected with
a shift of —8.4 eV and —10.2 eV in binding energy and
a respective relative intensity of 8% and 4% compared to the
main peak.** In the case of Sn3d and I3d orbitals, the satellite
peak of the 3/2 peak overlaps with the main 5/2 peaks, and
therefore satellite peaks have to be considered in the fitting.

The background signal was subtracted with W Tougaard and
U2 Tougaard for Sn3d and I13d, respectively, and the Shirley
background was used for C1s and N1s. The Sn3d and I3d peak
fitting was performed with the Lorentzian asymmetric line-
shapes LA and TLA, respectively, while the C1s and N1s were
fitted with a Gaussian/Lorentzian sum (SGL) lineshape. Satellite
peaks were fitted with Gaussian fitting.

Various fitting constraints were used for the XPS measure-
ments. The energy separation between the spin-orbit split peaks
3/2 and 5/2 (AEg) was fixed to 11.5 eV for the 13d peaks and
8.41 eV for Sn3d, according to the literature, for both the main
peaks and the satellite peaks. Additionally, the 3/2 peak intensity
was set to 2/3 of the 5/2 peak intensity and the full width at half
maximum (FWHM) was the same for every peak of the same
element. The FWHM of the Sn peaks and the binding energy of
Sn(0) were determined by measuring and fitting a sputtered pure
metallic tin plate. The binding energies of Sn(+2) and Sn(+4) were
determined by measuring the same tin plate after oxidation
(before sputtering under UHV) as described in ref. 26. Peak fitting
was performed using CasaXPS software.

The sample was exposed to light in the XPS chamber, using
a quartz tungsten-halogen lamp (Thorlabs QTH10) shining
through a borosilicate vacuum viewport. The window was
equipped with a lead-glass radiation protection (Allectra) to
block X-ray radiation. Transmission measurements carried out
on windows with and without the lead glass showed very little
difference in the visible and near infrared light spectra. In order
to avoid errors, the sample was never moved from its initial
position for the whole set of measurements, with an irradiance
of 16 mW-cm ™ (0.16 sun) at the sample position.

In order to assess the optoelectronic quality of the absorber
layers, photoluminescence (PL) measurements are spectrally
corrected and intensity calibrated to reproduce the illumination
under 1 sun equivalent conditions according to the AM1.5 solar
spectrum. The setup and calibration procedure are explained in
ref. 42. Measurements were performed with an InGaAs detector

This journal is © The Royal Society of Chemistry 2025
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(Andor iDus DU490A-1.7) ranging from 900 to 1600 nm. To
excite the sample, a diode laser of wavelength 660 nm was used,
with an output power of 2.61 x 10~ W cm >, resulting in
a corresponding photon flux of 2.17 x 10" cm?* s ™.

Time-resolved photoluminescence (TRPL) measurement was
performed using a pulsed laser with a wavelength of 639 nm. The
duration of the laser pulse was approximately 70 ps and the
excitation power density was estimated to be 4.584 x 107> W cm >
at a repetition frequency of 20 MHz. During PL and TRPL
measurements, the sample was placed in a box with a quartz
window and constant N, flow.

Atomic force microscopy (AFM) and Kelvin probe force
microscopy (KPFM) measurements were performed using an
Omicron variable temperature scanning probe microscope (VT-
SPM) in UHV operating in the low 10~ " mbar range. Topog-
raphy measurements were performed in frequency modulation
mode, with an excitation amplitude of 0.5 V at a frequency shift
of —3 Hz. KPFM measurements were performed simultaneously
with the topography measurements via side-band excitation in
frequency modulation mode (FM mode), significantly
increasing the measurement resolution by reducing the
contribution from the large tip cone and from the cantilever. An
AC voltage of 0.4 V was used at an oscillation frequency of
965 Hz. Additionally, for higher resolution, the tip used was the
APEX high resolution tip, i.e. a doped diamond tip manufac-
tured by Adama Innovations, with a quality factor (g-factor) in
a vacuum of 9500 (+400).

3 Results and discussion

Before discussing the impact of light on MASnI;, in-depth
characterization of the PVD-grown films was carried out and
is summarized in Fig. 1. Fig. 1(a) shows a typical topography of
a MASnI; film measured by AFM under ultra-high vacuum
directly after growth, where the typical polycrystalline structure
of perovskites was visible.*»** Grains several hundred nanome-
ters in size could be identified, separated by grain boundaries.
In order to identify possible secondary phases, KPFM
measurements were performed at the same spot. For the case of
Pb-based halide perovskites, KPFM has proven to be extremely
viable to identify secondary phases such as Pbl,, which
exhibited distinct work functions compared to perovskites.*" In
fact, variations in the work function of approximately 300 meV
were found as shown in Fig. 1(b) and in the work function
distribution Fig. S1.1 An average work function of 4.63 eV with
a standard deviation of 0.05 eV was measured, which was in
close agreement with the literature.*

Since the material was polycrystalline, differences in work
function may arise as a result of not only different materials but
also different crystallographic facets with distinct surface
dipoles. A three-dimensional overlay of the topography and the
work function shown in Fig. 1(c) suggests that most of the
variations were due to different facets, since the low work
function regions were restricted to parts of the grains only.
From these measurements, we concluded that there were no
obvious secondary phases at the surface of the films, which
meant either that the film was phase pure or that the secondary
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Fig. 1 Pristine MASnl3: (a) AFM topography, (b) KPFM work function
measured simultaneously with the topography, (c) 3D merging of the
topography and the work function with color scale, (d) PL yield and (e)
TRPL.

phase exhibited exactly the same work function as the
perovskite.

The PL peak of MASnI; appeared at a value of 1.28 eV with
a strong PL intensity (see Fig. 1(d)). From the calibrated
measurements, a photoluminescence quantum yield Q™= 2 x
107°. QM™was found to be in agreement with other samples
synthesized via coevaporation.®® The non-radiative losses, as
estimated from kgT x ln(QL“m) amount to —155 meV, which is,
a priori, a very favorable value for high-efficiency solar cells. The
drawback of MASnI; is shown in Fig. 1(e), where TRPL
measurements carried out on the pristine sample showed
a decay time of only 0.71 ns, which is extremely fast compared to
hundreds of nanoseconds of their lead counterparts.*® Such PL
intensity values and low lifetimes in MASnI; have been reported
in multiple studies and have been attributed to fast carrier
recombination and excessively doped absorbers,**** which is in
line with the results presented here.

The high Q™ value combined with the fast decay time showed
that these samples were highly doped. Using the formalism
introduced in ref. 46, the doping level could be approximated to be
2 x 10" ecm™. The high doping levels in MASnI; have been
justified by the presence of Sn(+4) in previous reports.*’

Therefore, XPS was performed to measure the amount of
Sn(+4) in the near surface region of the film. In order to identify

16-18
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the different oxidation states as precisely as possible, the
coevaporated MASnI; films were always compared to reference
Snl, films. Therefore, the position, FWHM and composition
could be deduced with high accuracy. Fig. 2(a) shows a high
resolution scan of the Sn3d region of a MASnI; film (top) and
a Snl, film (bottom), where the Sn(+2) component is highlighted
in yellow and the Sn(0) component is shown in red (see the
Methods for the fitting procedure). Satellite peaks, due to the
use of a non-monochromatic X-ray source, are shown in gray
and had to be taken into account in the fitting of Sn3d, as they
overlapped with the orbital Sn(+2). Fig. S21 highlights the
difference in the Sn(0) fitting when the satellites are taken into
account compared to when they are ignored.

The energy difference between the 3/2 orbital and the 5/2
orbital is denoted by AEg. Note that within a single element,
AEg remained constant for the main peaks and for the satellite
peaks. The positions of the satellite peaks for non-
monochromatic sources are tabulated in ref. 41.

From the measurements shown in Fig. 2(a), it was found that
the MASnI; films essentially contained Sn in the oxidation state
(+2), as expected for pure MASnI; and in pristine Snl,. There
was probably a very small contribution of metallic Sn (oxidation
state 0), although the quantity was very small and within the fit
error, that is, 98% of Sn(+2) and 2% of Sn(0).

Note that Sn(0) was included in this fitting for consistency
only. As shown later in the manuscript, the amount of Sn(0)
increased as a result of light illumination. As a consequence,
the Sn(0) component was already included in this spectrum. It
should be stressed that, for the pristine sample shown here, the
fitting result was equally fine without considering Sn(0).
Importantly, the amount of Sn(+4) in the samples was lower
than the detection limit. This was unexpected since the PL
analysis and the high doping levels actually suggested that there
was a considerable amount of Sn(+4).

The detailed scan in the 13d energy region is shown in
Fig. 2(b). Similarly to the Sn region, the measurement was
performed on MASnI; (top) and on Snl, (bottom). For both
samples, the oxidation state I(—1) is shown in blue and the

(@ Sn3d b) 13d
— Measured — Measured ]
I/Sn=2.3 + 0.1 Sn3d(2+) | MI3d(1-)
N/Sn=0.2 + 0.1} gugya4(0)
—_ [ Satellite —
3 2
g “ L ‘ Envelope g
S|/ / \\1\ e | B
@ i R }
.‘? 5/2 % Snl, 5/2
2|1/Sn=1.9 + 0.1 z
£ ' Z
g| 3/2) gl 3/2
|| AEg |
| | Satellite
JAII g, e
500 490 480 630 620 610

Binding Energy [eV] Binding Energy [eV]

Fig.2 Detailed XPS spectra of MASnls (top) and Snl, (bottom) at (a) the
Sn3d core-level and (b) the 13d core-level.
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satellite peaks are shown in gray. Both samples only contained
the oxidation state I(—1), which was the oxidation state expected
for pure MASnI; and Snl, films.

Fig. 2(a) shows that the binding energies of Sn(+2) in MASnI;,
and Snl, were very similar (with only a 0.01 eV difference) and
therefore it was not possible to identify an SnI, secondary phase
in the MASnI; films by considering the binding energy only. The
same conclusion held for the I3d binding energy in Fig. 2(b)
(with a difference of 0.04 eV).

As discussed in the Methods section, the Snl, sample was
used to calibrate the I/Sn ratio. For this particular sample,
avalue of 1.9 (+0.1) was deduced, which was expected. The I/Sn
ratio deduced from the MASnI; sample equaled only 2.3 (+0.1)
instead of the expected value of 3. Similarly, the measured N/Sn
ratio was lower than the expected value, with 0.2 (+0.1) instead
of 1. The only plausible secondary phase, which exhibited
a ratio I/Sn that was lower than three combined with an
oxidation state Sn(+2), was Snl,.

Therefore, we speculated that the discrepancy in the ratio for
MASnNI; was probably caused by a thin layer of SnI, on top of the
perovskite. The presence of MASnI; and Snl, was also
confirmed by X-ray diffraction (Fig. S31), where reflection peaks
are visible for both materials. Furthermore, since XPS provides
the chemical composition of the topmost 10 nm, the low I/Sn
and low N/Sn ratios do not contradict the bulk-sensitive PL
and XRD measurements, which showed that the 300 nm thick
sample is indeed MASI perovskite. XPS provides further infor-
mation on the chemical composition of the top surface of the
sample. To identify the source of this deviation, light-induced
degradation of MASnI; was investigated. In order to gain
a full picture of the compositional changes occurring at the
surface, tin, iodine, carbon, nitrogen, and oxygen signals were
monitored as a function of white light exposure time.

The light-induced degradation measurements were made in
the following way: a pristine MASnI; sample was exposed to light
in a vacuum for different time intervals. After each interval, it was
measured using XPS. All variations in composition that could be
due to XPS or vacuum degradation were taken into account in the
measurement error bar. The total exposure time to light summed
up to 61 hours. Fig. 3(a) shows the spectra in the Sn3d energy
region performed on a pristine sample and after 61 h of light
exposure. For better visibility, the Sn(+2) peaks and the satellite
peaks were omitted, but were taken into account in the fit. A
small increase in Sn(0) was observed, but no formation of Sn(+4)
was detected. Fig. 3(b) shows the background subtracted raw data
in the Sn3d 3/2 peak region. A small shoulder formed on the
lower binding energy side, which was due to the higher content of
Sn(0). Note that in the Sn3d 3/2 peak, there was no contribution
from the satellite peaks, which makes the identification of Sn(0)
much easier. We would like to stress that the changes observed
for Sn(0) were small and usually such variations are difficult to
interpret. In the present case, the position of the sample did not
change at all and all measurements were done consecutively,
which was the only way to measure such small differences.

Note that the topography of the sample does not change
significantly after light exposure (see Fig. S4f), making it
impossible to identify the degradation through topography.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Degradation of MASnls with light over 61 h. (a) XPS measure-
ments of the pristine sample (green) and the sample after 61 h of
illumination (red) with envelope and Sn(0), and (b) zoomed-in view of
the Sn 3d 3/2 peak, showing only raw data with the background
subtracted. (c) Evolution of the 1/Sn (c), C/Sn and N/Sn (d) ratios with
the illumination time of the sample and fitting using a bi-layer model.
(e) Estimation of the thickness of Snl, over time.

Furthermore, as mentioned previously, it was not possible to
track the degradation by looking at the binding energy of the
peaks alone. The peak position of Sn(3d) did not change during
light exposure. However, when looking at the ratios of I/Sn, C/Sn
and N/Sn (Fig. 3(c) and (d)), all three ratios decreased as
a function of light exposure, suggesting that the amount of MAI
decreased as a function of time.

In the literature, MAPDbI; is known to degrade into MAI (or
fragments of MAI) and Pbl,.*"**** Assuming that MASnI; has
a degradation pathway similar to that of MAPbI;, then MAI
losses increase the amount of Snl, in the films and the reaction
is as described by eqn (1).

MASnI; (s) 2% MAI(g) + Snl(s) (1)

That is, if MAI is assumed to leave the MASnI; surface in gas
form, then the ratio I/Sn goes from 3 to 2 and the ratio N/Sn goes
from 1 to 0. Here, MAI is considered as the entire MAI molecule,
but it could also be smaller fragments of MAL.

To test whether the degradation pathway proposed in eqn (1)
is valid and compatible with the measured XPS ratios, a two-
layer model was used, which is described below. Since the I/
Sn ratio was lower than 3 already at the beginning of the
measurement, it is plausible to assume that a thin layer of SnI,
was already present from the beginning. If MASnI; decomposes
according to eqn (1), then the thickness of SnI, should increase
over time. Consequently, changes in elemental ratios should
allow one to deduce the increase in the thickness of the SnI,
layer as a function of time.

This two-layer model is well established in the XPS
community and, for instance, described in the book by Hof-
mann and Siegfried.** The measured intensity of an element x
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in a two-layer system has two contributions: one related to the
surface material and the other related to the bulk material. The
surface contribution increases exponentially with the thickness
d of the top layer, whereas the bulk contribution decreases
exponentially with d. The intensity of an element x can therefore
be expressed as

—d —d
Io= L |1 — . (@
X x,suf|: exp(;{xcosa)} + ,b lkeXp(chosﬁ) ( )

I, is the measured intensity divided by the sensitivity factors
determined by Scofield,*® and I grr and Iy pyix are the intensities
of the element x in the pure surface material and in the pure
bulk material, respectively. ¢ is the angle between the normal of
the sample surface and the analyzer lenses, in the framework of
this study 6 = 0°, and A is the inelastic mean free path (IMFP) of
the element x in the surface material. It is worth mentioning
that in the formula established by Hofmann and Siegfried, A«
stands for the effective attenuation length (EAL) of the electrons
of the element x in the surface materials. The EAL depends on
both the elastic and inelastic scattering, but here, for simplicity,
the elastic scattering contribution is neglected and the inelastic
mean free path (IMFP) is used instead. According to Hofmann
and Siegfried, this approximation introduces an error of 10—
15% in the value of A.

Here, the value of interest was the ratio between x and Sn (x/
Sn or Rysn for better readability), which can be obtained by
dividing the intensity I, by Is,,. The complete derivation of this
ratio can be found in the ESI (Section 4),} and the final equation
for this ratio is given by

Rsurt X pSn(] — eﬂmx) + Roui x €7/
psn(1 — ed/7sn) 4 e~/

Rx,Sn = (3)

Rgurr and Ry are the expected ratios x/Sn in the surface layer
and in the bulk, respectively, and pg, is the ratio of the volume
density of Sn in the bulk and on the surface.

Assuming that the Snl, formation occurs layer by layer, then
the thickness d was a function of the light exposure time ¢.
Furthermore, the initial thickness of the MASnI; layer
(approximately 300 nm) was two orders of magnitude larger
than the Snl, thickness; therefore, it was considered as an
infinite reservoir. As a consequence, degradation evolved line-
arly in time and therefore d(t) = d(0) + b x t, where d(0) is the
initial thickness of the SnI, layer and b is the MASnI; decom-
position rate under light exposure.*®

The datasets of N/Sn, C/Sn and I/Sn were fitted with d(0),
b and pg, as free parameters, such that they are the same for all
three data sets. The IMFPs were calculated using the model
derived by Tanuma et al. (TPP2M).* From the fitting, an initial
Snl, thickness d(0) of 1.4 + 0.1 nm was obtained and the
thickness d(f) increased at a rate of b = 0.014 & 0.003 nm h™".
The ratio of Sn in the overlayer to the bulk was ps, = 2.71 £ 0.33,
which was in good agreement with the tabulated values psale —
4.2 (see Section 5 of the ESIt). According to the model, after 61 h
of exposure to light, the SnlI, reaches a thickness of d(61 h) = 2.3
=+ 0.3 nm, representing an almost two-fold increase.
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The KPFM-measured work functions also confirmed this
model. In fact, the work function of MASnI; decreases from 4.63
eV in the pristine sample to 4.61 eV after illumination, which is
a negligible variation. This work function was very similar to the
work function of Snl, (4.7 eV), which was confirmed on an SnI,
only sample.

The degradation of MASnI; in Snl, was similar to what was
observed in previous reports for Pb-based perovskites,**>*
which degrade into Pbl,. However, the same reports mention
that Pbl, additionally decomposed into Pb(0). Surprisingly
enough, in the data shown here only a minimal amount of Sn(0)
was observed and the Sn(+4) remained lower than the detection
limit for the duration of the experiment. To assess the stability
of Snl, against light, a degradation study was performed on
films of pure Snl, and pure Pbl,. This allowed for a comparison
of their degradation upon exposure to light.

Fig. 4(a) shows the ratio I/Sn of Snl, and the ratio I/Pb of Pbl,
as a function of illumination time. Although both ratios were
similar at time ¢ = 0 h, the I/Sn ratio in SnI, remained stable for
almost 100 h of light exposure, while the I/Pb ratio in Pbl,
started to decrease after 4 h of exposure and continued to
decrease over time. Similarly, in Fig. 4(b), the Sn(0) content in
Snl, was negligible and remained stable under long-duration
illumination, while the Pb(0) content increased significantly
over time. No Sn(+4) formation was observed upon illumination
of Snl,. This set of measurements showed that SnI, was much
more stable than PbI, under illumination in UHV and the
secondary phases of Snl, in MASnI; will not degrade further
into Sn(0), unlike Pb-based perovskites.

Finally, Fig. 5 shows the evolution of Sn(0) in MASnI; and
Snl, under illumination. Notice that while the quantity of Sn(0)
increased when MASnI; was illuminated, the quantity of Sn(0)
in Snl, remained stable. This is an important result, as the
formation of metallic Sn in MASnI; was not triggered by the
decomposition of SnI, but by the perovskite itself. Recalling eqn
(1), the light-induced degradation pathway must be written as

hy

MASnI;(s) — MAI(g) + 4 x Snly(s) + (1 — 4) x [Sn(s) + L(g)]
(4)

The factor A is a value between zero and unity and describes
the probability that MASI decomposes into Snl, versus a direct
decomposition into metallic Sn. In Pb-based perovskites, the
direct decomposition of MAPbI; into metallic Pb was very

@ [ (b)
20| W 0.4
o L .L .

2 A g
g & 02 —$— 5n(0)/Sn(tot)
—$— 1I/Sn(tot) Pb(0)/Pb(tot)

1.2 1/Pb(tot)

o—o—o—o—o o o —o
0.0
0 50 0 50

Exposure time to light [h] Exposure time to light [h]

Fig. 4 Time evolution of Snl, and Pbl, under light illumination: (a)
quantity of iodide and (b) quantity of Sn(0) in Snl, and quantity of Pb(0)
in Pbls.
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Fig. 5 Evolution of Sn(0) in MASnls and in Snl, with light exposure.

difficult to measure via XPS since it was shown that PblI,
decomposed into metallic Pb at a faster rate than Pb-based
perovskites.>® However, for Sn-based perovskites, this could
now be measured directly, as Snl, does not seem to be
photosensitive.

The constant value of Sn(0) in SnI, should also be discussed.
The value was extremely small, but still outside the statistical
error of the fit. However, this did not mean that the Sn(0) value
was in fact greater than zero in the SnI, films. The background
in XPS and the lineshape also impacted the fit result. Our
current understanding is that the Sn(0) in Snl, is likely to be the
resolution limit. Importantly, the increase of the Sn(0) in
MASNI; is not impacted by this since pristine samples showed
very similar values for Sn(0) to those in Snl,, which then
increased, while keeping the fit routine constant.

Most importantly, the light instability of MASnI; under
vacuum is not due to a change in the oxidation state from Sn(+2)
to Sn(+4). Therefore, light-induced degradation is not triggered
by the instability of the oxidation state of Sn. In fact, here Sn is
shown to be even more tolerant than Pb. Instead, the light-
induced decomposition of MASnI; appears to arise from the
choice of the organic component. As calculations in the litera-
ture have shown, MA" in the perovskite lattice has strong
dynamics.’*** The organic cation moves and rotates with the
cage, causing lattice distortion and lattice softness. This motion
is probably reinforced by light exposure, where additional
energy is given to the system, which contributes to the insta-
bility of MASnI;. This also means that the best way to stabilize
Sn-based perovskites is to move away from MAI, which is the
source of intrinsic instability in the perovskite. Importantly, the
SnI, secondary phase is not photosensitive, which offers a great
advantage compared to the Pb-based system. In the state-of-the-
art Pb-based perovskite, residual Pbl, will lead to long-term
stability problems, which can be prevented by the use of Sn.

3.1 Summary

In this study, we used XPS, KPFM and photoluminescence
based techniques to understand light-induced degradation of
MASnNI;. In contrast to most reports in the literature, we show
that, in UHV, decomposition of the near surface region does not
induce Sn(+4). Most of the MASnI; transforms into Snl, when
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exposed to light and a negligible amount into Sn(0). In contrast
to Pb-based halide perovskites, Snl, does not decompose into
Sn(0) and I, but remains stable against prolonged light expo-
sure. This is certainly a big advantage for Sn-based perovskites
compared to Pb-based ones. Despite the improved stability of
SnI, compared to Pbl,, high doping levels are also problematic
for coevaporated Sn-based perovskites. Despite the fact that we
did not detect any Sn(+4), the combination of PLQY and TRPL
allowed us to deduce doping levels in the order of 10'® cm™>. In
order to make Sn-based perovskites a true alternative to Pb-
containing ones, the use of MAI needs to be prevented and
the doping level needs to be reduced to an acceptable level. Our
research suggests that the high doping levels in Sn-based
perovskites are not due to the presence of Sn(+4), as previ-
ously thought in the literature. To advance the development of
lead-free perovskite solar cells, it is crucial to identify the real
source of this high doping in Sn-based perovskites. This
knowledge will enable the formulation of effective strategies to
control doping levels in these materials.

Furthermore, we have found that the photochemical
conversion of MASnI; into Snl, is a major factor limiting the
long-term intrinsic stability of Sn-based perovskites. A more
detailed investigation into the photochemical stability of Sn-
based perovskites is necessary to propose mitigation strate-
gies, such as the use of different organic cations or encapsula-
tion methods.
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