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ABSTRACT

The investigation of chemical and optoelectronic properties of halide perovskite layers and
associated interfaces is crucial to harness the full potential of perovskite solar cells. Depth-
profiling photoemission spectroscopy is a primary tool to study the chemical properties of halide
perovskite layers at different scales from the surface to the bulk. The technique employs ionic
argon beam thinning that provide accurate layer thicknesses. However, it is necessary to verify
the reliability of the chemical information considering the fragility of halide perovskite thin films.
The present study addresses the question of the Ar" sputtering thinning on the surface chemical
composition and optoelectronic properties of triple-cation mixed-halide perovskite by combining
X-ray photoemission spectroscopy (XPS) and photoluminescence (PL) spectroscopy. First, XPS
profiling is performed by Ar" beam sputtering on a half-cell constituted of glass/FTO/c-TiO/
perovskite. Resulting profiles show a very homogenous and reproducible elements distribution
until near the buried interface, therefore the layer is considered as quasi homogeneous all over its
thickness and the sputtering process stable. Secondly, we evaluated a set of thinned perovskite
layers representative of selected steps along the profile by means of PL imaging optical
measurements in both steady-state and transient regimes to assess possible perturbation of the
optical properties from surface to bulk. Obtained PL spectra inside the resulting craters show no
peak shift nor phase segregation. Accordingly, the transient PL measurements do not reveal any
changes of the surface recombination rate in the sputtered areas. This demonstrates that there is no
cumulative effect of sputtering nor drastic chemical and optoelectronic modifications, validating
the determination of the in-depth composition of perovskite layer. Combining XPS profiling with
PL characterization can be a precise tool to be applied for an extensive study of the multiple layers

and mixed organic / inorganic interfaces of photovoltaic devices.



INTRODUCTION

During the past few years, hybrid perovskite solar cells have attracted a considerable amount of
research and have undergone rapid development as next generation photovoltaics . Despite the
outstanding power conversion efficiency (PCE), rapidly increasing and exceeding now 25.6 % 3
for a single-junction n-i-p device, one of the main drawbacks of this technology remains its
intrinsic and extrinsic instability *°. In order to enhance the device performances and stability, not
only high-quality perovskite absorber thin films need to be developed but also the optimization of
the entire structure and layer stacking of the cell has to be considered. Researchers nowadays are
focusing on enhancing the device architecture where interface properties play a crucial role on the
final performances and durability ¢'°. In particular, it is of primary importance to understand the
physical and chemical phenomena occurring at those interfaces, site of defects accumulation and

carrier recombination 12, band mis-alignment >~!* or chemical changes 61,

To chemically characterize these nanoscale systems, several advanced characterization
techniques were employed and reported in the literature, including scanning transmission electron
microscopy / energy dispersive X-ray spectroscopy (STEM-EDX) 2%2! time-of-flight secondary
ion mass spectrometry (ToF-SIMS) %2224 glow discharge optical emission spectrometry (GD-
OES) 2° and X-ray photoelectron spectroscopy (XPS) 2628, However, organic-inorganic materials,
such as hybrid halide perovskites, are prone to degradation when exposed to high-intensity or

2930 or jon bombardment *!. Therefore the potential characterization-

prolonged electron beam
induced artifacts need to be carefully assessed 32> to ensure the reliability of the analysis. In

particular, XPS is a technique primarily used to measure the surface chemical composition of

electronic materials, that can be also used in conjunction with ion sputtering to investigate the in-



depth chemical profile of different elemental species *® by acquiring spectra inside the generated
craters. Several groups have already studied the elemental distribution of perovskite components
inside the perovskite layers using XPS sputtering methods, using either monoatomic argon (Ar")
sputtering or argon cluster (Ar,") projectiles. However, Ar" and Ar,' sputtering generally causes
significant changes to the surface chemistry but may also have effects on the sample composition
in depth. Indeed, in the case of perovskite layers, composed of both organic and inorganic species,
many artefacts linked to the abrasion process are expected as reported in the literature *!. In the
specific case of triple-cation lead mixed-halide perovskites (Cs, formamidinium CH(NH)." [FA],
methylamonium CH3NH3", [MAL]), that currently yield the highest solar cell efficiency, only few
publications focus on the effects of the sputtering *’ . The complexity of the chemical composition
of such compounds makes this kind of measurements even more challenging. One of the main
limitations resides in the systematic reduction of Pb*" species in Pb° in the sputtering process,
obfuscating an accurate description of the metallic element's oxidation state inside the layer along
with the exact amount of oxygen incorporation. Busby et al. performed a systematic study of the
evolution of the Pb%/Pb?" ratio for triple-cation perovskite layers when changing the sputtering
method 3'; Ar* or Ar,* **. They showed that, in their case, the Pb® content increases with the
sputtering time and it is affected by the beam conditions, such as cluster size and kinetic ion energy.
Once again, the reliability of this characterization approach combining sputtering and XPS
analysis is crucial. Several factors should be taken into account including the sensitivity of the
material but also the Ar" sputtering itself that might induce the creation of artefacts, among them
preferential etching and surface elements redistribution 3437,
The major question this article focuses about is: does profiling generate perturbations and

degradation of the perovskite in bulk from an optoelectronic point of view?



In this work, the impact of monoatomic Ar" sputtering on triple-cation perovskite layers is
explored on half cells. The question of the in-depth redistribution of the elemental components as
a function of the perturbation is essential. Both chemical and optical modifications are studied for
different sputtering times to have a better understanding on the sputtering process and the level of
the eventual induced perturbation.

XPS gives information about the nature and the intensity of the perturbation in the top-most
layer, typically throughout a thickness of 5 nm, but does not elucidate on possible modification to
the sample underneath. In parallel, photoluminescence (PL) is a versatile probe to investigate the
optoelectronic properties, both at the surface and in the bulk. We use the technique to quantify the
energy gap (Eg), radiative vs non-radiative recombination rates and diffusion length, making it
possible to probe optical variations. In the present case, with highly-absorbed excitation
wavelengths, the ultimate depth probed is comprised within 50 to 100 nm, which is much larger
than the one of XPS, thus, combining XPS and PL is in evident interest to assess the in-depth
composition and / or the changes induced by the bombardment that could range deeper into the
perovskite layer, and correlated the optoelectronic properties to the compositional changes.

HAXPES (Hard X-ray PhotoElectron Spectroscopy) would bring additional information about
deeper changes in the composition and an assessment of the damaged overlayer thickness *° but it
is limited by the stability of the perovskite layer under the high energy X-Ray radiation. The
approach proposed here, with the complementary use of XPS and PL, aims at yielding a reliable
diagnosis of the surface modifications of the irradiated perovskite as well as an evaluation of the
in-depth perturbation. The impact of Ar" ion bombardment on the perovskite layers is accurately
studied following the possible damages that can be induces in term of surface morphology,

composition and optoelectronic properties. In practice, the surface is etched by rastering the ion



beam over a square or rectangular area of 2 mm? dimension compatible with XPS spot size (here
almost 400 um in the bigger diagonal). Information about the surface evolution of the perovskite
film during Ar" profiling will be assessed by varying the sputtering time from 120 s to 720 s, and
thus, the corresponding remaining thickness of perovskite. The comparison enables us to
determine if the induced modifications are amplified with the sputter duration. For each abrasion
step, the surface composition and chemistry are measured and the optical and transport properties
of the halide perovskite layer investigated by using photoluminescence imaging methods operating

in both steady-state and transient regimes.

RESULTS AND DISCUSSION

This study was realized on a half-cell constituted of a stack of glass / fluorine doped tin oxide
(FTO) / compact titanium oxide (c-TiOy) / triple-cation double halide perovskite with a nominal
stoichiometry of Cso.0s(MAao.14, FAo.86)0.95 Pb(lo.s4, Bro.16)3. The high sensibility of the perovskite
layers requires specific care for sample handling and transfer procedures from the glove box, where
the films are deposited, to the analysis tools for the chemical and optical characterization. Half
cells were transferred to the XPS spectrometer chamber under inert atmosphere, and this same
transfer procedure was also applied for optical characterizations. Preliminary XPS analyses were
then realized to determine the optimal operating condition *¢, ensuring the stability of those layers
and the reliability of the chemical and optoelectronic measurements. XPS analyses were carried
out to verify the samples composition and stoichiometric conformity, their lateral homogeneity, as
well as their stability after one-hour exposure to X-rays under ultra-high vacuum (UHV)
atmosphere. The chemical homogeneity of the perovskite layer surface was verified, using

multipoint mode analysis, by performing the analysis on 5 random point on each sample and



repeated on 4 sets of samples (Figure S1). This preliminary study demonstrates that the surface of
the samples is chemically uniform, very essential result for the choice of the analysis area for the
subsequent optical characterization.

Moreover, the comparison between the initial atomic percentages for the as-deposited perovskite
layer and after 1 hour of X-rays irradiation (Table S1) shows no significant change in the element’s
contents nor a modification in the photopeak shape (not shown here) indicating the absence of
changes to the chemical environments. This ensures that the XPS measurements are well

representative of the perovskite surface without beam damage effects.

The effect of the Ar" ion bombardment on the chemical and optoelectronic properties was
studied on a set of sputtered half cells prepared inside the XPS analysis chamber using the ion gun
in monoatomic mode (Ar" projectiles) with an energy of 1000 eV and current of 10 nA. A
schematic of the process is reported in Figure 1a. For the next optical characterizations, the
morphology of the perovskite film inside the crater remains a critical property. To that end, we
compared the morphology of a pristine perovskite thin film with the one of a film after 240 seconds
Ar" sputtering by using both scanning electron microscopy (SEM) and atomic force microscopy
(AFM). As expected, the initial pristine perovskite films exhibit full surface coverage with a
uniform grain structure and size of 150 — 200 nm (Figure 1b). After the sputtering process, a
slight preferential orientation of the surface morphology is induced due to the ion gun geometry
and the grain boundaries are no more distinguishable in the SEM image. However, we do not
observe any features of local morphological degradation or pinholes (Figure 1c¢). After sputter-

profiling lines we observe the appearance of lines in the images. These are part of the actual surface



morphology and stem from the depth profiling geometry for which the Ar" cluster gun is oriented
at an angle of 30° with respect to the sample surface normal.

In agreement with SEM results, AFM images show a clear modification of grain size after Ar"
sputtering and the grain boundaries become blurred. The root mean square (rms) were measured
after prolonged sputtering sequences (up to 600 seconds), and reported in SI, Table S2, for each
corresponding remaining thickness. The same morphology post-sputtering was observed
confirming that the conditions employed did not lead to significant changes in the morphology,
and especially the surface roughness as the rms values remain the same, around 17 nm. This
insignificant change in roughness of the Ar" sputtered zone suggests that the optical reflectivity

inside these craters remains unmodified throughout the sputtering process.
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Figure 1. Effects of Ar" sputtering on sample morphology. a) Schematic of the sputtering process.
SEM images of perovskite thin films before b) and after ¢) Ar" sputtering for 240 s and
corresponding AFM surface 3D mapping of perovskite thin films before d) and after e) Ar"

sputtering.



XPS profiling through the entire thickness of the half device was realize to determine the total
duration of the sputtering sequence to reach the perovskite / TiO; interface, positioned at 420
seconds etching time (Figure 2 h). This time is very reproducible and was verified on ten samples,
allowing us to define the remaining thickness of perovskite for each sputtering time for a
quantitative thinning of the layers. Then, 7 additional samples were prepared by implementing
sputtering times between 60 s and 720 s to analyze the surface state at different stages of the
profiling process (Table 1). For each crater, XPS survey spectra were recorded in order to plot the
chemical distribution of elemental components for each sputtering time. The evolution of the
atomic percentage of the elements present inside the craters resulting from different sputtering
durations on 8 different samples (i.e. different residual perovskite thicknesses) are presented in
Figure 2. By comparing the set of profiles obtained, we confirm the remarkable reproducibility of

the profiling process.

Crater number | Sputtering conditions | Estimated remaining thickness
[nm]
1 2 levels / 60 seconds 350 +£20
2 4 levels / 60 seconds 250 + 20
3 5 levels / 60 seconds 200 + 20
4 6 levels / 60 seconds 150 + 20
5 7 levels / 60 seconds 100 + 20
6 8 levels / 60 seconds Interface perovskite /TiO2
7 9 levels / 60 seconds Interface perovskite /TiO>
8 12 levels / 60 seconds Interface perovskite /TiO>

Table 1. Description of the sputtering conditions and estimation of the perovskite remaining

thicknesses for different sputtering times.
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Figure 2. XPS depth profile (Ar",1000 eV)) of FAMACsS perovskite for the a) crater 1, b) crater
2, ¢) crater 3, d) crater 4, e) crater 5, f) crater 6, g) crater 7 and h) carter 8. Quantification has been
made peak fitting in the Br 3d, Cs 3d, I 3d, C s, N s, Pb 4f, O 1s and Ti 2p regions. Lateral bars

on the top of panels f-h indicate the transition from the perovskite layer to the TiO substrate.

Except at the extreme surface, where we measure the carbonaceous contamination layer, which
is removed after the first 60 s of etching, the I, Pb, N, Cs and C contents in depth are quasi stable.
However, we observe the accumulation of Br at the perovskite / TiO; interface in agreement with
ToF-SIMS profiling of triple-cation perovskite devices already reported in the literature >#142,

The elements distribution is remarkably similar inside the perovskite layer irrespective of the
chosen crater, thus further corroborating the reproducibility of the sputtering process and the

homogeneity in the bulk of the perovskite layer. This finding means that the following PL

characterization will probe for every crater, a chemically homogenous layer.
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Figure 3. Atomic ratio of N : Pb, I : Pb and (I+Br) : Pb for crater 2 (remaining thickness 250 nm),
crater 4 (remaining thickness 150 nm) and crater 7 (Perovskite / TiO; interface). The dashed lines

indicate the corresponding theoretical ratios.

In Figure 3, we reported the calculated atomic ratios N : Pb, I : Pb and (I + Br) : Pb for crater 2
and 4 whereas the remaining thicknesses are respectively 250 nm and 150 nm, and crater 7 which
lays bare the interface region between the perovskite film and the TiO; substrate. In the perovskite
structure (Cso.05(MAo.14, FA0.86)0.95 Pb (Io.84, Bro.16)3), the theoretical atomic ratio N : Pb should be
equal to (1.8 : 1), while the atomic ratios I : Pb and (I + Br) : Pb should be equal to (2.5 : 1) and (3

: 1), respectively. At the perovskite surface, experimental ratios show values which are close to
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the expected ideal stoichiometry with a slight iodine and nitrogen enrichment. Previous trends
observed on the atomic depth profiles are confirmed by comparing the evolution of the
corresponding ratios. In these craters, the three ratios show an abrupt decrease after the first 60
seconds of sputtering varying from ~ 2.0 to 0.5 for N : Pb, from 4 to 3 for (I + Br) : Pb and from
3.7 to 2.4 for I : Pb, corresponding to the removal of the carbon contamination as well as the Pb
enrichment inside the layer. Subsequently, the composition remains almost stable until 300 s of
sputtering. Finally, when approaching the perovskite/TiO: interface, noticeable modifications are
observed, with a gradual drop of the I : Pb and (I + Br) : Pb ratios from 2.4 to 1.4 and from 3 to
2.5 respectively. This evidences an interface where the concentration of iodine is low while it is
rich in Br. Finally, a specific halide distribution is shown, with an accumulation of iodine at the
perovskite surface and of bromine at the bottom, i.e. at the perovskite / TiO; interface. Similar
findings were reported on triple-cation mixed-halide perovskite layers by different groups *2%%
which showcases the reproducibility of XPS profiling technique on such absorbers. Undoubtedly,

the reproducibility of the ratio evolution, whatever the etching time, allow to assume a high level

of homogeneity of the perovskite film from the top surface to the interface.

Additional XPS high-resolution spectra of Pb 4f, N 1s, C 1s, |1 3d and Br 3dcan be found in
Figure S2 for the fresh perovskite (Ref) before sputtering, and for 3 different sputtering times on
3 different spots of the samples, for crater 2, 3 and 4 whereas the remaining thicknesses are
respectively 250 nm, 200 nm and 150 nm. After the first 60 s of etching (crater 2), the formation
metallic lead is visible on the Pb 4f spectra, indicating the reduction of Pb?* to Pb°. The formation

of metallic lead has been observed before as a presumed degradation product in halide perovskite
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samples. However, this amount of Pb° remains the same after 120 s (crater 3), and 180 s (crater 4)
of etching.

High-resolution spectra of N 1s and C 1s reported in Figure S2 also shows that the MA*
contribution fully disappears after the first 60 s of sputtering, while the FA* contribution decreases
at a lower rate due to the C — N chemical bond degradation. However, after the first 60 s of
sputtering, the N 1s and C 1s peaks remain steady, meaning that the same amount of N and C
remains present for crater 3 and 4, and that is until reaching the interface. These stoichiometric
changes detected for crater 1 after the first etching remain the same in crater 2 and 3. This implies
that the craters 1 to 5 (before the interface) are chemically identical and show the exact same
degradation of the organic compounds and formation of metallic lead Pb®. Therefore, the PL
characterization will be then performed on chemically identical surfaces. Moreover, the elemental
distribution inside the different craters being exactly the same, we can also confirm that in-depth,
the material is also identical. The observed degradations through XPS are restricted to the extreme
surface after each sputtering, implying that this is not constraining for the PL characterization
which probes the whole perovskite layer.

At this point, it is difficult to discriminate between a perturbation only at the extreme surface or
extended more or less beneath the XPS probed thickness. The PL characterization inside the craters
shown in the following will allow to determine whether perturbations are detected beneath this
probed thickness.

To determine the optoelectronic properties of the perovskite bulk from the craters previously
characterized by XPS, we employ a multi-technique PL imaging approach. This includes a

combination of both steady-state and transient measurement techniques, namely hyperspectral
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imaging (HI)** and time-resolved fluorescence imaging (TR-FLIM) *, we explored the impact of
Ar" sputtering on the optoelectronic properties of triple-cation mixed-halide perovskite thin films.
Specifically, we performed the HI analysis on a series of craters with an estimated remaining
thickness ranging from 250 nm to 50 nm. The measurements were conducted in nitrogen
atmosphere, by using a blue LED (450 nm) at an illumination power of approximately 10 suns, i.e.
1W/cm?. In Figure 4a, we report a series of PL spectrum images, displaying the integrated absolute
PL intensity in a reference sample and in five craters (estimated thicknesses around 250 nm, 200
nm, 150 nm, 100 nm and 50 nm). All the acquisitions were performed in center of the craters to
ensure a constant thickness of the perovskite layer, as shown in Figure S8. The corresponding PL
spectra are shown in Figure 4b. The progressive removal of thin layers of perovskite
(approximately 50 nm for each step) corresponds to a decrease of the PL peak intensity.
Importantly, we did not observe the emergence of new phases as the shape of the PL spectra does
not critically vary. However, the drop of the PL peak intensity can be ascribed to several factors.
First, the reduction of the thickness of the triple-cation perovskite layer should result in a
stepwise decrease of the PL peak intensity (see modeling details in SI). Additionally, an increase
of non-radiative recombination centers and creation of defects induced by Ar" sputtering which
therefore provoked the deterioration of the optoelectronic properties of the materials could also be

a cause for the PL peak intensity reduction.
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Figure 4. Photoluminescence imaging analysis. a) Series of PL spectrum images acquired on
craters formed after different sputtering times. b) Average PL spectra of selected zones in the
craters ¢) Quasi Fermi level splitting and energy gap variations as a function of the estimated

thickness of the perovskite layer.

To address this question, we employed a physical model based on Planck’s law*’ which allows

to determine the main parameters governing the optoelectronic properties of a semiconductor:

21 E2a(E)

Ip(E) =

where h is the Planck constant, c is the speed of light, E is the photon energy, a(E) is the photon
energy dependent absorptivity of the sample, Ap is the quasi-Fermi level splitting, and kT is the

thermal energy of the charge carriers.
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Estimated Absorption QFLS [eV] EgleV]
Remaining coefficient times
Thickness [nm] thickness
axdlau.]
400 5 1.23+£0.01 1.62+0.01
250 3.125 1.22+0.01 1.61+0.01
200 2.5 1.21+0.01 1.62+0.01
150 1.875 1.21+0.01 1.62+0.01
100 1.25 1.20+0.01 1.62+0.01

Table 2. Values of the main parameters calculated with PL fitting for different estimated

thicknesses in the perovskite layer.

We thus fitted the PL spectra and quantitatively assessed the evolution of key materials
properties such as the energy gap (Eg) and the quasi-Fermi level splitting (QFLS). Fitting results
for the PL spectrum relative to crater 6 (nominal thickness 50 nm), are not reported as the signal-
to-noise ratio (SNR) was too low to perform a reliable analysis. This can be ascribed to the fact
that for this crater the interface with the TiO> was reached and hence the PL signal was too weak.
The results of the fitting procedure are reported in Table 2. In the model we considered the
absorption coefficient a to be constant, whereas we varied thin film thickness d by following the
sputtering time. The product a x d is therefore directly proportional to the estimated remaining

thickness. We determined the QFLS to vary from 1.23 eV in the neat sample to 1.20 eV for 100
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nm perovskite thickness (Figure 4c¢). Despite the QFLS values is decreasing of 30 meV, we can
still consider that the perovskite exhibits high QFLS values and homogenous optoelectronic
properties. Moreover, this is also indicative of a low surface recombination rate, even after the Ar”
sputtering. Indeed, all the PL maps are rather uniform and do not show any evident morphological
degradation. The minimal drop of the QFLS might be ascribed either to a slight degradation of the
perovskite layer or to an inaccurate estimation of the thickness that might induce an error in the
QFLS calculation on the order of few tens of meV. However, this is a clear indication that the Ar"
sputtering did not significantly affect the bulk properties of the perovskite film underneath while
the surface recombination rate remains low. Moreover, E; is not shifting, suggesting that no

optically active new phases have been formed during the sputtering process.
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Figure 5. TR-FLIM acquisition. (a) Time resolved decays at a fluence of 4.3el1 ph.cm? (~40
suns) for the reference and three craters. (b) Similar, for the highest fluence 3.0e12 ph.cm™ (~300

suns). (c-f) Lifetime maps obtained by exponential fitting of the decays in the interval [400,600]

ns. The white bar is 50 pm wide.

Complementary information about physical properties within the different craters can be
obtained by time-resolved photoluminescence (TR-PL). While steady-state photoluminescence
mainly probes the bulk properties of a semiconductor material, transient measurements allow for
a more accurate analysis of surface recombination phenomena*®, which are critical in the context
of surface chemical analysis such is the case for XPS spectroscopy. We thus performed TR-FLIM
analysis for the neat perovskite samples as well for a series of sputtered samples where the etching

time was the same used in the Hyperspectral study, corresponding to decreasing thicknesses.
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Experiments were conducted in nitrogen atmosphere and with a 532 nm pulsed laser. To
compare the excitation intensities with the continuous wave experiment we use the following
convention: we consider that 1 sun illumination for the pulsed experiment corresponds to a photo-
generated carrier density of approximately 10'> ¢cm™ just after the pulse. If we assume an
absorption coefficient of o~10° cm™ then a fluence of 10 ph.cm?.pulse? corresponds
approximately to 1 sun.

In Figure 5, decays averaged over regions inside craters are plotted for the different crater
thicknesses. Both decays at low fluence (40 suns, Figure 5a) and high fluence (300 suns, Figure
5b) are displayed. First, we observe that most of the decays qualitatively correspond to the decay
measured for the reference sample. For crater 2 (250 nm), 3 (200 nm) and 4 (150 nm) we observed
no radical changes on the decay — indicating that the quality of the top interface of the etched zone
is not far from the quality of the un-etched perovskite. At high fluence, radiative recombination
plays a significant role. With the high fluence curves, we see that the difference between etched
craters and the reference is even reduced: this corroborates the idea that the radiative recombination
was not modified by etching, compatible with a similar crystalline structure. Thus, Ar™ etching
seems to only slightly modify the chemical state of the surface of the perovskite, and we have no
indication of a modification of the radiative properties. In Figure 5c effective lifetime maps are
displayed at the 200 pum x 200 um scale for the reference as well as for the craters 2 to 4 (250 nm
to 150 nm thickness). The lifetimes were obtained by fitting local decays in the interval [400, 600]
ns for acquisition at 40 suns excitation intensity. We find 129+28 ns for the reference, 108120 ns
for Crater 2 (250 nm), 138420 ns for Crater 3 (200 nm), and 138426 ns for Crater 4 (150 nm) for
the average and standard deviation of the lifetime over the images. We observe that no major

lateral inhomogeneity appears after etching. Moreover, the PL decay times over the films seem
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similar from the reference to the craters, indicating that Ar" etching did not induce massive
recombination at the surface. A comparison with the PL intensity maps just after the laser pulse,
as well as the histograms of values for the lifetimes are shown in Figure S7.

In order to quantify the impact of Ar" etching on the perovskite layers, we fitted decays in the

1*7. We fixed the bulk non radiative recombination

craters them by using a drift-diffusion mode
coefficient to a constant (and not fitted) value, k; = 10° s~ from previous analysis on our
reference perovskite layers 8. By fixing k;, we allow for the interpretation of the changes observed
in the decays as well as changes of the top surface recombination, as both of these parameters are
usually correlated when fitting TR-PL decays. The impact of the value of ki on fitting result is
discussed in Figure S4. We fit the top surface recombination velocity (Siop, [cm.s™]), while taking
as input the thicknesses and fluences corresponding to each case. The surface recombination
velocity is fitted for 4 datasets, each containing one curve for each fluence (3 fluences in total):
the reference one, crater 2, crater 3, crater 4. Results are presented in Figure S3. On the left part
of the figure, the decays and the fitted model are plotted, showing good agreement over all fluences
and craters. On the right hand the variations of the top surface recombination parameter are
displayed. We find a slight decrease from 160 cm.s™! for the reference to 40 cm.s™! for the 150 nm
thick layer. It is surprising to observe this reduction of recombination at the top surface after
etching as one could expect that the surface was damaged in the process leading to a higher amount
of recombination centers, i.e. undercoordinated Pb. This result is compatible with the hyperspectral
imaging measurement we performed, and notably with the fact that the quasi—Fermi level splitting
was not substantially modified by the Ar" etching. Overall, we note that the Ar" etching employed

here does not appear to damage the electronic properties of the surface of the triple-cation lead

mixed-halide perovskite films, which is a major finding.
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CONCLUSIONS

To conclude, in this work we have extensively investigated the impact of Ar" sputtering on triple-
cation mixed-halide perovskite thin films to verify the reliability of in-depth XPS profiling,
commonly used for the chemical characterization of solar devices. In particular, we probed both
chemical and physical properties of the material by coupling in-depth XPS analysis and PL
imaging techniques. In this way, we determined the influence of the ion impingement on physical
parameters such as the energy gap of the material or the carrier lifetimes, proving that these
material properties did not significantly evolve after the sputtering process. Thanks to this
combined approach, we were able to show that XPS profiling analysis provides reliable chemical
information on triple-cation perovskite thin films average composition and does not critically alter
the optoelectronic properties of the material at both bulk and surface level.

We quantified the evolution of the main parameters governing the optoelectronic and transport
properties of perovskite layer, observing small changes in both steady-state and transient
measurements after consecutive Ar' etchings. Specifically, the QFLS varied from 1.23 eV in the
pristine samples to 1.20 eV close to the absorber / TiO2 interface, whereas the Eg did not shift from
the initial values of 1.62 eV during the whole sputtering process. Moreover, both carrier lifetimes
and surface recombination rate did not dramatically change after the ion irradiation. The study of
perovskite layers extracted after different increasing sputtering durations, enables to conclude that
there are no cumulative effects induced by a prolonged impingement of ions onto the sample
surface on the bulk properties of the material as well as no evident surface modifications. This
analysis suggests that the Ar” sputtering is a reliable technique for probing the in-depth chemical
composition of triple-cation perovskite and that it could be extended to compositional studies of

other beam-sensitive materials. Finally, a deeper understanding of the impact of the X-rays on the
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materials properties can further improve the level of reliability of in-depth XPS profiling method,
validating photoemission-based techniques as a powerful tool in the investigation of the chemical
composition of novel beam-sensitive complex compounds. Such kind of analyses have already
proven to be essential to evidence the segregation phenomenon during ageing or induced by
interfaces layer integration steps, understand the phenomenon beyond and break down the barriers

limiting at present the stability and efficiency of this emerging technology of solar cells.

EXPERIMENTAL SECTION
Sample preparation

Fluorine-doped tin oxide (FTO) covered glass substrates (Solems) were cleaned by etching with
Zn powder and HCI1 (4M). The substrates were sonicated for 1 hour in an RBS detergent solution
(2 vol %), rinsed with deionized water and ethanol, ultrasonicated in ethanol and dried. A TiO»
electron blocking layer was prepared by atomic layer deposition. The substrates were UV—ozone
cleaned for 20 min and transferred into a nitrogen-filled glovebox for the perovskite film
deposition. A double cation perovskite solution (MAo.14FAo.s6)Pb(lo.s4 Bro.16); was prepared by
dissolving 1.10 M Pbl, (TCI Chemicals), 0.20 M PbBr; (Alfa Aesar), 1.00 M formamidinium
iodide (FAIL Dyesol) and 0.20 M methylammonium bromide (MABr, Dyesol) in a mixture of
DMSO:DMF (4:1 in v/v) as solvent. In order to obtain the triple-cation perovskite, i.e.
Csx(MAg.14F Ao 36)1-xPb(10.84Br0.16)3, the required quantity of Cs” was additionally injected from a
precursor solution of CsI (Sigma Aldrich) 1.50 M in DMSO solvent. The solution, after 2 hours of
stirring in a magnetic mixer, was spin-coated onto the TiO> layer by following a double plateau.

First, 35 pL of the perovskite solution were spincoated at the rotation of 2000 rpm for 10 seconds
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at an acceleration of 1000 rpm/s. Then, 100 uL of chlorobenzene were spin-coated at the speed of
6000 rpm for 30 seconds. After deposition, the perovskite films were submitted to an annealing
treatment at the temperature of 100 °C for 30 min in a nitrogen glovebox. The thickness of the

perovskite thin films is approximately 400 nm.

Morphology characterization

SEM images were acquired by using a Zeiss Merlin Scanning Electron Microscope operating at
an acceleration voltage of 20 keV.

AFM images was acquired by atomic force microscopy (Agilent 5600LS) in tapping mode.

X-ray photoelectron spectroscopy (XPS)

Sample architecture consists of a half-cell taken from a n-i-p perovskite solar cell structure: FTO
/ ¢-Ti02 / Cso.05(MAo.14, FA0.86)0.95 Pb (Io.s4, Bro.16)3). To ensure the reliability of the analyzes,
freshly synthetized perovskite samples were transferred to the XPS spectrometer in dark and under
inert atmosphere conditions, preventing from humidity and light modifications. XPS surface
chemical analyzes were carried out with a Thermo Electron K-Alpha® spectrometer using a
monochromatic Al-Ka X-Ray source (1486.6 ¢V). The Thermo Electron K-Alpha spectrometer
procedure was used to calibrate the spectrometer and verified using Cu and Au samples following
the ASTM-E-902-94 standard procedure. The X-ray spot size is 400pum. High energy resolution
spectra were acquired using a Constant Analyzer Energy (CAE) mode of 20 eV and 0.1 eV as
energy step size, without charge compensation. The energy scale was calibrated with respect to
the Cls peak settled at 284.6 eV to facilitate comparison of chemical shifts between the various

samples investigated. Sputtering was performed with Ar" monatomic ions at an energy level of
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1000 eV and 10 mA current density with an ion gun orientation of 30°. Data were processed using
the Thermo Fisher scientific Avantage© data system. The acquisition sequence for surface analysis
was optimized to limit the X-ray irradiation exposure (1 hour) and the stability of the perovskite
layer was controlled by recording two survey spectra: one at the start of the acquisition sequence
and one at the end (CAE of 100 eV and 1.0 eV energy step size). Three sets of samples were

measured to obtain statistic data and guarantee the reliability of the information obtained.

Hyperspectral Imager

The hyperspectral imaging system records a luminescence intensity signal along three
dimensions {x,y,A}. The set-up is composed by a home-built microscope with Thorlabs
optomechanical elements, a 2D bandpass filtering system from company Photon Etc with 2 nm
resolution, and a 1Mpix silicon-based CCD camera PCO1300. The sample was illuminated with a
LED (A = 450 nm) through a x10Nikon objective with numerical aperture of 0.25, and the
luminescence was collected through the same objective. The excitation beam and luminescence
signals were separated with appropriate Thorlabs dichroic beam splitter (DMLP 490R) and a
FELH 500 filter. The 2D luminescence signal was corrected for each pixel of the sensor from the
spectral transmissions along all the optical path, from the read noise and dark current noise of the
camera. All the acquisitions were performed in nitrogen atmosphere. Post-treatment of the data
cubes includes a deconvolution and fit to the generalized Planck law, which are realized with a

dedicated Matlab routine employing the Levenberg—Marquardt algorithm.

TR-FLIM
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The TR-FLIM setup records luminescence intensity over an imaging sensor and as a function of
time. We used a Princeton Instrument PIMAX4 gated camera. We used 3ns wide temporal gates
that we slid in time to record the local decays of the films. The illumination was performed with a
Coherent Laser (A = 532nm, pulse width 15 ps), defocused and homogenised by a rotating diffuser
to obtain a flat and homogenous wide field excitation. The repetition rate of the laser was set to
40kHz. To estimate the fluences, the wide field illumination was imaged with a portable CCD
array to obtain the illumination area while the incident power was also measured. A x10 objective
was used both for excitation and collection, and the laser was filtered out with a DMLP650R beam
splitter as well as with a FEL0680 filter. High temporal resolution (time between gates: 120ps)

acquisitions as well as regular resolution (time between gates: 3ns) were performed.
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