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Abstract:

2D/3D perovskite heterostructures have emerged as a promising material composition to reduce non-
radiative recombination in perovskite-based LEDs and solar cells. Such heterostructures can be created
by a surface treatment with large organic cations, for example n-butylammonium bromide (BABr). To
understand the impact of the BABr surface treatment on the double-cation (Cso.17FAo.s3Pb(lo.sBro.4)s) (FA =
formamidinium) perovskite thin film and to further optimize the corresponding structures, an in-depth
understanding of the chemical and electronic properties of the involved surfaces, interfaces, and bulk is
required. Hence, we study the impact of the BABr treatment with a combination of surface-sensitive x-
ray photoelectron spectroscopy and bulk-sensitive resonant inelastic soft x-ray scattering (RIXS). A
guantitative analysis of the BABr-treated perovskite thin film shows a modified chemical perovskite
surface environment of carbon, nitrogen, bromine, iodine, and lead, indicating that the treatment leads
to a perovskite surface with a modified composition and bonding structure. With K-edge RIXS, the local
environment at the nitrogen and carbon atoms is probed, allowing us to identify the presence of BABr in
the perovskite bulk, albeit with a modified bonding environment. This, in turn, identifies a “hidden
parameter” for the optimization of the BABr treatment and the overall performance of 2D/3D perovskite
solar-cell absorbers.

Keywords: photoelectron spectroscopy, resonant inelastic soft x-ray scattering, x-ray emission
spectroscopy, x-ray absorption spectroscopy, perovskite-based solar cells, n-butylammonium bromide
surface treatment, 2D/3D perovskite heterostructure



Introduction

Over the last decade, organic—inorganic hybrid perovskite-based optoelectronic devices and, in
particular, solar cells (PSCs) have attracted enormous interest. With a rapid increase, the power
conversion efficiency (PCE) of PSCs on laboratory scale has now surpassed those of the established
polycrystalline Si, Cu(In,Ga)(S,Se),, and CdTe technologies, with a record PCE exceeding 25 %.! Moreover,
wide-bandgap perovskite-based tandem solar cells have also achieved promising results.> PSCs are
simple to process, as they are compatible with large-scale solution processing (e.g., roll-to-roll printing)
and use abundant elements.®

However, the application of PSCs is hampered by their low stability under ambient conditions®™® and the
fact that the best devices contain lead. %! Significant improvements are necessary to achieve the goal of
limiting efficiency losses to about 1 % (or less) per year over a lifetime of more than twenty years. A
promising strategy to increase the stability of PSCs (and other solar cell parameters like the open-circuit
voltage, Voc) is to incorporate a 2D structure into the 3D perovskite!?4, Such 2D/3D perovskite can have
a better crystalline quality than their 3D counterparts and could act as a protective layer against
moisture.’ In addition, reduced non-radiative recombination at the 2D/3D perovskite interface and an
increase of the band gap is reported.?? 2D/3D perovskite heterostructures are realized by a post treatment
of the bulk 3D perovskite layer with large organic cations.

As we demonstrated in our earlier work, n-butylammonium bromide (BABr) can be readily used for such
a surface treatment of double-cation wide bandgap perovskite absorbers (Csp.17FA0.83Pb(lo.6Broa)s) (FA =
formamidinium, CHsN,*), resulting in a 2D/3D perovskite heterostructure.® This approach leads to PSCs
with improved stability, efficiencies up to 19.4 %, and an enhanced Voc of 1.31 V. In addition, other large
organic cations were successfully explored to create 2D/3D perovskite heterostructures with enhanced
solar-cell properties.’~2°

In all of these surface treatments, the underlying processes are not fully understood; in particular, the
interface modification upon BABr treatment needs to be investigated in more detail, as the interface
constitutes a crucial component of the completed device. Our initial x-ray photoelectron spectroscopy
(XPS) measurements suggest an increase of carbon, nitrogen, and bromine, i.e., BABr-related signals at
the surface.’® Ultraviolet photoelectron spectroscopy (UPS) measurements have highlighted a substantial
spectral difference of the valence-band region and an additional downward band bending (by 0.12 eV)
due to the BABr-treatment.® To further optimize and enhance the BABr surface treatment, an in-depth
knowledge of its impact on the chemical and electronic properties of the surfaces, interfaces, and bulk of
the 2D/3D perovskite heterostructure is required.

We thus have extended our previous XPS analysis of the surface modifications induced by the BABr
surface treatment. In addition, we complement the surface-sensitive electron spectroscopy results with
insights from bulk-sensitive soft x-ray spectroscopy techniques, i.e., x-ray absorption spectroscopy (XAS),
x-ray emission spectroscopy (XES), and resonant inelastic soft x-ray scattering (RIXS) and are able to
develop a depth-resolved chemical and electronic picture of the 2D/3D perovskite heterostructure.



Experimental

A detailed description of the sample preparation procedure can be found in Ref. 16 For the XPS study,
two sets of Cso17FA0s3Pb(losBroa)s perovskite absorbers were prepared on a Sn0,/InSnO(ITO)/glass
substrate by a one-step spin-coating process and subsequently annealed. Afterwards, the first set
remained untreated (in the following referred to as “perovskite”), while n-butylammonium bromide
(BABr) was dissolved in isopropanol (concentration 2 mg/mL) and spin-coated onto the second set of
perovskite absorbers and subsequently annealed at 100°C for 5 min® to achieve a 2D/3D perovskite
heterostructure (in the following referred to as “BABr/perovskite”). The entire sample processing and
subsequent packaging was conducted in inert atmosphere. The samples were then transferred into the
ultra-high vacuum (UHV) chamber used for XPS analysis within less than 1 h and without any air exposure.

All XPS measurements were performed using a non-monochromatized DAR 450 twin anode x-ray source
(Omicron), providing Mg and Al K, radiation, and an Argus CU electron analyzer (Omicron). Possible beam-
induced changes to the films, leading to corresponding changes in the spectra, were estimated with short
(1 and 11 min) measurements. From these measurements (see Supporting Information and Figure S1 for
details), we concluded that the accumulated influence of beam-induced changes is acceptable within the
first ~10 minutes of the XPS measurement, and thus all presented XPS spectra were collected within 10
minutes. To improve statistics and ensure reproducibility, the spectra of at least three identical samples
were averaged. The XPS energy scale was calibrated using Ar* sputter-cleaned gold, copper, and silver
foils, according to Ref. 21.

For the RIXS experiments, another (nominally identical) set of “perovskite” and “BABr/perovskite”
samples was prepared. In addition, a BABr reference layer was spin-coated onto a glass substrate. The
samples were shipped under inert atmosphere to Beamline 8.0.1 of the Advanced Light Source (ALS),
Lawrence Berkeley National Lab. The RIXS measurements were performed with the SALSA endstation??
and its high-transmission soft x-ray spectrometer.?® The excitation and emission photon energy scales
were calibrated with reference XAS measurements of Ny,2* highly ordered pyrolytic graphite (HOPG),*
and TiO,,% as well as using elastically scattered Rayleigh lines, respectively.

Prior to this study, an upper limit of x-ray exposure time for any given sample spot was determined, as
discussed in the Supporting Information in conjunction with Figure S2. As expected, soft x-rays from a
high-flux-density beamline rapidly damage the perovskite material. To minimize this damage to a
negligible level, rapid raster-scanning of the sample under the soft x-ray beam is necessary. As shown in
the Supporting information and Figure S2, a speed of 600 um/s (which corresponds to an exposure time
of 50 ms for a given sample spot) was determined to be suitable.

Results

In our recent qualitative XPS evaluation of the surface chemical structure, we found distinct changes
upon BABr treatment,® in particular a decrease of the I, Pb, and Cs signals, but no change of the peak
shapes. This suggests the absence of significant changes in the chemical environments of these elements.
In contrast, the N 1s, C 1s, and Br 3d signals not only showed clear intensity increases (as expected for a
BABr treatment), but also changes in their peak shapes, which have not been analyzed in our previous
study.



Accordingly, to gain a more detailed and, in particular, quantitative picture, these changes were analyzed
by fitting the photoelectron signals (i.e., N 1s, C 1s, and Br 3d) of the Cso.17FA0.83Pb(losBro4)s layer before
and after the BABr treatment, as shown in Figure 1. The spectra for each core level were fitted
simultaneously, using a linear background and a minimal number of Voigt profiles with coupled widths,
fixed peak distances, and, according to the 2j+1 multiplicity, the appropriate 4:6 ratio for the Br 3d spin-
orbit doublet.
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Figure 1. XPS Mg K, spectra of the N 1s, C 1s, and Br 3d core levels of perovskite (bottom) and
BABr/perovskite (top). Experimental data is depicted as open circles, fit results as solid red lines. The
individual fit components of the perovskite sample are shown in green. Additional components found
after the BABr surface treatment are shown in blue. The residuals are shown below the fits and are
magnified by a factor of 2.

The N 1s signal of the perovskite consists of one main feature at ~400.2 eV, which can be assigned to

32729 |n addition, the spectrum shows a slight

the amidinium functional group in the FA molecule.
asymmetry towards higher binding energies. To describe this, we have used a second Voigt function at
~401.3 eV. Possible origins for this (weak) component might be shortcomings of using a linear
background®® in the fit, contributions from the neighboring Pb 4ds,, core level excited by Mg Kq x-ray
satellite lines,3! asymmetric vibronic broadening,®* and/or an additional chemical nitrogen species.3*3*

For the N 1s spectrum of the BABr/perovskite sample, a new peak at ~¥402.1 eV, ascribed to the nitrogen
atom of the —NHs;* functional group of the BABr molecule. For the fit, the separation and ratio of the two
FA-related fit peaks were kept constant. We observe an intensity decrease of the FA-related peaks by ~40
%, and a slight shift to higher binding energies.

The C 1s signal of the perovskite shows two main features, at ~284.4 and ~288.0 eV, respectively.
Additional intensity in the “valley” between these two features can be described by a third component at
~285.8 eV. A similar C 1s spectral structure has previously been reported for FA-based perovskites?. An
intact FA molecule features only one carbon environment, and we would thus expect only one C 1s
component. A comparison with literature?’3* suggests that the high binding-energy peak at ~288.0 eV
should be assigned to carbon in the intact FA environment (-CN;H4*). This assignment is supported by the



XPS-derived ratio between N and C (only using the C 1s peak at ~288.0 eV) of (1.8 + 0.3):1, which fits to
the expected ratio of 2:1. The signal at ~284.4 eV is commonly ascribed to carbon in a —CHs" environment
and assigned to a “defect-type” species®. In a similar fashion, we tentatively assign the small peak at
~285.5 eV to a defect-type C-N*species.?**> We point out that the oxygen signal at the surface is very
small (see survey spectrum in Ref. 16), which rules out a significant contribution of C-O bonds to the C 1s
spectrum.

Upon BABr treatment, the spectral signature of the C 1s region changes, and two additional Voigt
functions at ~284.9 and ~286.2 eV (with identical shape and width) are needed for a complete description
of the spectrum. The feature at ~286.2 eV is assigned to the carbon atom attached to the —NHs* functional
group, while the peak at ~284.9 eV is attributed to the butyl part of the BABr molecule.? In parallel, the
intensities of the C 1s perovskite peaks are attenuated by ~30 % (note that the attenuation behavior will
be discussed below in conjunction with Figure 2).

The Br 3d signal of the perovskite can be described by a single spin-orbit doublet, with the Br 3ds, peak
at ~68.4 eV, attributed to bromine in the perovskite crystal structure.3® Upon BABr treatment, the total Br
3d intensity increases by 35 %, and an additional Br 3d doublet appears at ~68.9 eV; its fraction of the
total Br 3d intensity is ~10 %. The additional Br species could stem from the Br atom in a BABr
environment, or the integration of Br into the perovskite in a different chemical environment. Also, the
formation of a secondary phase, e.g., with Pb-Br bonds (reported at a binding energy of 68.7 + 0.2 eV?),
cannot be excluded.
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Figure 2. Intensity ratio I(BABr/perovskite)/I(perovskite) of different perovskite core-level lines as a
function of the inelastic mean free path (IMFP) A. Horizontal dashed lines indicate the average ratio for
each element.

To further expand our previous qualitative XPS analysis!®, the quantitative composition at the
BABr/perovskite surface was determined using the intensity ratios |(BABr/perovskite)/I(perovskite) of
prominent core-level lines of lead (blue), iodine (black), and cesium (red), as well as the perovskite
component of the C 1s (green) and N 1s (purple) lines. As mentioned, the corresponding fits are shown in
Figure 1. The ratios are plotted in Figure 2 as a function of the inelastic mean free path (IMFP) A of the
corresponding photoelectrons. A gives the 1/e attenuation length of a beam of (photo-)electrons and



varies as a function of kinetic energy, thus determining (and allowing for small variations in) the surface
sensitivity of XPS.

Here, the IMFP was determined from the respective kinetic energy of the core-level lines using QUASES-
IMFP%” (based on Ref. 38). Within the error bars, the derived intensity ratios are identical for a given
element, independent of the IMFP, and differ strongly between the different elements. In detail, we find
values of 0.96, 0.84, and 0.81 (+ 0.01), for lead, iodine, and cesium, respectively. The values for the
perovskite component in the carbon and the nitrogen core levels are 0.72 and 0.58, respectively. The fact
that the intensity ratios for a given element are independent of the IMFP rules out a simple A-on-B layer
structure, i.e., with a thin BABr layer on top of the 3D perovskite bulk layer. Rather, it suggests the
formation of a modified outermost surface region that is homogeneous within the region probed by XPS,
with a composition different from both BABr and the 3D perovskite. Ultimately, all of the perovskite
elements in Figure 2 are reduced in surface concentration after the BABr treatment, most strongly
perovskite N and C, followed by Cs, I, and Pb. In contrast, non-perovskite N and C, as well as Br, increase
in surface concentration. Accordingly, we speculate that some of the FA and | might be replaced by BA
and Br, respectively.

Upon BABr treatment, we thus find that a “new” perovskite surface layer is formed, with a different
composition compared to the perovskite surface, and with additional chemical environments for carbon,
nitrogen, and bromine.

Further insights into the impact of BABr on the chemical and electronic structure of the 3D perovskite
bulk layer can be gained using RIXS and non-resonant XES. As “photon-in photon-out” soft x-ray
techniques, they offer an increased 1/e attenuation length in both BABr and perovskite (~150 — 300 hm??),
thus probing the majority of the ~400 nm thick!® perovskite samples. Furthermore, RIXS and XES are
element-specific local probes of the electronic structure around the core-excited atom. Here, we collected
N and C K RIXS maps?**%2 and non-resonant XES spectra to investigate the occupied and unoccupied
electronic structure at the nitrogen and carbon atoms of the perovskite, the BABr/perovskite, and a BABr
reference sample.
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Figure 3. N (top) and C (bottom) K RIXS maps of the Csp17FAcs3Pb(losBros)s perovskite (left),
BABr/perovskite (center), and a BABr reference (right). In the RIXS maps, the x-ray emission intensity is
color-coded and shown as a function of excitation and emission energy.

In the RIXS maps shown in Figure 3, the x-ray emission intensity is color-coded and depicted as a function
of the excitation (ordinate) and emission energy (abscissa). At first glance, the respective perovskite and
BABr/perovskite RIXS maps are very similar, while the BABr RIXS maps differ significantly for both N and
CK.

For a better understanding, all maps can be separated into “spectator” and “participant” emission
regions. For the N (C) maps, the former is found for emission energies below ~397 eV (~285 eV), while the
latter is found above these values. The participant region includes the Rayleigh line, appearing as a
diagonal in the map, at equal emission and excitation energies. Loss structures at excitation energies of
~401.0 and ~288.4 eV can be clearly detected close to the Raleigh line, for both the perovskite and the
BABr/perovskite samples (but not the BABr reference).



To understand the electronic structure signatures in the RIXS maps in more detail, we first analyze the
non-resonant XES spectra at excitation energies of 320 and 420 eV for C and N K, respectively. The
corresponding C (left) and N (right) spectra for the Cso17FAo0s3Pb(losBros)s perovskite (black), the
BABr/perovskite (red), and the BABr reference (blue) samples are shown in Figure 4. In addition, the
difference between the spectra of the BABr/perovskite sample and the perovskite are shown in green
(multiplied by 0.5). Further analysis of the RIXS maps will then follow in conjunction with Figures 5 and 6.
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Figure 4. Non-resonant C (hvex.. = 320 eV, left) and N (hvex. = 420 eV, right) K-edge XES spectra of the
perovskite (black), BABr/perovskite (red), and BABr reference (blue) sample. The difference between the

spectra of the BABr/perovskite sample and the perovskite is shown in green (x 0.5).

In Figure 4, we find that the spectral fingerprints of the perovskite sample (i.e., of FA) and the BABr
reference (i.e., of BA) are very distinct and give a characteristic probe for the respective bonding
environments. Specifically, the N K emission of perovskite and BABr/perovskite (i.e., the fingerprint of the
amidinium functional group) shows an intense peak at 395.6 eV, which is clearly separated from the rest
of the spectrum, and a number of weaker close-lying peaks between 384 and 394 eV. We attribute the
peak at 395.6 eV to transitions involving the nitrogen lone pair orbitals, as they were also identified in the

4043 and the features between 384 and 394 eV to transitions

neutral amino groups (—NH,) of amino acids,
from lower-lying valence orbitals into the N 1s core hole. The spectrum of the BABr reference consist of a
broad structure around 390 eV and a sharp peak at 395.0 eV. This signature can be related to a protonated
amino group (—NHs*),%>** as present in BA.

Blum et al.* found that the NHs* group undergoes ultra-fast dissociation on the time-scale of the x-ray
emission process after x-ray excitation. While the broad signal at ~390 eV stems from x-ray emission of
the intact NHs*group, the peak at 395 eV can be attributed to emission after dissociation, leaving a neutral

amino group after the removal of a proton.



The N K XES spectrum of BABr/perovskite (shown in red) is dominated by the signal from the FA
environment. A difference spectrum was computed by subtracting the spectral contribution of the
perovskite from the BABr/perovskite spectrum and is shown in green in Figure 4. We find that this
difference spectrum resembles the BA signature.

The non-resonant C K XES measurements of the perovskite, the BABr/perovskite, and the BABr reference
(Figure 4, left) also show substantial changes induced by the BABr treatment. For the perovskite sample
(i.e., the FA fingerprint), we find a broad peak around 276.4 eV, a double-peak feature at 279.8 and 280.7
eV, and two broader less-intense features at 285.0 and 287.5 eV. Again, the BABr spectrum looks
distinctively different, with a maximum at ~279 eV and a broad shoulder that extends to ~274 eV. By
subtracting the perovskite spectrum from that of the BABr/perovskite sample, the spectral signature of
the BABr reference can clearly be detected, as shown in green in Figure 4. The non-resonant XES spectra
thus suggest that the newly formed perovskite layer of the BABr/perovskite sample, as observed in XPS,
contains both FA and BA, and that these stay “intact” when compared to their individual references.
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Figure 5. Partial fluorescence yield C (left, emission integrated between 265 — 285 eV) and N (right,
emission integrated between 380 — 397 eV) K-edge XAS spectra of the perovskite (black), BABr/perovskite
(red), and BABr reference (blue).

Integrating each emission spectrum in the N K RIXS maps between 380 and 397 eV (i.e., the spectator
emission), partial fluorescence yield (PFY) XAS spectra are computed and shown in the right panel of
Figure 5. For the perovskite sample, a prominent first resonance at ~401 eV is found. A comparison with
literature®®#34> suggests that this resonance can be attributed to an N 1s = rt* transition at the amidinium
group. In contrast, this resonance is not visible for the BABr reference and its protonated amino group.
For excitation energies larger than ~402 eV (for the perovskite) and ~403 eV (for the BABr reference),
respectively, a broad structure with some individual finer features is found, which is ascribed to N 1s >



o* transitions.***” The spectrum of the BABr/perovskite sample (red in Figure 5) again resembles a
superposition of the spectra of the perovskite sample and the BABr reference.

In the same fashion as at the N K edge, C K PFY XAS spectra were extracted from the C K maps between
265 and 285 eV) and are shown in the left panel in Figure 5. The C K XAS spectrum of the perovskite is
dominated by a strong resonance at 288.4 eV, with a slight asymmetry towards higher excitation energies.
We attribute this resonance to C 1s - m* transitions at the amidinium functional group, in accordance
with similar features found for compounds involving C=N bonds.*” At ~291 eV, we find the much weaker
C 1s > o* transitions.*® In contrast, no t* resonances are expected for BABr, and the absorption spectrum
consequently does not show any strong resonance, but only some weaker variations around the
absorption edge at ~288 eV. The rather featureless structure of the spectrum can be attributed to a
multitude of overlapping C 1s - ¢* transitions in the different bonding environments of BA (C-H, C-C, and
C-N).*¢"% Duye to the weak and rather featureless signature of the BA C K spectrum, its signature cannot
be clearly identified in the spectrum of the BABr/perovskite sample, which is strongly dominated by the
perovskite contribution.
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Figure 6. N K RIXS spectra of perovskite, BABr/perovskite, and BABr, excited at 401.0 + 0.5 eV (bottom)
and 405.5 £ 0.5 eV (top). At 401.0 eV, no intensity is observed for the BABr spectrum. For the 405.5 eV
spectra, the magnified difference spectrum “BABr/perovskite — perovskite” (green, x2) is also shown,
overlayed with the BABr spectrum (x0.8).

Resonant XES spectra were extracted from the N K RIXS maps at excitation energies of 401 and 405.5
eV, as shown in Figure 6 bottom and top, respectively. Since no significant spectral variations were
observed, the spectra within £0.5 eV around these excitation energies were summed up to improve the
signal-to-noise ratio. At an excitation energy of 401 eV, only the FA molecule is excited, and no emission
is observed for the pure BABr sample, except for a small peak at an emission energy of 401 eV that
corresponds to the Rayleigh line. For the perovskite and BABr/perovskite, i.e., the FA-containing samples,



a strong feature at 394.6 eV can be related to transitions involving the nitrogen lone-pair orbital.
Compared to the spectra excited at 405.5 and 420 eV (see also Figure 4), this emission line exhibits a
“spectator shift”>® by -1.0 eV, and its relative intensity decreases.

At 405.5 eV excitation energy, the spectra of the perovskite and BABr/perovskite samples differ mainly
in the region between 386 — 394 eV (Figure 6 top). To identify the spectral contributions of the BA
molecule, a difference spectrum “BABr/perovskite — perovskite” is calculated (green, magnified x2). This
difference resembles the general structure of the BABr reference spectrum, which is shown for
comparison. However, at an emission energy of ~396.5 eV, a small difference is observed, namely a lower
intensity in the difference spectrum. As discussed above for the non-resonant spectra, this energy region
is influenced by dissociation of the NHs* group on the time-scale of the RIXS process*. The dissociation
process is very sensitive to the chemical surrounding of the respective functional group, as was observed

5253 and salt solutions®*°°. Thus, we assign the differences to a different

for, e.g., liquid water®!, ammonia
bonding environment of the BA molecule in the BABr/perovskite sample, compared to that in the BABr
reference. Nevertheless, the BABr signature suggests that the molecule remains intact, and hence we
interpret this result such that BABr is incorporated into a 2D/3D perovskite structure, as opposed to
forming a separate BABr secondary phase. This corroborates our previous results!®, which identified the
formation of 2D perovskite interlayers for BABr surface treatments of the Csoi7FAos3Pb(lo.sBroa)s
perovskite absorber layer.

Overall, the RIXS, XES, and XAS data thus suggest that both, the FA and BA moieties, stay intact during
and after the BABr treatment, and that the resulting surface is characterized by the presence of a newly
formed perovskite layer with modified composition that contains both FA and BA molecules in their

original form.
Summary

We have studied the impact of an n-butylammonium bromide (BABr) surface treatment on the chemical
and electronic structure of a Csp17FA0.s3Pb(lo.sBro.a)s perovskite using surface-sensitive XPS and bulk-
sensitive XES and RIXS. Our XPS data reveals additional components in the C 1s, N 1s, and Br 3d spectrum
after the treatment, which can be related to the addition of BA* and Br ions to the surface layer. A detailed
guantitative analysis of all perovskite-related lines highlights a change in surface composition, which
suggests the formation of a “new” perovskite layer at the outermost surface with a changed
stoichiometry. With XES and RIXS at the N K and C K edges, a more bulk-sensitive view reveals a clear
spectral identification of the formamidinium and butylammonium ions. The spectra of the
BABr/perovskite sample suggest that both FA and BA ions stay intact and are present in the newly-formed
surface layer. Moreover, our spectra suggest a change in local chemical environment of the BA in the
perovskite compared to the BABr reference, impacting the ultrafast dissociation behavior in our RIXS
spectrum, in agreement with the formation of a 2D/3D perovskite heterostructure.

Overall, thus, we identify and clarify a “hidden” parameter, namely the presence and local environment
of the BA molecule in the modified perovskite surface after the BABr surface treatment. We speculate
that this parameter is also crucial for other 2D/3D perovskite heterostructures as well, which will allow
for a deliberate optimization of such treatments and thus the overall performance of perovskite solar-cell
devices.
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