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Experimental Section

Five sample batches of CsSnBr3/c-TiO2/FTO/glass samples with and without 20 mol% SnF>
samples were prepared sequentially at the Weizmann Institute of Science (WIS) in Israel according
to ref.!. Samples were shipped from the WIS after being sealed in an inert atmosphere to minimize
exposure to air.

Upon arrival at the HZB, the samples were stored and mounted for measurements in an N»-filled
glovebox directly attached to the lab-based characterization system. Initial surface chemical
structure analysis of the samples was done via x-ray photoelectron spectroscopy (XPS), using a
Scienta EW4000 electron analyzer® (using pass energies of 30 V) and non-monochromatized Al
Ko excitation (1486.58 eV, 300 W) from a PREVAC RS40B1 twin anode x-ray source’ at the
Energy Materials In-Situ Laboratory Berlin (EMIL).* The base pressure of the XPS chamber was
<1 x 10 mbar.

For comparison purposes, XPS measurements at WIS of similarly prepared samples were carried
out. Those measurements were done within a day of preparation. The samples were kept in inert

atmosphere after preparation, and transfer to the Kratos AXIS ULTRA system was done through
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a Na-filled glovebox attached to the instrument. The measurements were done with a
monochromatized Al Kq x-ray source at 75 W and pass energies ranging between 20 and 80 eV.
The instrument is equipped with a hemispherical electron energy analyzer and a delay line detector
(DLD). The base pressure in the measuring chamber was < 1 x 10™ mbar.

Synchrotron-based hard x-ray photoelectron spectroscopy (HAXPES) measurements with an
excitation energy of 2003 eV (from here on and in the manuscript referred to as 2 keV for
simplicity) were carried out at the HiKE endstation® located at HZB’s BESSY II KMC-1
beamline.® This station is equipped with a Scienta R4000 hemispherical electron energy analyzer.
The base pressure of the endstation was < 1 x 10® mbar. For the HAXPES measurements
significant efforts were made to avoid air-exposure by transferring them into the endstation
loadlock using a Na>-purged glovebag. The energy scale for all measurements was calibrated by
measuring Au 4f spectra of a clean, electrically grounded Au foil and setting the Au 4f7,, binding
energy to 84.00 eV.’

Curve fit analysis of XPS and HAXPES detail spectra measured at HZB were simultaneously
conducted with the Unift 2016 software® using Voigt function profiles, keeping the Lorentzian and
Gaussian full width at half maximum (FWHM) values fixed for the same core levels, and a Shirley
background. The HAXPES shallow core level spin-orbit doublets were fitted with two Voigt
profiles with intensity ratios set to obey the 2j+1 multiplicity rule. The doublet separation was
fixed to 1.1 eV for Sn 4d,’ to 1.05 eV for Br 3d,'% and to 2.3 eV for Cs 4d.!! To derive the Cs/Sn
and Br/Sn composition ratios the corresponding line intensities were only corrected by respective
photoionization cross sections'*!? (i.e., the similar kinetic energies of the photoelectrons derived
from these shallow core levels result in negligible differences in inelastic mean free paths (IMFP)

and electron analyzer transmission). For computing the F/Sn ratio the intensities of the XPS Sn 3p



and F 1s were used. Again, the photoemission lines have very similar kinetic energies and so the
intensity ratio was only corrected by the corresponding photoionization cross sections.!?!?

Curve fit analysis of the high-resolution XPS spectra of Cs 3d, F 1s, Sn 3d, and Br 3d measured
at WIS were done with the Vision 2.2.10 software, especially developed for the Kratos AXIS
ULTRA system.!* The software includes automatic correction of the raw data for different
analyzer transmissions, considering the specific geometry of the instrument, kinetic energies of
the photoemission lines, and the pass energies at which measurements were performed.* In
addition, it includes photoionization cross section correction in terms of considering relative
sensitivity factors.® Peak fit analyses were based on linear or Shirley background subtraction and
application of Gaussian-Lorentzian line profiles. Contrary to the HAXPES and non-
monochromatized XPS measurements at HZB, for WIS measurements additional correction for
different analyzer transmission is required due to the large kinetic energy spread of the studied
photoemission lines. This also requires a correction of the measured photoemission line intensities
for any surface contamination layer, as it would impact (attenuate) each line differently
[photoelectrons of low kinetic energy (e.g., Cs 3d) will be attenuated stronger than photoelectrons
of high kinetic energy (e.g., Br 3d)].

Indeed, a non-negligible quantity of additional C 1s and O 1s intensity ascribed to a surface
contamination layer was found on the CsSnBr3/c-Ti02/FTO/glass and CsSnBr3 + 20 mol% SnF>/c-
TiO2/FTO/glass samples. Assuming a uniform and homogenous layered structure,*® we calculated

the thickness d of this layer according to eq. 1:
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Surface contamination layer thicknesses of approximately 1.2 and 1.6 nm were obtained for the

CsSnBra/c-TiO2/FTO/glass and CsSnBrs + 20 mol% SnF./c-TiO2/FTO/glass samples,



respectively. In eq. 1, IMFP is assumed to be 3.3 nm for the organic layer, neglecting kinetic
energy dependencies across the measured energy range.’®!® @ is the takeoff angle with respect to
the surface normal. XPS derived atomic concentrations of carbon and oxygen impurities are given
within square brackets. As carbon is the main component of the surface contamination layer,
IMFPs for other elements (IMFP,;) through this layer were corrected vs. C 1s, related to the kinetic

energies of these elements (Ex(el)), eq. 2,61

Ex(C 1s)

IMFP/IMFpel = (—EK(el) )07 (2)

where IMFP = 3.3 nm and Ex(C 7s) = (1486.58 — 285) eV = 1202 eV.
Finally, the original photoemission line intensities [lo-¢(e/)] were corrected for the impact of the
surface contamination layer (of a thickness ) and the respective IMFP values (IMFP,;), according

to eq. 3, resulting in corrected line intensities [L.o-(el)]:

Iorg (el)/ d(IMFPlcos 9 ~ TMFP ; )
— . 1'cos 6 3
Ieorr(e]) = © ‘ ®

Since deposition and spectroscopic characterization is mainly performed in different
laboratories, part of the work was also to study the reproducibility (e.g., of sample preparation) as
well as the impact of environmental (e.g., during transport) and handling (after sample preparation
and before characterization) factors on the measured data. Unfortunately, for some of the data the
impact of reproducibility, transport, and handling cannot always unambiguously be ascribed to
one single reason. However, note that due to the sensitivity of the studied Sn-based perovskites to
ambient conditions additional pre- and post-shipping measurements (of x-ray diffraction, etc.) of

unencapsulated samples (as are needed for photoemission studies) cannot give meaningful



insights, because the necessary exposure to ambient conditions and to radiation can only add
another means by which the sample properties could change.

Scanning electron microscopy (SEM) images (top view) of one CsSnBrs3 and CsSnBrs + 20
mol% SnF, sample set on mesoporous TiOz/compact TiO2/FTO were taken at WIS using a Leo
Ultra 55 scanning electron microscope by measuring secondary electrons with a primary electron

beam acceleration voltage of 3 kV using an in-lens detector.

HAXPES shallow core levels

Figure S1 shows HAXPES detail spectra of the shallow core levels energy region of the CsSnBr3
and CsSnBr3 + 20 mol% SnF> samples produced by sample batches 1, 3, and 5 [i.e., samples
processed without (denoted by A) and with (denoted by B) SnF, additive; the batch number is
identified by the subscript].

In Figure S1 shallow core levels derived from the signature elements of CsSnBr3 samples, as
well as from the elements associated with the c-TiO» substrate, can be detected. The peak shapes
of the Sn 4d, Br 3d, and Cs 4d spectra indicate the presence of several chemical species (i.e.,
spectral contributions) for these lines, which is confirmed by curve fit analysis (discussed below).
Note that the shallow core level spectra in Figure S1 (and Figure 1) were normalized by subtracting
the background around the Fermi level (Er); the background above Er arises from scattering of
photoemission lines excited by third harmonic excitation of the Si(111) crystal pair of the
monochromator of the KMC-1 beamline [i.e., Si(333) ~ 6 keV]. After background subtraction, the

spectra were normalized to the Sn 4d line. For the fits used to calculate relative contributions, the



shallow core levels were normalized differently; they were normalized by the background intensity
around the Fermi level. For comparison of the ratios between the different shallow core levels of

one sample, the contribution from scattering to the background stays constant and thus cancels out.

Shallow core levels
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Figure S1. HAXPES spectra of the shallow core level energy region of CsSnBr;3 for which no (samples A, “CsSnBr3”)
and 20 mol% SnF; (samples B, “CsSnBr; + 20 mol% SnF,”) was added to the precursor solution. Sample batches are
identified by the subscript. Spectra are shown after background subtraction, normalized to Sn 4d peak height; vertical
offsets are added for clarity.



F content variation

Figure S2 shows XPS detail spectra of the F 1s energy region of the investigated CsSnBr3; and
CsSnBr3 + 20 mol% SnF> samples, measured using Al K« excitation. The peak detected at binding
energy (BE) ~ 685 eV corresponds to the F s signal derived from the SnF, and can be clearly
observed for all CsSnBr; samples with SnF> (i.e., sample set B) measured with Al Ko, excitation.?
No such line is found in the spectra of samples free of SnF> (i.e., sample set A). Although the same
SnF> concentration (i.e., 20 mol %) was incorporated into the precursor solution of all sample

batches (for sample set B), the intensity of the F 1s signal varies for the spectra of different sample

batches.
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Figure S2. XPS detail spectra of the F 1s energy region of CsSnBr3 (samples A) and CsSnBr; + 20 mol% SnF»
(samples B), measured using non-monochromatized Al K,, excitation. Vertical offsets were added for clarity.



Surface morphology
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Figure S3. Scanning electron microscopy (SEM) top view images of CsSnBr3; and CsSnBr; + 20 mol% SnF; on
mesoporous-TiOz/compact TiO2/FTO.

Chemical composition

Figure S4 shows HAXPES detail spectra of the Sn 4d/O 2s/Cs Ss energy region of the CsSnBr3
samples from sample batches 1 and 5, including curve fit analysis and respective residua. (Data on
sample batch 3 are presented in the main text.) Satisfactory fits of the spectra are obtained by using
two doublet peaks for the Sn 4d related signal, indicating the presence of two Sn species in both
sample sets. For the CsSnBr3; samples, shown in Figure S4 (left), the main (i.e., orange area) and
secondary (i.e., purple area) Sn 4ds, fit peaks are found at a BE of (25.6 £0.1) eV and (26.4+0.1)
eV, respectively. Similarly, these fit peaks are located at (25.4 + 0.1) eV and (26.2 = 0.1) eV for
the CsSnBr3; + 20 mol% SnF; samples shown in Figure S4 (right). Based on these results, the main
and secondary spectral contributions are ascribed to Sn" and Sn' species,’ i.e., a non-oxidized
(relative to Sn in CsSnBr3) and an oxidized Sn component, respectively.?! The O 2s signal (i.e.,
blue area) is found in the spectra of CsSnBr3 and CsSnBr3 + 20 mol% SnF; samples at BE values
of (22.1 £ 0.1) eV and (22.0 = 0.1) eV, respectively, and can be attributed to O from the TiO»
substrate. Moreover, the signal (i.e., green area) located at a BE of (23.3 £ 0.1) eV for CsSnBr3

and CsSnBr3 + 20 mol% SnF> samples is ascribed to Cs 5s states from the perovskite layer.?’ (More



suited approach to characterize the Cs chemical composition of the investigated samples is

discussed below, in which the Cs 4d line of the samples is analyzed — see Figure S6.)
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Figure S4. HAXPES detail spectra of the Sn 4d, Cs 5s, and O 2s energy region of CsSnBr3 (sample A, left panel) and
CsSnBrz + 20 mol% SnF, (sample B, right panel). Sample batches are identified by the subscript. All spectra are
shown with curve fit results including residuals. The spectra were normalized by the background intensity at lower
BE around Er.
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Figure S5. HAXPES detail spectra of the Br 3d energy region of CsSnBr;3 (sample A, top and center left panels) and
CsSnBr3 + 20 mol% SnF» (sample B, top and center right panels) and monochromatized Al K, XPS detail spectra of
the Br 3d energy region of CsSnBr; (sample Awis, bottom left panel) and CsSnBr3; + 20 mol% SnF» (sample Bws,
bottom right panel). All spectra are shown with curve fit results including residuals. The HAXPES spectra were
normalized by the background intensity at lower BE around Ef, while the WIS XPS data are corrected for the
transmission function of the analyzer.

11



Figure S5 shows the HAXPES detail spectra of the Br 3d energy region of the CsSnBr3 samples
from sample batches 1 and 5 measured at HZB and the respective XPS data recorded at WIS,
including fit analyses and respective residuals. (Data on sample batch 3 are presented in the main
text.) As in the case of the fits to the Sn 4d spectra, satisfactory fits of the Br 3d spectra are obtained
when using two doublet peaks, corresponding to the presence of two Br chemical species. There
is a notable deviation between fit and data in the region around 69 eV (in particular for sample
A1), suggesting that the 2-component fit may be too simplistic and that a third bromine species
might be present, as suggested in ref.?.

The main HAXPES and XPS Br 3ds» fit peak (i.e., maximum of orange component) is found at
a BE of (68.4+0.1) eV and (68.3 £ 0.1) eV for the CsSnBr3; and CsSnBr3 + 20 mol% SnF> sample
sets, respectively, which is attributed to Br-Cs chemical bond environment (e.g., CsSnBr3). The
secondary Br 3ds, fit peak (i.e., maximum of purple component) is located at BE of (69.0 + 0.1)
eV and (68.9 = 0.1) eV for the CsSnBr3 and CsSnBr3 + 20 mol% SnF» sample sets, respectively,
and can be attributed to Br-Sn oxide-derived states.?**?

Figure S6 shows HAXPES detail spectra of the Cs 4d energy region of the CsSnBr3 samples
from sample batches 1 and 5 measured at HZB and Figure S7 shows HAXPES detail spectra of
the Cs 3ds. energy region from sample batch 1 measured at HZB and the respective XPS data
recorded at WIS, including fit analysis and respective residua. (Data on sample batch 3 are
presented in the main text.) As in the case of the previously discussed spectra fits, satisfactory fits
of the Cs 4d spectra are obtained when two doublet peaks are used, detecting the presence of two
Cs chemical species. In Figure S6, the main Cs 4ds). fit peak (i.e., maximum of orange component)
is located at an averaged BE of (75.4 = 0.1) eV for the CsSnBr3; and CsSnBr3; + 20 mol% SnF»

samples, which might be attributed to Cs-Br bonds (e.g., CsSnBr3).?° The Cs 4ds, fit peak of the

12



secondary contribution (i.e., maximum of purple component) is found at a BE value of (74.9 £ 0.1)
eV for the CsSnBr3; samples without and at a BE of (74.8 = 0.1) with 20 mol% SnF». Attributing
the secondary Cs species to an “oxide” species (as was done for Sn and Br) is thus not
straightforward as oxide-related lines are generally reported (and expected) to be at higher BE
values than those of the respective metals (see main text for detailed discussion). However, careful
dosing experiments of metallic Cs with oxygen show that the Cs core levels shift to lower BE
values, even compared to the Cs lines of metallic Cs.?*** Therefore, we speculate that the
secondary contribution to the Cs 4d line in our study may also be related to a chemical environment
best described by Cs “oxide”. However, the attribution of this species to, e.g., CsBr can also not
be excluded. However, since the surfaces of the studied samples are very Cs-deficient (see Table
S1, below), the presence of unreacted CsBr is unlikely.

The Cs 3ds» peak of sample Awis probed by XPS at WIS was fitted using two Voigt profiles,
again indicating the presence of two Cs species (see Figure S7). The Cs 3ds,, high BE fit peak is
located at (724.7 £ 0.1) eV for the CsSnBr3, which can be ascribed to Cs-Br bonds (e.g.,
CsSnBr3),” in agreement with the above-discussed assignment of the main Cs 4d component. The
low BE contribution to the Cs 3ds» peak is at (724.0 = 0.1) eV and — similar to the secondary Cs
4d contribution — attributed to an “oxide” species. However, for sample Awis, the low BE peak is
the dominant contribution in contrast to the Cs 4d data shown in Figure S6. We attribute the
dominance of the “oxide”-related low BE contribution for sample Awis to the higher surface
sensitivity of the XPS measurements. This is corroborated by the respective HAXPES Cs 3d data

for sample set 1, also depicted in Figure S7, which shows lower Cs(s)/Cs(m) ratios.
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Figure S6. HAXPES detail spectra of the Cs 4d energy region of CsSnBr; (sample A, left panels) and CsSnBr; + 20
mol% SnF, (sample B, right panels). All spectra are shown with curve fit results including residua. The HAXPES
spectra were normalized by the background intensity at lower BE around Er.
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Figure S7. HAXPES detail spectra of the Cs 3ds, energy region of CsSnBr3 (sample A, top left panel) and CsSnBr3
+ 20 mol% SnF, (sample By, top right panel) and monochromatized Al K, XPS detail spectra of the Cs 3ds,, energy
region of CsSnBr; (sample Awis, bottom left panel) and CsSnBr3; + 20 mol% SnF, (sample Bwrs, bottom right panel)
recorded at WIS. All spectra are shown with curve fit results including residua and on a normalized intensity scale.

For the CsSnBr3; + 20 mol% SnF> sample, measured at WIS (Bwis), the Cs 3ds» peak can be fit
with one contribution, which we ascribe to CsSnBr3, i.e. the addition of SnF; to the precursor
solution prevents the formation of an (oxide-related) secondary phase. Note that in the related
samples measured at HZB (B1), a small secondary contribution to the Cs 3ds» peak can be
identified (see Figure S7). Explanations for this difference could be sample-to-sample variations,

the impact of transport from WIS to HZB and/or the longer time between preparation and analysis.
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Table S1 shows the chemical composition, derived from the fits of the HAXPES and XPS
data recorded at HZB for all three batches compared to the ratios derived from the XPS
measurements done at WIS and the nominal expected compositions. Note that the HZB HAXPES
and XPS peak areas obtained from the fits were only corrected by the respective photoionization
cross sections from ref. '>!3, as the used shallow core levels Sn 4d, Br 3d, Cs 4d / or F 1s and Sn
3p3.2 lines are close in BE (25 — 80 eV / 685 and 715 eV, respectively) and therefore the impact
due to different IMFP and transmission in the analyzer on the quantification is negligible. In
contrast, since the WIS XPS derived composition depends also on deep(er) core levels (e.g., Sn
3ds» at a BE of 487 eV, and Cs 3ds» at a BE of 725 eV), their peak areas from the fits were
additionally corrected for the transmission function of the analyzer, as provided by the instrument

manufacturer, IMFP,!¢1

and the impact of a surface contamination layer. Thus, while the XPS
measurements performed at WIS benefit from the short time between sample preparation and
characterization, the uncertainty of data quantification is presumably larger compared to the
analysis of the shallow core levels measured at HZB.

We find the most significant deviation between individual samples in the F content (see Figure
S2). The F/Sn ratio as derived from photoionization-corrected'>!* areas of F 1s and Sn 3ps lab-
based XPS data measured at HZB varies from 0.05 (for Bs), to 0.13 (for B1), and to 0.26 (for B3).
Note that the nominal F/Sn ratio is expected to be 0.33 for a 20 mol% Sn excess. Either the F
content critically depends on the process parameters (in this case, the observed F/Sn range of 0.05
— 0.26 might indicate the variation inherent to the deposition process) or the samples might lose F
during the transport from WIS to HZB or during the time between preparation and analysis. The

fact that the F/Sn ratio derived from the XPS measurements performed at WIS is 0.26 (for sample

Bwis) and thus right in the F/Sn range based on the HZB XPS data points to inherent variations of
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the deposition process as an explanation. Similar to the F/Sn ratio, the Cs/Sn and Br/Sn ratio vary
with batch number, but the variation does not seem to correlate to the amount of F present in the

sample for sample set B.

Table S1. Compositions calculated from the synchrotron-based HAXPES and lab-based XPS data (measured at HZB
and WIS), shown in Figs. S4 - S8, of CsSnBr; samples deposited without (samples A) and with (samples B) SnF,
added to the precursor solution, in comparison to the expected nominal composition. For HAXPES the Cs 4d, Br 3d,
and Sn 4d lines have been used for quantification; for XPS the Sn 3p, F 1s, Cs 3d, Br 3d, and Sn 3d lines are used.
The Cs/Sn, Br/Sn, and F/Sn ratios are derived considering the total intensity (i.e., main + secondary contribution) of
the respective photoemission lines. Note that in general the absolute error margin of quantifying photoemission data
(which is dominated by the uncertainty of using calculated photoionization cross sections, inelastic mean free paths,
and analyzer transmission functions for correction) is estimated to be at least in the order of 30% when stating
elemental ratios, but significantly less if relative species ratios of the same element are given. Due to the close
proximity if the photoemission lines probed by HAXPES, for quantification the line intensities were only corrected
by the corresponding photoionization cross sections and thus the quantification uncertainty is lower than that for the
XPS data (see details on HAXPES and XPS quantification above). The sample age (for the HZB measurements, this
is the time between receiving the sample and its characterization) at the point of measurement is stated (d — days, m —

[73e 1]

months). “m” and “s” denote the main and secondary component of the respective photoemission line.

Cs/Sn  Br/Sm F/Sm  Sn'/Sn'v Cs(m)/Cs(s) Br(m)/Br(s) Age
Samples A (CsSnBr3)
Nominal |1 3 - N/A N/A N/A
1 0.32 1.42 - 1.3 2.7 1.7 8d
3 0.76 2.65 - 2.0 3.7 2.0 Im2d
5 0.41 1.86 - 2.1 2.0 1.8 2d
XPSwis 0.15 1.33 - N/A 0.4 4.9 <1d
Samples B (CsSnBr3 + 20 mol% SnF?)
Nominal | 0.83 2.5 0.33 N/A N/A N/A
1 0.33 1.37 0.13 4.7 6.8 52 9d
3 0.35 1.24 0.26 2.9 50.8 4.3 Im2-3d
5 0.15 1.16 0.05 1.6 10.3 2.5 2d
XPSwis 0.12 0.76 0.26 N/A N/A 10.0 <1d




Figure S8 shows HAXPES and XPS (performed at WIS) detail spectra of the Sn 3d energy
region of the CsSnBr3; samples and CsSnBr3; + 20 mol% SnF> of sample batches 1, 3 and 5 and the
corresponding samples characterized at WIS. While there is no indication for the
presence/formation of metallic Sn at the surface of the investigated samples [i.e., absence of signal
at BE ~ 485 eV, pointed out by the vertical arrows in Figure S8 (top)] in the HAXPES data, a clear
spectral feature attributed to Sn® can be identified in the XPS data of the CsSnBrs sample that
disappears for the sample that was prepared from a precursor solution that contained 20 mol%
SnF». Possible explanations for this difference could be related to transport or storage induced

modifications of the chemical structure of the CsSnBr3; samples.
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Figure S8. HAXPES (left panels) and XPS (right panels) detail spectra of the Sn 3d energy region of CsSnBr3; samples
without (top, denoted A) and with (bottom, denoted B) SnF» additive. Sample batches are identified by the subscript.
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Effect of SnF2 on electronic properties
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Figure S9. (left) HAXPES detail spectra of the valence band energy region of CsSnBr3 (denoted A) and CsSnBr3 +20
mol% SnF (denoted B), including linear extrapolations of the leading edge of the valence band, used to determine
valence band maximum (VBM) values. Sample batches are identified by the subscript. Vertical offsets were added
for clarity. (right) Magnified view of the VBM onset for the individual (thin lines) and averaged (thick lines) spectra
of the CsSnBr; and CsSnBr3; + 20 mol% SnF, samples, from which the TiO, signal was subtracted. All spectra are
normalized to maximum intensity.

Figure S9 (left) shows HAXPES detail spectra of the valence band (VB) energy region of the
CsSnBr3; samples and CsSnBrz + 20 mol% SnF» for sample batches 1, 3, and 5. The linear
extrapolations of the leading edge of the valence band, used to determine the valence band
maximum (VBM) values of the investigated samples, are included. The following spectral
differences can be noticed between the VB spectra of CsSnBr3; and the CsSnBr3; + 20 mol% SnF>
samples: the VB spectra of CsSnBr3; samples have a more pronounced BE feature at ~ 8 eV than
those of the CsSnBr3; + 20 mol% SnF» samples. This feature is ascribed to O 2p-derived density of
states (DOS) originating from the TiO» substrate, which are visible in the VB spectra due to
incomplete coverage of the perovskite.2® The reduction of this feature observed in the VB spectra

of CsSnBr3 + 20 mol% SnF> samples shows a similar trend to the observed decrease of the Ti 3p
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and O 2s signals in the HAXPES detail spectra of the shallow core level energy region (see Figure
S1), an indication of a thicker layer or better coverage of the substrate. Another spectral difference
is found in the feature ~ 2 eV from the Er, which seems to be enhanced for CsSnBr; + 20 mol%
SnF> samples. This change can be better seen in Figure S9 (right), which shows a magnified view
of the individual and averaged VB spectra (with corresponding substrate signal subtractions?) of
the three (discussed) batches of CsSnBr3; and CsSnBr3 + 20 mol% SnF> samples. According to the
literature,?” this (Ep-2 eV) feature is dominated by Sn 5s-derived states and is influenced by
changes in the oxidation state of Sn.?*® In our case, an increase of Sn 5s-derived DOS occurs when

reducing the Sn oxidation (i.e., less Sn'" states), which in turn can be related to the SnF» treatment.

The substrate signal was treated by subtracting a scaled TiO2 VB spectrum from all the VB spectra of sample sets A
and B, normalized to the background. The TiO, VB spectrum was scaled to the O 2p DOS feature at 8 eV of the halide
perovskite spectra.
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Figure S10. HAXPES detail spectra of the valence band energy region of the CsSnBr; (denoted A) and CsSnBr3; +20
mol% SnF; (denoted B) samples shown on a semi-log scale. Sample batches are identified by the subscript. Vertical
offsets were added for clarity. The positions of the VBM values determined from the linear extrapolation shown in
Figure S9 are indicated as arrows (the respective shadow indicates the experimental uncertainty). The hatched boxes
give the VBM range if the data on a semi-log scale is used for determination.

Figure S10 shows the valence band spectra of sample sets A and B on a semi-logarithmic scale
as proposed in ref. ?°. Due to low total photoionization cross section for the VB-derived states
when probed with hard x-rays and the background signal relating to higher order excitations from
the beamline, the noise floor above VBM is significantly higher than that of UPS measurements.
Determining the VBM by semi-log extrapolation of the leading edge to the background, thus,
becomes less straightforward and more error prone compared to evaluating the spectra on a linear
scale. However, the VBM values derived on a linear scale — while always being on the far side

with respect to the distance to Er — mainly coincide within the experimental uncertainty with the
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clear intensity drop of the HAXPES data on a semi-logarithmic scale; thus, we conclude that in
our case a semi-log approach does not lead to significantly different VBM values. An explanation
for this difference between HAXPES and UPS could be the higher HAXPES sensitivity to s-
derived states than the UPS one, and the fact the top of the VB in CsSnBr; is formed by states
having a strong Sn 5s character. Generally photoionization cross sections increase when the
excitation energy approaches the binding energy of the particular photoemission line (i.e., the total
photoionization cross section of the VB states increases for decreasing excitation energies).'>!3
However, in the case considered here (Sn 5s-derived states that form the VB onset) employing
higher (hard x-ray) excitation energies has the benefit that the photoionization cross section for s-
derived states decreases significantly less than that for p- or d-derived states.!>!* This results in an
effective amplification of the spectral intensity of s-derived states in the HAXPES spectrum. We

speculate that this fact together with the higher DOS at the top of the VB*® removes the advantage

of the semi-log approach over the linear one, when probing the VBM of CsSnBr; by HAXPES.
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