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Atomic photoionization cross sections

Table S 1: Calculated atomic cross sections for photoionization taken from Ref.1

photon energy
(eV)

I3d O1s N1s C1s Pb4f Cs4d Br3d I4d

250 1.7 0.89 4.24 0.87
520 0.39 0.24 3.87 0.60 0.89 0.51
1000 1.30 0.11 0.07 0.04 1.00 0.18 0.14 0.15

Fresh samples

X-ray induced core level shifts Fig.S1 shows the shifts in binding energy of the

Pb4f7/2 and I4d5/2 peaks observed in the PV sample exposed to the X-ray beam.
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Fig.S 1: Pb4f7/2 and I4d5/2 binding energy vs. time for the 2D maps shown in Fig.1.
The black lines represent the best-fit curves of the experimental data by using the relation
BE = BE0 − A × exp[(t0 − t)/τ ] for t ≥ t0. The resulting τ values were 16.4 and 20.1 s,
for Pb4f and I4d, respectively. The photon energy was 520 eV and the photon flux was the
same in the two cases.
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Chemical composition The core level intensities for the different elements measured

for PV and PVMX samples, in the various aging stages, are reported in Table S2. Fig.S2

compares the XPS survey spectra measured at photon energy of 520 eV for dark-aged and

light-aged PV and PVMX samples.

Table S 2: Pb4f, I4d and Br3d integrated intensities, corrected for the photoionization cross
sections (see Table.SI) and normalized to the Pb4f intensity, obtained for PV and PVMX
from the bulk sensitive (hν=1000 eV) and surface sensitive (hν=250 eV) survey spectra
shown in Figures 2 and 4. The right column lists in each case the corresponding Pb(IxBry)3
composition. The error bar on x and y is ±5%

state hν (eV) sample Pb4f I4d Br3d Pb(IxBy)3
fresh 250 PV 1 2.02 0.57 Pb(I0.67Br0.19)3

250 PVMX 1 2.46 0.47 Pb(I0.82Br0.16)3
1000 PV 1 2.69 0.39 Pb(I0.89Br0.13)3
1000 PVMX 1 2.44 0.43 Pb(I0.81Br0.14)3

dark-aged 250 PV 1 1.66 0.61 Pb(I0.55Br0.20)3
250 PVMX 1 1.88 0.60 Pb(I0.63Br0.20)3
1000 PV 1 2.70 0.46 Pb(I0.90Br0.15)3
1000 PVMX 1 2.95 0.49 Pb(I0.98Br0.16)3

light-aged 250 PV 1 0.56 0.56 Pb(I0.19Br0.19)3
250 PVMX 1 0.56 0.54 Pb(I0.19Br0.18)3
1000 PV 1 0.58 0.53 Pb(I0.19Br0.18)3
1000 PVMX 1 0.62 0.51 Pb(I0.21Br0.17)3
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Fig.S 2: Survey spectra measured with photon energy of 520 eV on PV and PVMX samples
kept for 30 days in atmosphere in the dark (”dark-aged”) or also exposed to 1-sun radiation
(”light-aged”). The corresponding spectrum measured on a fresh PV layer is shown for
comparison at the top of the panels.

Valence band In the valence band spectra shown in Fig.2h the main spectroscopic fea-

tures A-X have been modelled for MAPbBr3 and MaPbI3, as well as for the mixed perovskite

(FA0.83MA0.17)Pb(I0.83Br0.13)3 by DFT calculations in Ref.2 Briefly the A and B features are

assigned to mixed Pb-halogen states, with the Pb-I band located at the top of the valence

band. Halogen-Pb mixed states originate also the D (I-Pb and Br-Pb) and F (I-Pb) bands,

whereas C (C2p state) and E (N2p state) derive from the organic phase. The main difference

between the PV and PVMX spectra arises in the 7-9 eV region, in correspondence of the

C band, where the stronger intensity for PVMX has to be related to the higher intensity

of the contaminating peak in the C1s spectrum. The same A-F features appear in the VB
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measured at 520 eV on the PV sample, the line shape difference with respect to the 100 eV

spectrum being due partly to the composition gradient along the layer thickness discussed

above and partly to the ionization cross sections of the different bands at the two photon

energies.2

Light-aged samples

Analysis of the core level spectra Here we discuss the results of the decomposition of

the high resolution core level spectra measured on the light-aged samples and shown in Fig.8

of the main text. For the Pb4f7/2, Br3d and I4d spectra we found some residual intensity of

the fresh PV spectra (components PbA, IA, BrA) and, in each case, intense new components

(PbB, IB, BrB) shifted by 600-650 meV to higher BE. As observed in Figures 5 and 6, the

light-aged samples manifest heavy depletion of iodine and strong loss of N with clear signs

of MA and FA decomposition. For MAPbI3, I and MA vacancies are reported to cause

intrinsic doping of the opposite sign. By assuming a similar trend also in mixed perovskites,

the observed blue-shift could indicate that for the light-aged samples the resulting effect is

a net n-doping with the photoelectron spectra aligning with the new position of the Fermi

level, which approaches the vacuum level. However, in both PV and PVMX samples also

the whole C1s spectra, which mostly arises from surface contaminants, moves to the high

BE by an even higher quantity. Moreover, by comparing the spectra measured at different

photon energies in the VB region (see Fig.S3) it turns out that the spectrum measured at 100

eV moves higher in BE with respect to those measured with 250-1000 eV photons, which

instead are all nearly superimposed. At a first glance this behavior could be attributed

to a heavier n-doping effect at the surface layer, due to a more severe degradation of the

perovskite matrix compared to the bulk. Indeed, the sample surface is optimally probed

with the reduced kinetic energy (85-96 eV) of the electron photoemitted at hν=100 eV.

However, the C1s, and Pb4f7/2 spectra, when measured at comparably low kinetic energy
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(105-110 eV) do not manifest any extra-shift with respect to the spectra measured with

higher photon energy (see Fig.S3).
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Fig.S 3: left) Valence band spectra measured on fresh and light-aged PV at different photon
energies. In the case of the fresh sample the VBM is located at the same binding energy in all
spectra independently on the photon energy. For the aged sample, in the spectra measured
with photon energy ≥ 250 eV the VB maxima are coincident with each other and are shifted
by ∼ 800 meV with respect to the fresh sample. Differently, the spectrum measured at
hν=100 eV shows an extra shift of about -1.2 eV. Right) Pb4f and C1s core level spectra
measured on the light aged sample at different photon energies. In this case the spectra are
all superimposed. See the main text for details

Then there should be an additional factor causing the extra-shift. A possible way to

rationalize the observed behavior, which resembles a much more intense manifestation of the

photon induced effect illustrated in Fig.1, is to assume that in the degraded perovskite matrix

the x-ray beam induces a photogenerated electric field, which determines the blue-shift of

the spectral features. This effect, which cannot be clearly disentangled from the severe
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chemical degradation and the possible presence of doping, becomes dramatically stronger at

low photon energy.

Assignment of the Pb4f spectrum Compounds commonly found in decomposed

perovskites are PbO and PbCO3.
3–5 The first one is distinguished by Pb4f7/2 and O1s com-

ponents at 137.8-138.6 eV4,6 and 529.3 - 529.7 eV,4,6 respectively, whereas for PbCO3 the

Pb4f7/2, O1s and C1s peaks are expected in order at ∼ 139.3, ∼ 531.1 and ∼ 289 eV.4 As

shown in Fig.8, in addition to PbA (138.76 eV) and PbB (139.41 eV), the Pb4f7/2 spectrum

exhibits a weak component at 138.04 and a more intense component at 139.87 eV. When

corrected for the ∼650 meV shift, the locations of the two latter peaks get close to the BEs

expected for PbO and PbCO3.

Ti3C2Tx work function

543

Kinetic Energy (eV)

 hν=100 eV
 hν=600 eV

Ti3C2Tx

Fig.S 4: Secondary electron cutoff measured for a Ti3C2Tx MXene layer at photon energy
of 100 eV (surface sensitive) and 600 eV (bulk sensitive). The energy shift between the two
edges can be related to the presence of the oxidized phases located mostly at the sample
surface and much less in the layers underneath. The MXenes flakes were mixed to the PV
precursors immediately after their synthesis whereas these WF measurements were carried
out a few days after. Therefore the WF value measured on the less oxidized bulk is reasonably
representative of the as as prepared Ti3C2Tix flakes.
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Thermal stress
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Fig.S 5: Photoemission intensity vs. temperature plotted for the core level spectra measured
during the annealing of the PV sample (compare Fig.10a). Panel a) shows the intensity of
the whole N1s spectrum; panels b-e) display the intensities of the N1s spectral components
NB, MA and FA in expanded scales with respect to Fig.10a. Panels c) and e) show also
the intensities of the Br3d and I4d spectra, respectively, conveniently expanded (refer to the
right axes) to be optimally compared with the NB and FA curves.
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