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ABSTRACT: Mixed halide perovskites have attracted a strong
interest in the photovoltaic community as a result of their high
power conversion efliciency and the solid opportunity to realize
low-cost and industry-scalable technology. Light soaking represents
one of the most promising approaches to reduce non-radiative
recombination processes and thus to optimize device perform-
ances. Here, we investigate the effects of 1 sun illumination on
state-of-the-art triple cation halide perovskite thin films
Cso05(MAg.14 FAgse)oos Pb (Iosy Broig)s by a combined optical
and chemical characterization. Competitive passivation and
degradation effects on perovskite transport properties have been
analyzed by spectrally and time-resolved quantitative imaging
luminescence analysis and by X-ray photoemission spectroscopy
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(XPS). We notice a clear improvement of the optoelectronic properties of the material, with a increase of the quasi fermi level
splitting and a corresponding decrease of methylammonium MA" for short (up to 1 h) light soaking time. However, after S h of light
soaking, phase segregation and in-depth oxygen penetration lead to a decrease of the charge mobility.

KEYWORDS: halide perovskites, luminescence imaging, X-ray photoemission spectroscopy, passivation, degradation

B INTRODUCTION

Over the last years, we have witnessed the rise of tremendous
interest in research on halide perovskites, particularly for their
use in an emergent solar cell technology.” State-of-the-art
perovskite materials exhibit a complex structure and
composition including multiple cations and halide alloying.
Triple cation halide perovskites proved to be more stable than
the archetypal methylammonium lead iodide (MAPI) and lead
to higher power conversion efficiency (PCE)>* in correspond-
ing cells. However, the physical and chemical phenomena
occurring in different regions in the film (electrode interface,
air interface, grain boundaries) and time scales under different
stresses (light, oxygen, moisture, temperature, potential) are
still not fully understood. Especially, the chemistry at the
interfaces has been identified as critically affecting the
fundamental optoelectronic properties of the perovskite-
based absorber as well as of the working principles of the
corresponding solar cells.”~” Several surface passivation
approaches in full devices have been proposed including the
use of 2D perovskite® or of organic material such as polymethyl
methacrylate (PMMA).” These passivation approaches rely on
the use of a protective layer preventing in-depth diffusion of
reacting agents on chemical passivation or on field-effect
passivation.10
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A long list of degradation processes exists."' "> Historically,
reversible light-induced transformations on methylammonium
lead halide perovskites were first proven by Hoke et al.'*
through steady-state photoluminescence (PL) studies. They
observed a red shift of the PL spectrum upon light soaking,
which they attributed to halide demixing. The role of light-
induced passivation is still under intense debate.” Seeming
conflicting studies point to both, beneficial or detrimental
effects of light soaking on the optoelectronic properties of the
materials, strongly dependent on the material chemical
composition and the environmental conditions.">~"” Inhomo-
geneous optoelectronic properties over the thickness of
perovskite thin films after light soaking have been reported
and the formation of a band gap gradient have been proven by
Barker et al.*° Additionally, recent studies further reported
about in-depth inhomogeneities by evidencing the formation
of a highly emissive surface layer upon light soaking in air.”'
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Figure 1. (a) Evolution of the absolute PL signal for different aging times (a different sample for each aging time). (b) Averaged experimental PL
spectra and corresponding fitting. (c) Correlation between QFLS and E,.

Table 1. Main Parameters Calculated with PL Fitting

E—Ap
sample Ap (eV) E, (eV) E, (eV) (meV)
fresh 1.31 [+0.01]  1.63 [+0.01]  0.042 [+0.001] 320
10 min 136 [+0.01]  1.62 [+0.01]  0.042 [+0.001] 260
1h 1.36 [+£0.01]  1.62 [+0.01]  0.041 [+0.003] 260
5h 1.36 [+0.01]  1.59 [+0.01]  0.040 [+0.002] 230
15h 1.35 [£0.01]  1.56 [+0.01]  0.038 [+0.003] 210

The analysis of changes to the chemical composition of the
perovskite surface upon illumination of the sample has been
pursued in dedicated studies by X-ray photoemission spec-
troscopy (XPS). Substantial modifications of the chemical
environments”>” such as metallic lead (Pb°) formation**** or
change in halide ratio due to ion migration and surface
reorganization'” have been shown. However, only a few
publications focus on the detailed effects of light soaking on
the perovskite compositions, which currently yield the highest
solar cell efficiency, ie., triple cations lead mixed halide
perovskites.zmé For this material, Tsai et al.*° reported the
absence of change in the I/Pb ratio for light soaking in an
intermediate vacuum. However, our understanding of the link
between a change in the perovskite surface composition and
the optical properties is limited by the lack of joint
investigations that combine surface compositional analysis
and advanced optical characterization techniques.

In this present study, we investigated the degradation
behavior of triple cation mixed halide perovskites upon light
soaking in ambient atmosphere by a combined optical and
chemical analysis approach. The chosen sample architecture
for this characterization consists of a half-cell taken from an n-
i-p perovskite solar cell structure and is composed of the

following layer stack: FTO (fluorine doped tin oxide)/compact
TiO,/mesoporous TiO,/(Csgos(MAg14 FAgse)oos Pb (Toss
Bry1s);). We applied light soaking under realistic operating
conditions (T = 25 °C, AM =
illumination) and in air (relative humidity ~60%) for a series

1.5G spectrum, 1 sun

of samples with exposure times of 10 min, 1 h, S h, and 15 h,
respectively. We employed multidimensional absolute PL for
the determination of the optoelectronic properties of the
perovskite films. Using hyperspectral imaging”’ and time-
resolved fluorescence imaging (TR-FLIM)*® we went beyond
the classically employed qualitative PL data interpretation and
investigated intrinsic material and carrier transport properties
with quantitative indicators such as quasi fermi level splitting
(QFLS), carrier mobility, and recombination rates. The precise
knowledge of such parameters is crucial to understanding light-
induced effects under realistic excitation conditions. We
pursued the complementary chemical characterization of the
sample by XPS on the same batch of samples to determine the
evolution of the surface chemical composition with the
preceding light soaking time. In addition, we used XPS
depth-profiling to assess the changes of the layer stoichiometry
that range deeper into the perovskite layer and finally
correlated the observed alteration of the optoelectronic
properties to the compositional changes. For the studied
perovskite films, potentially minute modifications of the cation
distribution in the perovskite surface layer, after short light
soaking times, can lead to a significant increase in QFLS,
whereas prolonged exposure of the film to light eventually
results in decomposition and the formation of lead oxide.
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Figure 2. NMF decomposition components. (a) NMF decomposition factor 1 for fresh (peak at 1.62 eV), 5 (peak at 1.59 eV), and 15 h (peak at
1.56 V). (b) NMF decomposition factor 2 for S and 1S h aging times (peak at 1.52 V). (c) Loading (spatial distribution) of factor 1 for S h. (d)
Loading (spatial distribution) of factor 2 for § h. (e) Loading (spatial distribution) of factor 1 for 15 h. (f) Loading (spatial distribution) of factor 2

for 15 h.

B RESULTS AND DISCUSSION

A series of triple cation mixed halide perovskite thin films were
light soaked for different times in air. All the samples were kept
in dark for 10 min after each light exposure time before being
characterized. It is also worth mentioning that the laser light
might induce further light soaking effects during PL spectra
acquisition, which are however limited to approximately 30 s
and are hence not further considered.

In order to limit the laser exposure time, we performed the
experiments at S (see Figure S1 and Table S2) and SO suns.
Indeed, spectra acquisition at lower excitation fluxes would
have required much longer acquisition times to obtain a good
signal-to-noise ratio in the photoluminescence spectrum
images, which is not easily reconciled with our intention to
study light soaking.

We first performed steady-state PL measurements, by
acquiring spatially resolved PL spectra (hyperspectral) after
different light soaking durations, as reported in Figure la. This
gives us access to a collection of PL spectra (one per pixel),
which can equally be seen as series of spectral images of the
sample (one image per wavelength).”” A first qualitative
analysis indicates that increasing the light soaking time results
in a constant increase of PL intensity (Ip.). Moreover, our
setup gives access to Ipy intensity in absolute units (luminance
units), which allows us to fit the PL spectra by using the
approach proposed by Katahara and Hillhouse®””" based on
the generalized Planck radiation law combined with sub-band

gap absorption properties. For this purpose, we adjusted
parameters (Ap, T, a(E)) of the following equation to
reproduce each spectrum:

27E*a(E)

E—Auy
w )"l

I, (E) =

W exp(

where h is the Planck’s constant, ¢ as the speed of light, E as the
photon energy, a(E) as the absorptivity of the sample taking
into account sub-band gap absorption,3 Ayt as the QFLS, and
kT as the thermal energy of the charge carriers. A similar
approach to characterize perovskite thin film passivation has
been recently reported by Braly et al.** in a study aimed at
investigating MAPI passivation after n-trioctylphosphine oxide
(TOPO) treatment.

Representative results of the fitting procedure of the PL
spectrum for each sample are shown in Figure 1b. Importantly,
we quantified the changes of Ay, the energy gap (Eg), and the
sub-band gap absorption (E,) as shown in Table 1. We first
observed a rapid and significant increase of Ay, from 1.31 to
1.36 eV, after 10 min of light soaking already, which indicates
that, even after a relatively short amount of time, a passivation
effect occurs as a result of a combined exposure of the sample
to air and light. Then, with increased aging time, Ay remained
almost constant. Furthermore, after 5 h, we observed a band
gap decrease from 1.62 to 1.59 eV, which has previouslzr been
linked to perovskite degradation and phase segregation.”’ The
driving force of these processes lies in the thermodynamic
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Figure 3. (a) TR-PL transient for different light soaking times. (b) Experimental (solid) and fitted (dashed) curves for the fresh sample at three
different values of incident photon flux. (c) Decomposition of the N 1s spectral region for fresh and (d) aged 10 min samples.

photoinstability of perovskite mixed halide systems.'® More-
over, we report the difference between E; and Ay in Table 1,
as by comparing materials with different band gaps, this
quantity is the indicator for losses quantification. We then
plotted the band gap variation as a function of the QFLS for
every measured location (pixel) of each sample in Figure lc.
The defect formation can finally be analyzed as the absorption
was described by an ideal band-to-band absorption term
convoluted with sub-band gap absorption. The tail states decay
in the gap with an exponential factor § = 1.5 and a
characteristic energy E,. For a monoexponential decay of the
tail states in the gap, we would have 8 = 1 and a E, that would
correspond to the Urbach energy. Further details on the sub-
band gap absorption model are reported in the Supporting
Information (SI). From this analysis, we note that there is a
decrease of the defect concentration, with E, varying from
0.042 to 0.038 eV, which goes along with the decrease of E,
and Ay values. It is also of note that this analysis does not
reveal yet whether the trap states originate from defects in the
bulk or at the interfaces of the perovskite film. The topic will
be further discussed along the results of the time-resolved PL
(TR-PL) measurements and modeling of recombination.

In order to better assess the phase segregation process in the
perovskite film, we applied multivariate analysis to the PL
spectral images acquired for different light soaking times. In
particular we processed the images by the non-negative

factorization (NMF) algorithm from the toolbox Hyperspy.”
The NMF algorithm is a computational method aimed at
approximating high-dimensional data by using only a limited
number of components. Each spectrum image can be
decomposed into a linear combination of factors (Figure
2a,b) with corresponding weights called loadings (Figure 2c—
f). NMF decomposition was then applied on the fresh and $
and 15 h aged samples, resulting in the identification of just
one factor in the case of the pristine sample (Figure S2) and
two factors in the cases at S and 15 h of aging time (factor 1 for
high energy and factor 2 for low-energy contribution).
Although the two factors do not have a priori a strict physical
meaning, they can provide insight on the perovskite evolution.
We attribute the first factor to the characteristic PL peak of the
halide perovskite thin films (as it is the only one represented
before light soaking), which increases in intensity with time.
The peak is shifted from 1.62 eV in the fresh sample to 1.56 eV
in the aged ones (Figure 2a). Moreover, a second factor at 1.52
eV started to appear after 5 h of light soaking, which happens
to correspond to the time when the band gap of the material
starts evolving (Figure 2b). The corresponding loadings shown
in Figure 2 display a clear spatial anticorrelation of the two
factors, suggesting the formation of two different emissive
species in the perovskite layer, one at a lower energy and the
other at a higher energy (more precisely when looking at
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Figure 2c vs d for S h of light soaking and Figure 2e vs f for 15
h of light soaking).

To further investigate the effect of the passivation process on
the transport properties of the materials, we performed time-
resolved PL analysis. We observed a clear variation of the
decays in the different samples, as reported in Figure 3a. We
performed a power dependence study,””*> and we fitted the
experimental curves with the diffusion equation with interface
recombination as boundary conditions (S, is the front
interface recombination velocity and Sy, is the back interface
recombination velocity):

o _ iR 2
ot T, o0z
Do

a “ = Sairn

iz
Don
; = Sbackn

where n is the charge carrier concentration, R*,, is the external
radiative coefficient, 7, is the Shockley—Read—Hall carrier
lifetime, and D is the diffusion coefficient

We took the back interface as a reference (S, = 0) since
the back interface is assumed to not vary with time contrary to
the front one. The samples were illuminated from the top
surface (perovskite). The intensity of the incident photon flux
was varied over 2 orders of magnitude ¢, = 2.1 X 10", ¢, =
1.8 X 10" and @5 = 1.5 X 10"*/pulse/cm?, as shown in Figure
3b in the case of the pristine sample. The fitting procedure is
done simultaneously for the data from all three excitation
fluxes to increase the accuracy of the results. We report the
fitted values of the diffusion coefficient, radiative recombina-
tion rate R*,, and surface recombination rate in Table 2.

Table 2. Values for the Diffusion Coefficient D, Radiative
Recombination Rate R*,;, and Surface Recombination Rate
S.i Obtained from TRPL Data Analysis Using the Diffusion
Equation

sample D [x 1073 em?/s]  R¥, [X 107 cm®/s] Sair [em/s]
fresh 1.7 [+0.1] 6.2 [+0.2] 1020 [+80]
10 min 1.3 [+0.1] 42 [+0.2] 114 [+15]
1h 1.2 [+0.1] 5.8 [+0.4] 210 [+10]
Sh 0.7 [£0.1] 3.7 [+0.1] 200 [+7]

15h 1.0 [+0.1] 16 [+0.1] 340 [+20]

As we increased the light soaking time, we observe a
decreased of the surface recombination as well as a reduction
of the diffusion coefficient and therefore also of the carrier
mobility. We ascribe these observations to an effective
passivation of the perovskite film surface, indicated by the
immediate decrease of S, followed by steady materials
degradation for longer light soaking times, consistent with a
slower, gradual decrease in D. These results match the data
obtained for the steady-state PL experiment in the previous
section, in which we found an immediate increase in QFLS
after several minutes of light soaking, corresponding to reduced
surface recombination, along with a gradual decrease of the
band gap for longer light soaking times, which is consistent
with a slower material’s degradation process. Concomitantly to
the PL measurements, we investigated by XPS the chemistry of
the perovskite layers, which were aged under illumination in air

for different light soaking times. Both composition and
chemical environments changes at the surface of the film
were studied as well as in-depth elements distributions and
associated stoichiometric modifications in the bulk film by
using complementary Ar® depth-profiling. All samples
investigated originated from the same batch to allow for a
direct comparison between the XPS and PL analysis. In
addition, all light-soaked samples were introduced simulta-
neously in the XPS spectrometer, enabling us to control the
transfer step and track with accuracy the chemical
modifications along aging. Storage of the samples in the
vacuum system (in dark) was not found to further degrade,
reconstitute, or change the surface chemistry of the light-
soaked films (Table S2 and Figure S4). A sample issued from a
similar batch and aged for 6 days at atmosphere in the dark,
ie, without light soaking, was also characterized as an
additional point of reference. Note that the spatial resolutions
of PL and XPS are not the same. Indeed, with a 400 um spot
size, the XPS information is roughly averaged over the entire
PL image area but only probes a few nanometers in depth. The
measured distribution of the constitutive chemical elements at
the surface as a function of the aging time is captured in Table
S1, while we show the spectra of the N 1s photopeak
perovskite films aged for short time (10 min) in Figure 3c,d.
The MA" contribution (402.4 & 0.2 eV) disappears with light
soaking, while the FA* contribution (4009 + 02 eV)
decreases at a lower rate (see Table S1). We can thus observe
a direct link between the loss of the MA™ contribution in the
perovskite surface layer and the decrease of the front interface
recombination velocity, suggesting that the changes in the
cation composition play a key role in the passivation processes
occurring in triple cation halide perovskite thin films.

XPS high-resolution spectra of the perovskite films aged for
0, 5, and 15 h are shown in Figure 4. Additional spectra of the
films aged for 10 min and 1 h can be found in the Supporting
Information (Figure SS). XPS sequence durations were
optimized to ensure the reliability of the measurements,
without inducing noticeable degradation from the X-ray
irradiation (Figure $6).°° By verifying the reproducibility of
our approach, no significant difference in the surface chemical
composition of the as-prepared reference sample and the
reference sample, which was a week-long aged in ambient and
in dark, can be discerned (see Figure S4). Particularly, no
variation in the magnitude of the oxygen content and chemical
state is observed. Thus, in the dark, the surface stoichiometry
of the triple cation lead mixed halide perovskite film appears to
be stable despite exposure to extrinsic species such as O, and
H,O at least over almost 1 week, consistent with previous
studies of MAPbL,.'” Similarly, in one recent study, we
observed that the transport properties of a triple cation mixed
halide perovskite thin film remain constant after aging in dark
in ambient air for 9 days.””

In contrast to that, prolonged aging in air under illumination
leads to substantial changes of the surface chemistry. We begin
with a description of the metal halide sublattice species, where
we observed a progressive enrichment of Br and Pb at the
surface and a concomitant decrease of the I content. Surfaces
observed are enriched in iodine, since the initial I/Pb ratio is
close to 3.2 (instead of 2.5 theoretically). This was already
reported in the literature®®*” and can be due to a termination
of the surface with MAI Specifically, the Br/(I+Br) ratio
increases from 0.15 + 0.03 for the as-prepared sample to 0.41
+ 0.03 after 15 h of light soaking in air while the Pb/(I+Br)
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Figure 4. High-energy-resolution XPS spectra comparison of an as prepared triple cation mixed halide perovskite film (orange line) and
corresponding layer aged under light soaking in ambient atmosphere for S (blue line) and 15 h (black line): (a) I3d, (b) Br 3d, (c) Pb 4f, (d) O 1s,

(e) N 1s, (f) C 1s, and (g) Cs 3d spectral regions.

ratio increases from 0.27 + 0.03 to 0.86 + 0.03. Apart from
this stoichiometric change, we discerned no further apparent
variation in the chemical environment of the halide species, as
binding energy position and full-width at half-maximum
(fwhm) of the I and Br peaks remain steady, as seen in Figure
4a,b. The case is different for the Pb content (Figure 4c),
where two distinct changes can be identified. First, we saw the
appearance of an additional Pb 4f,,, peak centered at 136.8 +
0.2 eV, hence corresponding to the Pb° species after 15 h of
light soaking.”” The formation of metallic lead has been
observed before as a presumed degradation product in halide
perovskite samples as a function of exposure to X-ray
radiation*"** or laser illumination.”® Second, the initial Pb**
contribution, centered at 138.5 eV binding energy, exhibited an
increase of the fwhm from 0.81 + 0.05 eV for the as-prepared
perovskite layer to 1.01 & 0.05 eV for the film after 15 h of
light soaking. This observation is indicative of a change of the
lead complexation from the perovskite ABX; structure to lead
dihalides (PbX,) and potentially PbO,.*>**

In addition to these marked chemical changes, we observed
XPS peak shifts, which suggest a change in the surface
electronic properties after light soaking of the samples in air.
Even after 10 min of light soaking we observed a uniform shift
of 0.5 eV of all core levels with respect to the Fermi level of the
spectrometer toward lower binding energies (see Figure S7 to
compare the I 3d and Pb 4f core levels plotted with respect to
Ep). This shift is consistent with earlier reports of the
saturation of undercoordinated Pb** sites at the sample
surface, which act as donor defect states and hence let the

sample appear more n-type at the surface.”” After passivation,
i.e, light soaking, this surface band bending is alleviated and
the surface appears to be rather intrinsic with the Fermi level in
the middle of the gap.

Concerning the potential complexation of PbO,, species, we
found a notable increase of the O content concomitant to the
decrease of the halide and in particular the iodine content with
sample aging, as the O/(I+Br) ratio rises from 0.06 + 0.03 for
the as-prepared sample to 0.80 + 0.03 for the sample aged for
15 h. The identified oxygen components were found in a range
of chemical states. In case of the as-prepared perovskite film,
we found only a minor contribution of O on the perovskite
surface, which is related to minimal exposure of the film to
ambient atmosphere during the transfer from sample
preparation to the XPS analysis chamber. The corresponding
O 1s peak binding energy is 532.6 + 0.2 eV, which had been
attributed to H,O in hydrated perovskite surfaces.'” After
aging under illumination in air, two additional contributions
appear, in agreement with the previous work of Anaya et al.'”
The contribution located at 531.3 + 0.2 eV corresponds to
0,7, i.e,, superoxide, which can occupy former iodine vacancies
in the ABX; lattice, as has been seen for oxygen-induced
photodegradation of MAPbI;,** while the second contribution
centered at 529.6 + 0.2 eV corresponds to O~ as in metal
oxide species such as PbO.** The amount of O,” and 0>~
steeply increases with light exposure, and they are thus
inherently linked to the degradation process, which confirms
the formation of PbO,."* We now turn to the chemical changes
to the A-site cations, starting with a discussion of the N 1s
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Figure S. XPS depth profile (Ar*, 1000 eV) comparison of (a) fresh triple cation perovskite and (b) S and (c) 1S h aged perovskite. Quantification
has been made for peak fitting in the Br 3d, Cs 3d, I 3d, C 1s, N 1s, Pb 4f, and O Is regions. Depth profiles for the films with intermediate light
soaking times are displayed in the Supporting Information (Figure S8).

photopeak (Figure 4e). As already observed for short light
soaking times (10 min), the MA" contribution®’ (402.4 + 0.2
eV) fully disappears with light soaking while the FA*
contribution®” (400.9 + 0.2 eV) decreases at a lower rate.
Meanwhile, a new contribution at 398.3 + 0.2 eV starts to
appear after S h of light soaking and remains as a last single
component after 15 h of light soaking. This contribution at a
lower binding energy has already been reported and could be
related to NHj, release under light,”* due to the C—N chemical
bond degradation in the FA* and MA* components.**

The observations are consistent with the evolution of the C
1s peaks (Figure 4f) that shows a decrease of the C 1s signal
originating from the imidine bond in FA" (288.3 + 0.2 eV)
with aging time. However, a precise quantification of the
carbon contributions is limited due to the convolution with the
signal from adventitious carbon species. Especially, the
discrimination between carbon in MA' species at binding
energies and C—O species at approximately 286.4 eV binding
energy becomes challenging,’' notably at the appearance of a
contribution at 289.2 + 0.2 eV related to new C—N species as
degradation products. Finally, for the Cs cations, we found a
progressive increase of the fwhm Cs 3d peak with aging time
from 0.92 + 0.05 eV initially to 1.34 & 0.05 eV after 15 h of
light soaking. A similar observation has been made for fully
inorganic CsPbBr; perovskite films and is consistent with the
emergence of Cs,CO; as a degradation product.*’

In order to track the permeation of the degradation process
through the perovskite layer, we performed XPS depth
profiling of the as-prepared and the aged perovskite films
down to the TiO, transport layer (Figure S for fresh and S and
15 h aged spectra; Figure S8 for 10 min and 1 h aged ones).
The layer composition of the as-prepared perovskite film is in
good agreement with ToF-SIMS data for comparable perov-
skites films found in the literature.””>" We thus report constant
profiles of I, Pb, and Cs throughout the layer and an
accumulation of Br over I toward the perovskite/TiO,
interface. The surface of the perovskite film is enriched in C
and N, while oxygen species are only present in the very
surface layer of few nanometers in thickness. The profile of the
sample aged for S h remains similar, with the exception of small
changes of the surface composition (see Table S1) and a
slightly higher ratio of O incorporation within the subsurface
region. However, after 15 h of light soaking, we observed
distinct changes to the perovskite film composition. The top
layers of the film are strongly enriched in Pb, Br, and O
content and show a deficiency in I and Cs. For a sputtering

time of 250 s, corresponding to a crater depth of several tens of
nanometers, this trend is slowly reversing toward the film bulk
with the I and Cs content increasing and the Pb, Br, and O
content decreasing, approaching the compositional ratio found
for the as-prepared perovskite film. Nonetheless, the films
remain deficient in C, N, and I, which is presumably linked to
the evaporation of these volatile species while the lead halide
and lead oxide degradation products lead to a Pb excess
compared to the as-prepared films. These stoichiometric
changes track even down to the bulk of the perovskite films.

Notably, the oxygen contribution can be attributed to
adventitious species and superoxides for the very surface layer
and PbO,, with the O 1s signal at 529.4 + 0.2 eV, further down
into the bulk film. Both contributions are clearly distinct from
O in the TiO, substrate layer, which is revealed only after 400 s
of sputtering (see the Supporting Information, Figure S9).

As a concluding remark, we note that the depth-profiling
process can show marked differences if the structural
parameters of the layer are changed. This seems to be the
case for the sample aged for 15 h, which exhibits cavity
formation as seen in scanning electron microscopy images
(Figure S3), which is consistent with the loss of C, N, and I
reported above. This leads to a significant perturbation of the
stoichiometry analysis at the buried mp-TiO,/perovskite
interface, which seems to appear less sharp. Nonetheless, all
qualitative trends of the compositional data for the top part of
the perovskite film aged for 15 h, down to the first appearance
of the TiO, signal (>300—400 s sputtering time), remain
unaffected.

The summary results help to explain the previously
presented hyperspectral and time-resolved photoluminescence
data. Changes in the Br to I ratio across the layer demonstrate
halide segregation, which is accordant to the occurrence of two
emissive species and an overall decrease in the band gap. While
the increased Br to I ratio would generally indicate an increase
in band gap and more pronounced split components of
emissive species, our joint XPS and PL results indicate that the
bromine rich regions, particularly in the top layer of the light-
soaked film, are not as emissive. One possible explanation lies
in the partial formation of PbBr,, which is in accordance to the
concomitant loss of organic cations observed in the decreased
nitrogen signal after long light soaking times. Note that the
segregation also occurs laterally on the scale of nanometers to
several micrometers and is thus laterally averaged in the XPS
analysis area. As a final point, the formation of PbO,, as well as
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the loss of organic cation and halide species are consistent with
the decrease of the carrier diffusion coefficient.

B CONCLUSION

We performed a comprehensive study of triple cation mixed
halide perovskite photophysics, focusing both on transport
properties and surface chemistry. In particular, we proposed
that short light time exposure (10 min or 1 h) results in an
enhancement of the optoelectronic properties of the material,
as evidenced by the increase of the QFLS of the perovskite thin
films from 1.31 to 1.36 eV. In the same time scale, the sole
noticeable evolution of the surface chemistry is related to the
N environment, with a small decrease of the MA™ content from
the as deposited sample surface to 10 min of light soaking,
while it disappears for longer times. For longer light soaking
times (S and 15 h), the formation of persistent chemical
species is observed on the samples. The aforementioned
(Eg—Ap) values show a drastic drop in non-radiative
recombination, and the time-resolved PL measurements
confirmed that the passivated recombination centers are
located at the front interface (perovskite/air). As such, both
steady-state and transient measurements evidence a surface
passivation effect. The modifications of the chemical environ-
ments suggest the formation of a stable PbO, layer starting
from S h of continuous light soaking in an air atmosphere. The
benign formation of this oxidized layer goes along with sample
degradation. Starting from S h of light soaking, a phase
segregation appears, leading to iodine-rich-emitting regions
and to a degradation of the transport properties of the material.
This is evidenced by time-resolved measurements showing a
constant decrease of the diffusion coefficient D and therefore
of the charge mobility (Figure 3). XPS depth profiles indicate
that the main responsibility of this sample degradation is the
oxygen diffusion through the perovskite active layer. Addition-
ally, there is a halide redistribution with an iodine depletion
layer at the top interface and a bromine homogenization. This
is apparently in contrast with PL measurements where a red
shift was observed (from 1.63 to 1.56 eV), thus indicating the
presence of iodine-rich-emitting regions. A possible explan-
ation is that bromine-rich species do not contribute to the PL
emission, which would happen as the charge carrier first
migrates to lower band gap iodine-rich regions and then
recombines radiatively. To conclude, this work provides new
insight in the competing reaction occurring in triple cation
mixed halide perovskite. The use of advanced and comple-
mentary characterization techniques allowed us to deeply
investigate the phenomena leading to surface passivation and
to sample degradation. The fine control of the benign species
at the top interface of the perovskite might lead to an increase
of device performances opening up new solutions for
improving and stabilizing perovskite-based devices. However,
further studies aimed at investigating the reversibility of the
observed phenomena and their influence on the photovoltaic
parameters are required to fully exploit the potential of such
passivation approach.

B EXPERIMENTAL SECTION

Sample Preparation. Fluorine-doped tin oxide (FTO) covered
glass substrates (Solems) were cleaned by etching with Zn powder
and HCI (4 M). The substrates were sonicated for 1 h in an RBS
detergent solution (2 vol %), rinsed with deionized water and ethanol,
ultrasonicated in ethanol, dried, and annealed to 500 °C.

Subsequently, a TiO, hole blocking layer was prepared by spray

pyrolysis deposition at 450 °C from a precursor solution made of 0.6
mL of titanium diisopropoxide bis(acetylacetonate) (75% in 2-
propanol, Sigma-Aldrich) and 0.4 mL of acetylacetone (Sigma-
Aldrich) in 9 mL of ethanol as a solvent and O, as a carrier gas. The
mesoporous TiO, (mp-TiO,) layer was prepared by spin-coating a
solution of TiO, paste (30NR-D from Dyesol) in ethanol (1:7 weight
ratio) at 4000 rpm for 30 s. The films were then sintered in a
sequential heating process (S min at 125 °C, S min at 325 °C, S min
at 375 °C, 15 min at 450 °C, and 30 min at 500 °C). The substrates
were finally transferred into a nitrogen-filled glovebox for the
perovskite film deposition. A double cation perovskite solution,
(MA17FA53)Pb(Bry 171y 53); was prepared by dissolving 1.10 M Pbl,
(TCI Chemicals), 0.20 M PbBr, (Alfa Aesar), 1.00 M formamidinium
iodide (FAI, Dyesol), and 0.20 M methylammonium bromide (MAB,
Dyesol) in a mixture of DMSO/DMF (4:1 in v/v) as solvent. In order
to obtain the triple cations perovskite, i.e., Cs,(MAg,FAqs3)_.Pb-
(Brg.171ps3)s 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 h of stirring in a magnetic mixer, was
spin-coated onto the mesoporous TiO, layers by following a double
plateau. First, 35 uL of the perovskite solution was spin-coated at the
rotation of 2000 rpm for 10 s at an acceleration of 1000 rpm/sec.
Then, 100 L of chlorobenzene was spin-coated at a speed of 6000
rpm for 30 s. 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 was
approximately 400 nm.

Time-Resolved Luminescence. Wide-field illumination imaging
was realized with a TR-FLIM setup. The system is composed of a
pulsed laser Talisker (6 = 532 nm, f = 200 kHz), an intensified
electron-multiplied camera CCD (em-ICCD, PIMAX4, Princeton
Instruments), and a home-built opto-mechanical excitation-collection
setup. The camera gating time was varied with a 2 ns step from 0 to 1
ps. The photoluminescence was collected through a Nikon 50X
objective. The PL was filtered through short-pass and long-pass filters
(DMLP6SOR and FES750, Thorlabs). Acquisitions were post-treated
using Matlab.

Hyperspectral Luminescence Imaging. The hyperspectral
imaging system records a luminescence intensity signal along three
dimensions {x,y,A}. Its main components are a home-built microscope
with Thorlabs optomechanical elements, a 2D bandpass filtering
system from company PhotonEtc with 2 nm resolution, and finally a
1Mpix silicon-based CCD camera PCO1300. The sample is
illuminated (4 = 532 nm) through an infinity-corrected XS0 Nikon
objective with numerical aperture of 0.8, and the luminescence is
collected through the same objective. The excitation beam and
luminescence signals are separated with appropriate dichroic beam
splitter and filters. The 2D luminescence signal is 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, and
from the spatial inhomogeneity of the optical system (flat-field). The
spatial resolution is 1 ym. 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.

X-ray Photoelectron Spectroscopy (XPS). Samples were
transferred after light soaking under a low vacuum (secondary
vacuum range) in dark conditions using a transfer vessel to ensure no
supplementary modifications on surfaces, particularly sensitivity to
humidity and light. The transfer to the XPS analysis chamber was
minimized to 2 h. XPS surface chemical analyses were carried out with
a Thermo Electron K-Alpha+ spectrometer using a monochromatic Al
Ka X-ray source (1486.6 eV). 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 was 400 ym. High-energy-resolution spectra
were acquired using a constant analyzer energy (CAE) mode of 20
and 0.1 eV as the energy step size, without charge compensation. The
energy scale was calibrated with respect to the C 1s peak settled at
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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 1000 eV and 10 mA current density for 800 s. Data were
processed using the Thermo Fisher Scientific Avantage© data system.
The acquisition sequence was optimized to limit the X-ray irradiation
exposure (1 h), 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 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.
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