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In situ Near-Ambient Pressure X-ray Photoelectron
Spectroscopy Reveals the Influence of Photon Flux and
Water on the Stability of Halide Perovskite

M. Kot,**® L. Kegelmann,™ H. Kébler,” M. Vorokhta,'”’ C. Escudero,”® P. Ku3,' B. Smid,™
M. Tallarida, S. Albrecht,”” A. Abate,” I. Matolinova,”” D. SchmeiBer,” and J. I. Flege™

For several years, scientists have been trying to understand the
mechanisms that reduce the long-term stability of perovskite
solar cells. In this work, we examined the effect of water and
photon flux on the stability of CH;NH,Pbl; perovskite films and
solar cells using in situ near-ambient pressure X-ray photo-
electron spectroscopy (NAP-XPS), field emission scanning elec-
tron microscopy (FESEM), and current density-voltage (J-V)
characterization. The used amount of water vapor (up to
1 mbar) had a negligible impact on the perovskite film. The

1. Introduction

After several years of efficiency-driven research on perovskite
solar cells (PSCs)," the focus is now shifting to understand the
underlying processes governing the high efficiency and also to
obtain long-term stable devices.”™ It has been shown that PSCs
degrade under outdoor conditions such as humidity, oxygen,
temperature, UV light, intense light irradiation, and also when
applying electric fields.®'? In particular, the instability of PSCs is
widely conceived to be humidity-induced due to the water
solubility of its initial precursors. However, it was also reported
that the perovskite films by themselves could withstand
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higher the photon flux, the more prominent were the changes
in the NAP-XPS and FESEM data; also, a faster decline in power
conversion efficiency (PCE) and a more substantial hysteresis in
the J-V characteristics were observed. Based on our results, it
can be concluded that the PCE decrease originates from the
creation of Frenkel pair defects in the perovskite film under
illumination. The stronger the illumination, the higher the
number of Frenkel defects, leading to a faster PCE decline and
more substantial hysteresis in the J-V sweeps.

humidity, and it is instead the photon flux that leads to device
degradation or the photon flux in combination with humidity
exposure.'" Moreover, it was also claimed that PSCs degrade
due to the reactive TiO,/perovskite interface and due to the
surface defects of the TiO,"*"™ which are activated with light
and result in an imbalance of charges in the perovskite crystals.
Besides that, by combining light and humid air the internal
luminescence quantum efficiencies of polycrystalline perovskite
films was improved." In particular, the photoluminescence
studies have shown that illumination of perovskite films reduces
trap density in dependence on the light dose™ that can be
boosted further in the presence of oxygen.' Thus, increasing
and controlling the perovskite stability, along with under-
standing the main degradation pathways, is a crucial issue for
the development of commercially viable devices.

In this work, to assess the influence of water, photons, and
TiO, on the perovskite films’ stability, we monitored the photon
and water interaction with CH;NH;Pbl; (MAPI) films prepared
directly on fluorine-doped tin oxide (FTO) substrates (no TiO,)
in situ by conducting near-ambient pressure X-ray photoelec-
tron spectroscopy (NAP-XPS). NAP-XPS experiments were
performed using both laboratory- and synchrotron-based
instruments, providing comparatively lower photon flux and
significantly higher and adjustable photon flux, respectively.
The effect of the different treatments in the NAP-XPS systems
on the perovskite surface morphology was investigated by field
emission scanning electron microscopy (FESEM). The influence
of illumination on the PSCs’ performance and long-term
stability was investigated by conducting repeated current
density-voltage (J-V) scans under varied lighting. Our results
indicate that the used amount of water has a much lower
impact on the PSCs degradation than the applied photon flux
during the experiments, that is, the higher the photon flux, the
faster the perovskite degradation.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Interestingly, the light-induced degradation of the MAPI
films occurred even in the absence of the TiO, layer underneath.
In ageing tests of corresponding solar cells, initially, a steep
drop in power conversion efficiency (PCE) was observed, which
depended on the used photon flux. By comparing the ageing
J-V with in situ NAP-XPS and FESEM studies, we attribute this
effect to the photon-induced decomposition and creation of
Frenkel defects in the perovskite crystal.

2. Results

Initially, the CH;NH;Pbl;/FTO/glass sample was subjected to
different water vapor pressures in the laboratory-based NAP-
XPS system!'® and investigated in situ employing a mono-
chromatized Al K, X-ray source with excitation energy of
1486.6 eV in a normal emission geometry. The photon flux was
equal to 6.1x10° photonss™', and it is the lowest used in this
work during the NAP-XPS studies. In Figure 1, the C1s (a), N1s
(b), Pb4f (c), 14d (d), valence band (VB, e), and O1s (f) spectra
were taken on the CH;NH;Pbl; surface being exposed to ultra-
high vacuum (UHV; ~1x10°° mbar) and 1073 1072 107", and
1 mbar of water vapor. The sample was investigated twice
under UHV conditions: a first time before (UHV,,,) and a second
time after (UHV,,y) exposition to water vapor. It should be
noted that these XPS spectra were collected on the same spot
of the MAPI film, that is, the “1 mbar” spectrum was obtained
after continuously exposing the MAPI film to the X-rays (and
water vapor) for 9.5 h. The last spectrum taken in the same spot
on the MAPI film was again collected after pumping down the
system to UHV (UHV,,,) conditions. Additionally, the NAP-XPS
spectra were obtained under UHV conditions at another spot of
the same MAPI sample previously being exposed to water
(UHV g fresh spor IN Figure 1).

The as-prepared MAPI film [measured in UHV without any
water insertion (UHV,.)] shows two components in the C1s
peak (Figure 1a), one located at 285.3 eV and one at 286.6 eV.
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hv=1486.6 eV
AlKa
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X-ray e%e [min]
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The lower binding energy (BE) component can be attributed to
hydrocarbon™ or CH,I*” and the other component to C—N
bonding in the methylammonium."™ In the N1s level (Fig-
ure 1b) only one peak is detected at a BE of 402.6 eV, typical for
nitrogen bonding in the MAPI film.*'¥ In the Pb4f spectrum
(Figure 1c) only a doublet peak related to the MAPI film with
the Pb4f,, position at 138.6 eV is observed, in agreement with
previous studies.®*"" No additional peak at 136.8 eV that could
be related to “metallic Pb"™ is found. For the 14d peak
(Figure 1d), the BE of the 5/2 level is equal to 49.6 eV indicating
a bonding between the organic molecule and iodine.”® The
valence band maximum (VBM, Figure 1e) is located around
1.47 eV below the Fermi level. Having in mind the reported
optical band gap of 1.56 eV of the MAPI film, the Fermi level
position being closer to the conduction band minimum
indicates an n-type character®” of the investigated film at its
surface. The sample also contained a minimal amount of
oxygen. The O1s peak was located at the binding energy of
532.8 eV. It could arise from the adsorption of OH groups
during sample transfer to the NAP-XPS system in the air or from
the solvents’ residuals® during the film preparation. When the
as-prepared MAPI film was then continuously exposed to water
vapor and X-rays, a decrease of the higher BE peak (286.6 eV,
CH;NH;) in the C1s and the N1s peak (402.6 eV, CH;NH;) is
visible in the NAP-XPS spectra. No peak shifts or the appearance
of new components are observed. Besides the nitrogen and
carbon reduction, the amount of iodine and lead in the MAPI
subsurface region (considering a probing depth of the XPS
method using Al K, radiation source and normal emission
geometry of up to approximately 10 nm) increased. When
increasing the water vapor pressure in the NAP-XPS chamber, a
peak at 535.8eV appears in the O1s XPS spectra that
corresponds to the typical footprint of water in the gas phase.
As soon as the system was pumped down to UHV conditions
again, the peak at 535.8 eV disappeared completely (UHV,,q). If
the experiment had been concluded at this stage, the
conclusion would have been that water irreversibly destroyed
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Figure 1. Exposure of the CH;NH;Pbl; to the laboratory-based X-rays (lowest used photon flux of 6.1x 10° photons™, 0.01 sun) and water vapor. C1s (a), N1s
(b), Pb4f (c), 14d (d), VB (e) and O 1s (f) NAP-XPS spectra of the CH;NH;Pbl; film prepared on the FTO/glass substrate and exposed to different water vapor
pressures using an excitation energy of 1486.6 eV (Al K, radiation). In the experiment the as-prepared sample (UHV,.), exposed to 10,1072 107", and

1 mbar of water vapor and measured again in the UHV conditions (UHV,,y) was investigated in the same spot on the sample. Additionally, CH;NH,Pbl; film
after exposition to water vapor was investigated again on the fresh spot (UHVng fresh spor)- The initial time of the sample exposure to X-rays and the time after

sample exposure to water vapor are indicated in (b) and (c), respectively.
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the perovskite film. However, after changing the sampled area
on the MAPI surface, it turned out that the water itself did not
have such a destructive influence on the MAPI surface as shown
by the long-lasting NAP-XPS characterization in the same
perovskite sample spot. Namely, when the investigation spot
after the whole experiment with water vapor was changed to a
fresh one (UHVeng fresh spor IN Figure 1), the collected NAP-XPS
spectra showed that these changes are much smaller. To
highlight the differences between regions that were as-
prepared, exposed to 1 mbar of water vapor, and a new spot of
the possibly “degraded” MAPI film from Figure 1, the collected
NAP-XPS spectra are shown separately in Figure S1 in the
Supporting Information. From the comparison, it can be seen
that even when the MAPI film was previously exposed to water
for 9.5h the NAP-XPS spectra collected on a new, non-
irradiated spot of the same sample do not significantly differ
from the spectra taken on the as-prepared MAPI film. It is
known that perovskites are supposedly able to hydrate in the
presence of water and dehydrate to mono- and dihydrated
adducts before irreversible degradation after applying UHV
conditions again.?’ Our NAP-XPS spectra collected on the same
MAPI spot after pumping down the system back to UHV
(UHV,,y) conditions showed that this is not the case in the
presence of X-rays. Exposing the MAPI film simultaneously to
water and X-rays caused irreversible degradation, which is in
agreement with Ref. [11]. However, when the MAPI film was
investigated in a new sample spot after switching off the water
source and pumping down the system to UHV (UHV, 4 fresh spot IN
Figure 1), we were still able to observe a small peak at higher
BE (~535€V) in the O1s spectrum that could be related to
possible hydration of the MAPI surface. Therefore, based on our
results, we assume that as the X-rays are a source of energy and
heat, they can catalyze reactions occurring on the MAPI surface
with water. Thus, dehydration to mono- and dihydrated adducts
before irreversible degradation after applying UHV conditions
again is not possible anymore. In other words, it may be that a
surface chemical reaction, that is, the reaction of water with the
perovskite surface, is just slower without X-rays.

To check the influence of the photon flux on the
degradation rate of the MAPI film in the presence of 1 mbar of
water, in the next step, an investigation of possible beam
damage of the MAPI film was carried on utilizing synchrotron-
based NAP-XPS. The corresponding NAP-XPS spectra of the C1s
(@, f), N1s (b, g), Pb4f (c, h), 14d (d, i), and VB (e, j) collected
in situ under 1 mbar of water vapor using excitation energy of
520 eV and two photon fluxes of 9.92x 10" photons™ (higher)
and 7.44x 10" photons™ (lower, by detuning the undulator)
are shown in Figure 2. The top panel in Figure 2 shows the
evolution of the NAP-XPS spectra collected with the higher
(9.92x 10" photons™) and the bottom panel with the lower
(7.44x 10" photons™) photon flux. The peak positions in the
NAP-XPS spectra collected on the as-prepared sample (time=
0 min, topmost spectrum) agree with the data shown in
Figure 1. The synchrotron-based NAP-XPS characterization of
the MAPI film in the presence of 1 mbar of water was done with
4.5 min intervals in Figure 2. It can be seen that the X-rays
caused decomposition of the perovskite; its rate strongly
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depends on the used photon flux. The higher the photon flux,
the faster the degradation. Under X-ray illumination and in the
presence of 1 mbar of water, the bond between carbon and
nitrogen in methylammonium is broken, and NH; is created.
This is deduced from the observed decrease of the peak at
286.6 eV in the C1s spectra and the peak at 402.6 eV in N1s
spectra as well as the appearance of a new peak at 400.5 eV*”
in the N 1s spectra in Figures 2a,f and 2b,g. However, the MAPI
film is not completely decomposed. The peaks related to the
CH;NH; are still visible in the NAP-XPS spectra collected 1h
after starting the experiment. Besides that, in the Pb4f and 14d
spectra we detected a shift of the peaks’ binding energies of
about —0.8 eV accompanied by the same change in VBM.
Approximately, while the changes for the higher photon flux
were noticed about 25 min after starting the measurements, for
the lower photon flux, those changes were observed only after
45 min. Exposing the MAPI film to a combination of synchro-
tron-based X-rays and water vapor also produced the appear-
ance of a peak at 136.8 eV in the Pb 4f spectra, which is typically
attributed to the formation of “metallic lead”®** in the MAPI
crystal. After the time needed for the main changes in the NAP-
XPS spectra to occur (Figure2) a small (—0.1eV) BE shift
towards lower binding energy was observed.

The changes in the relative ratios of carbon (a), nitrogen (b),
lead (c), and iodine (d) in the perovskite surface region are
displayed in Figure 3. These values were extracted from the
measurements done with excitation energy of 520 eV and using
two different photon fluxes in the presence of 1 mbar of water
vapor (i.e., from the analysis of the NAP-XPS results presented
in Figure 2). As can be seen, initially there is a decrease of
carbon and nitrogen and an increase of lead and iodine at the
perovskite surface for both photon fluxes. However, as the
MAPI film is further exposed to X-rays and water, for the higher
photon flux, an increase of carbon, constant nitrogen, and
decrease of lead and iodine relative concentrations are
observed. In the case of the lower photon flux, the observation
is similar, but the changes are propagating with a lower rate.

In Figure 4, the evolution of the MAPI surface depending on
different environmental treatments was investigated using
FESEM. Data is shown for fields of view of 2x2 um? The as-
prepared MAPI film, grown on the FTO substrate, shows highly
oriented large grains (Figure 4a). Exposing this film to the
monochromatized X-ray beam (from the laboratory-based NAP-
XPS instrument) with the energy of 1486.6 eV for 4 h (Figure 4b)
produces some holes between the MAPI grains. In a few places,
the accumulation of small islands is visible. However, exposing
the MAPI film to 1 mbar of water vapor for 5 min (Figure 4c) or
to 1 mbar of a mixture of water vapor and oxygen gas for 1 h
(Figure 4d) does not cause such changes. The most significant
changes in the MAPI morphology occurred when it was
exposed to the synchrotron radiation beam (Figure 4e).

In the next step, we prepared MAPI-based solar cells in an
n-i-p device architecture similar to Ref. [27] comprising glass/
ITO/SnO,/MAPI/spiDOT/Au, where ITO is indium-doped tin
oxide and spiDOT is a 60:40 wt% mixture of 2,2',7,7'-tetrakis
(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene (spiro-
OMeTAD) and water-free poly(3,4-ethylenedioxythiophene) (PE-

© 2020 The Authors. Published by Wiley-VCH GmbH


https://doi.org/10.1002/cssc.202001527

Chemistry

Binding Energy (eV) Binding Energy (eV)

Binding Energy (eV)

Full Papers Europe
. European Chemical
ChemSusChem doi.org/10.1002/cssc.202001527 Societies Publishing
(a) Cls (b) Nls (c) Pbaf fl lad e VB
Photon flux=9.92x10*photon/s
hv=520eV
1 mbar H,0
2
=
E
2
@
=]
2
g e
P A
W e
T T Y T T R T S S T R LS S e e e
291 288 285 282 279 405 402 399 396 393 144 141 138 135 7 <4 £1 48 459 6 3 0 -3
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
T B Ni [T
Photon flux=7.44x10**photon/s
hv=520 eV
1 mbar H,0
=
=]
=}
=
&
@
g
Z
g
T T T | B B e e e Nl ah e Tl T rr Lty T T
291 288 285 282 279 405 402 399 396 393 144 141 138 135 g7 54 51 48 45 6 3 0 -3

Binding Energy (eV) Binding Energy (eV)

Figure 2. Exposure of CH;NH;Pbl; film to 1 mbar of water and two different synchrotron-based X-ray fluxes using an excitation energy of 520 eV in a cycling
mode: C1s (a, f), N 1s (b, g), Pb4f (¢, h), 14d (d, i), VB (e, j). Top panel: Higher photon flux of 9.92x 10" photons™ (4.05 sun); bottom panel: lower photon flux of

7.44x10" photons™ (3.04 sun).

DOT). The MAPI absorber layer was prepared from DMF/DMSO
solution via spin-coating.”® Solar cells were investigated in a
high-throughput ageing system according to the ISOS-L-1l
protocol at open-circuit voltage (V) to provide similar
operating conditions as during the NAP-XPS studies. A constant
illumination of 1, 0.5, and 0.32 suns including UV light, was
used; the cells were kept at 25°C in N, atmosphere. J-V scans
for every sunlight dose were collected on 3-5 cells each in an
interval of 3 h over 600 h in total. All parameters [PCE, fill factor
(FF), short-circuit current density (Jso), Vol in Figure 5a—d are
normalized to the initial values. The long-term stability test has
shown that all parameters are affected by the photon dose.
Slower performance degradation for lower illumination inten-
sity is distinguishable. Especially the initial “burn-in" efficiency
loss is less pronounced for reduced illumination intensity. While
having started at comparable efficiencies, after 600 h of
illumination, samples receiving the lowest photon flux thus
yield the highest PCE, Vo, and FF values of the tested devices
(tabulated values can be found in Figure S2).

ChemSusChem 2020, 13, 5722-5730 www.chemsuschem.org
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3. Discussion

Degradation of the MAPI film under different environmental
conditions was extensively studied by researchers in the past
years.®1%1*19 |t has been reported that many sources cause the
PSC's performance to decrease over time. Heat, humidity,
exposure to visible and UV light, migration of gold metal from
the contacts into the absorber layer, or migration of other
species into or out of the absorber layer were suggested.® "
Also, depending on the degradation source, different degrada-
tion paths have been proposed. However, reports significantly
differ in the observed extent of solar cell degradation following
exposure to the same medium, like, for example, water, with
consequences ranging from very fast®” to negligible®” decom-
position. The discrepancy in the degradation rates for the same
medium can partially be related to the used characterization
conditions, different preparation techniques, precursors, device
designs, and others. Das et al.*” have investigated MAPI films
under open-circuit and applied potential, both in the dark and
under illumination, and have found that the degradation paths
and their respective rates strongly depend on the used

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. Relative carbon (a), nitrogen (b), lead (c), and iodine (d) ratio in the
CH;NH;Pbl; film exposed to 1 mbar of H,0 and two photon fluxes of

9.92x 10" photons™ (higher, 4.05 sun), and 7.44x 10" photons™' (lower,
3.04 sun) versus measurement time.

experimental conditions. Namely, in the dark under open-circuit
conditions, the MAPI film preserved its chemical composition.
The chemical composition was also maintained when the MAPI
film was investigated in the dark under an applied voltage.
However, when the light was switched on under open-circuit
conditions, the MAPI film quickly degraded. Therefore, it is
highly like that light has a strong influence on the perovskite
film stability.

(a) As-prepared MI;PI/FTO <

(b) Exposed to X-rays (AlKo)
; Y ?

for 4h < for Smin

{ (c) Exposed to 1 mbar of H3@

In our work, we investigated the real-time changes in the
MAPI perovskite composition and electronic structure under the
influence of different photon fluxes and water vapor conditions
using NAP-XPS technique (Figures 1 and 2). We have found that
irradiation has a detrimental impact on the chemical and
electronic properties of the MAPI film. To correlate the photon
fluxes used during NAP-XPS characterization with the number
of suns we performed calculations that are shown in Supporting
Information. For laboratory-based NAP-XPS studies (Figure 1),
we got 0.01 sun illumination, and for the research conducted
on a synchrotron (Figure 2) with a smaller and larger photon
fluxes of 3.04 and 4.05 suns, respectively. These values are
therefore below and above the illumination used during our J-V
characterization and may also explain the degree of changes
observed in the NAP-XPS spectra and in the J-V characteristics,
as discussed below.

In particular, when the MAPI film was investigated in the
same spot in the presence of up to 1 mbar of water with the
lowest photon flux [using laboratory-based X-rays source (Fig-
ure 1)] for a prolonged time the changes in the NAP-XPS
spectra were minimal. Only a small intensity decrease of peaks
related to the CH;NH; in the C1s and N 1s NAP-XPS spectra was
observed that could suggest the partial release of MA from the
MAPI crystal. Nonetheless, when the sampling spot on the MAPI
film after exposure to water vapor and X-rays for hundreds of
minutes was changed there were almost no changes detected
in the NAP-XPS spectra. Also, no peak shifts appeared in the
NAP-XPS spectra collected with the laboratory-based anode
(Figure 1) that would indicate electronic changes in the MAPI
film during exposure to water vapor and X-rays.

When the MAPI film was investigated in the same sample
spot in the presence of 1 mbar of water vapor using synchro-
tron-based radiation (Figure 2) that offers a much higher
photon flux, the changes in the NAP-XPS spectra of this film
propagated with the investigation time. Namely, a decrease of
the MA-related component in the C1s and N1s and the iodine
signal in the 14d (Figures 2 and 3) and the occurrence of a peak
at 136.8 eV in the Pb4f (Figure 2c,h) NAP-XPS spectra were
observed.

The intensity decrease of the XPS peaks does not necessarily
have to be related to a potential release of these components
from the investigated film. As discussed in our previous work®

(e) Exposed to. X-rays (520 eV)
and 1 mbar (’O2 +H,0) for 1h
5 N
AL

(d) Exposed to Imbar of (H,0+ O,)
| forih

Figure 4. X-ray, water, and oxygen interaction with the CH;NH;Pbl; film. Top-view FESEM images of the as prepared (a), exposed to the beam of Al K, X-rays
(photon flux of 6.1x 10° photons™, 0.01 sun) for 4 h (b), exposed to 1 mbar of water vapor for 5 minutes (c), exposed to 1 mbar of (0.5 H,0+0.5 0,) for 1 h
(d), exposed for 1 h to 1 mbar of (0.5 H,0+0.5 0,) and X-ray beam with an excitation energy of 520 eV (photon flux=9.92x 10" photons', 4.05 sun) (e)
CH;NH;Pbl;/FTO/glass stack. The field of view is 2x2 um? and the scale bar 500 nm.

ChemSusChem 2020, 13, 5722-5730 www.chemsuschem.org

5726

© 2020 The Authors. Published by Wiley-VCH GmbH


https://doi.org/10.1002/cssc.202001527

Chemistry

Full Papers Europe -
ChemSusChem doi.org/10.1002/cssc.202001527 Socmies busehing
(a) (b) (c) (d)
% = 1sun = 1sun 10 = 1sun 1.0 m 1sun
5 ® 05suns # 05suns » 05suns & 05suns
u 0 } A 03suns 4 03suns & 03suns A 03suns
E 3 - >
;‘ 2 2 g
0.2 06 08 06

300 400 500 600 0 100 200

Time (h)

Figure 5. Normalized solar cell parameters: power conversion efficiency (PCE, a), short circuit current (Js, b), fill factor (FF, c) and open circuit potential (Vqc, d)
from reverse current density-voltage scans over aging time using 1, 0.5 and 0.32 suns illumination, adjusted by the use of neutral density filters. Aging was
performed at room temperature, in N,, under UV/VIS/NIR illumination. During aging, the samples were kept at Vo and measured every three hours.

we attribute this intensity decrease and the occurrence of
“metallic lead” in the XPS spectra to the creation of Frenkel
defects: methylammonium and iodine form interstitials in the
ABX; perovskite crystal structure under irradiation by light or X-
rays. In particular, Frenkel defects appear in an ionic solid that
usually possesses a low coordination number or a considerable
disparity in the sizes of ions. Therefore, it is highly possible to
create such defects in the MAPI film, where there is a significant
disparity in ion size. The remaining charges in the vacancy sites
after the creation of Frenkel defects have an s-like orbital
character that can readily hybridize with the neighboring
valence states. Such hybridization, when it occurs, reduces the
photoionization cross-section of elements and is observed as an
intensity decrease of a specific core level (C1s, N1s, 14d, etc.) in
the XPS spectra. Moreover, the population swapping of Frenkel
defects from the ionic state back to the metallic configuration
promotes the charge redistribution to obtain a “physical
metallic” state in terms of the charge balance between
coexisting covalent and ionic subsystems® Therefore, a
reduction of a core level's intensity and the simultaneous
occurrence of the “metallic lead” in the XPS spectra (Figure 2¢,h)
is a footprint of the creation of Frenkel pair defects, like MA™
and |~ interstitials, in the MAPI film.2®

Furthermore, binding energy shifts (Figure 2) were observed
in the NAP-XPS spectra collected on the MAPI film using
synchrotron radiation. We assume that this phenomenon could
be either related to an insufficient charge extraction and
grounding during prolonged measurement time using a highly
brilliant X-ray source. In particular, during our synchrotron-
based studies, we observed that the sample current during the
NAP-XPS measurements increased over time. For example,
during the data acquisition with excitation energy of 520 eV
using higher photon flux the initial sample current of 10 pA
increased after 3 min to 11.23 pA and after 30 min to 13.8 pA.
Electronic changes due to the rearrangement of the atoms in
the perovskite crystal are also possible. In the organo-metal-
halide perovskite solar cells, both anions and cations tend to
migrate inside the device and alter its electronic properties.
Another possible explanation for the peak shifts in the NAP-XPS
spectra could be related to the optical Kerr effect that creates a
built-in electric field in the film. Namely, an intense beam of
light in a solid can provide the modulating electric field,
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without the need for an external field to be applied, and is
called optical Kerr or AC Kerr effect. This effect only becomes
significant with very intense beams such as those from lasers,
synchrotron radiation sources, or sunlight simulators. Further
work needs to be done to fully understand the origin of the
peak shifts in the NAP-XPS spectra collected on the MAPI film
using synchrotron-based X-rays radiation, which is beyond the
scope of this work.

The amount of water used in our studies had a negligible
effect on the amount of destruction of the MAPI film. Still, it
should be pointed out that water has a non-negligible impact
on the damage of MAPI at higher concentrations.” As shown in
Figure 1, even when the MAPI film was constantly exposed to
water vapor for 570 min, the changes in its chemical or
electronic structure were almost invisible in the NAP-XPS
spectra (see also Figure S1). In our experiment, photons turned
out to be the major devastating agent of this film. Also, our
FESEM studies showed that the morphology of the perovskite
sample underwent radical deformation when it was exposed to
photons. The effect of water on the perovskite film morphology
was rather negligible with the applied dose in our experiment.

Generation of Frenkel defects during J-V characterization
under high-power irradiation is also likely. It can be related to
the initial Vo and FF losses commonly observed in the PSCs
(Figure 5).5? The non-radiative annihilation of excitons, as well
as the non-radiative recombination of electrons and holes, was
supposed to be the underlying mechanism of the anion
Frenkel-defect creation in alkali halides. Therefore, a commonly
known enhanced PSCs degradation® under V, as compared
to the maximum power point or Ji. conditions may also be
related to the increased presence of charge carriers and excited
states® that lead to increased creation of Frenkel defects. In
the literature, the fast initial decrease in efficiency has been
reported to be reversible® and seems to be linked to slow
halide vacancy migration.®® Another argument for Frenkel pairs
being a cause for the decline of the PCE during stability tests is
their creation trend in time. In particular, at first, the number of
Frenkel pairs (for alkali halides) increases with the irradiation
time linearly, then sub-linearly, and finally reaches a saturation
plateau.”” This trend corresponds to the typical PCE decline
trend during long-term stability tests, as also observed in our
results shown in Figure 5. As the Frenkel defects can be self-
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annihilated when the electric field is released,*®*** and the
efficiency of PSCs can be restored by resting the device in the
dark, in air or N, at equilibrium,®**” the recovery process
observed for these devices could also be attributed to the
Frenkel defects’ self-annihilation. Nonetheless, it was also
reported that Frenkel defects cause hystereses” during J-V
characterization. Such hystereses are also observed in our J-V
characteristics (Figure S2), and they depend on the used
illumination, that is, stronger illumination means larger hyste-
resis, which agrees with the proposed increased creation of
Frenkel defects with higher photon flux. Moreover, our studies
showed that initially similar PSCs efficiencies measured using
0.32, 0.5, and 1 suns, after longer ageing time, decreased the
most for the highest photon flux used (1 sun, table in
Figure S2).

Our recent studies” have shown that a very simple and
cost-effective solution to reduce hysteresis during PSCs oper-
ation is to deposit an ultrathin aluminum oxide layer on top of
the perovskite film using atomic layer deposition at room
temperature.*®***) The polaronic states of AlL,O, take up
charge from the MAPI substrate. This charge is then transferred
to and stabilized in the excitonic states of Al,0;.?

[42

4. Conclusions

We conducted in situ near-ambient pressure X-ray photoelec-
tron spectroscopy (NAP-XPS) studies to track the changes in the
perovskite chemistry under different conditions in real-time.
CH;NH;Pbl; (MAPI) perovskite layers changed their chemical
and electronic nature with time upon illumination. As the ex
situ field emission scanning electron microscopy (FESEM)
studies showed, not only the surface chemical composition but
also the morphology of the MAPI films changed due to the
lighting. The collected results have revealed that the observed
changes in the NAP-XPS spectra are mainly caused by the X-ray
beam. Exposure to 1 mbar of water vapor for a prolonged time
had a negligible effect on the perovskite chemistry or
morphology. Dependence of the perovskite decomposition rate
on the number of photons incident on the sample was found.
With more photons impinging on the MAPI surface, faster
chemical and electronic, as well as morphological changes,
occurred. The main observation from the NAP-XPS results is an
initial reduction of carbon and nitrogen as well as an increase
of lead and iodine signals accompanied by spectral shifts
towards lower binding energies. The current density—voltage
(J-V) characterization over 600 h using different illuminations
(0.32, 0.5, and 1 suns) revealed that initially similar power
conversion efficiency (PCE) values decrease with illumination
time as a function of photon flux: The most robust PCE decrease
is observed for the highest photon flux. By comparing our NAP-
XPS results with the solar cell performance over time, we
believe that the initial PCE decrease originates from the creation
of Frenkel pair defects in the MAPI film under illumination. We
assume that their creation under highly intense light might be
much faster than the chemical reaction of water vapor with the
perovskite and thus may explain the collected NAP-XPS results.
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As Frenkel defects can be self-annihilated when the light and
voltage are turned off, we believe that the so-called “dark
recovery” reported in the literature is caused by the self-
annihilation of Frenkel defects in the perovskite crystal. Also, we
have demonstrated that the number of Frenkel defects depends
strongly on the photon flux. The higher the photon flux, the
faster and higher is the creation of Frenkel defects, and thus the
stronger is the degradation of PCE and the hysteresis in the J-V
characteristics. Therefore, our results strongly suggest that to
significantly extend the lifetime of PSCs a practical method-
ology to limit or even prohibit Frenkel defect creation under
operation needs to be developed.

Experimental Section

Perovskite film and solar cell preparation: The MAPI absorber
layer was prepared from DMF/DMSO solution with spin-coating
according to our recipe published already in Ref. [28] The solar cells
were prepared in an n-i-p similar to Ref. [24] The perovskite film
was prepared on the ITO coated glass covered by a SnO, electron-
transporting layer. As hole-transporting layers spiDOT were used.
Gold was used as back contact. Layer thicknesses of the ITO/SnO,/
MAPDbI;/SpiDOT/Au stack amount to about 150, 40, 350, 100, and
80 nm, respectively.

NAP-XPS: The laboratory-based NAP-XPS studies were performed
on the SPECS Surface Nano Analysis GmbH tool available at the
Charles University in Prague (Czech Republic). More details about
this instrument can be found elsewhere."”'® The base pressure in
the analysis and in situ-load-lock chambers was in the range of 10~°
mbar. The “chamber-in-chamber” design allows the investigation of
the perovskite film under different environmental conditions, that
is, the perovskite film can be at the same time exposed to constant
water vapor (at pressures ranging from 10° mbar up to 1 mbar)
and investigated by XPS offering thus insitu studies of the
perovskite chemical interaction with water. The XPS spectra were
collected with an Al K, anode (excitation energy of 1486.6 eV) at a
photoelectron take-off angle of 90°. The flux of photons impinging
on the perovskite film during XPS measurements was equal to 6.1 x
10° photonss™, this was the lowest used in this work during NAP-
XPS studies. The pressure during experiment was changed from
10°to 1073, 107% 107", and 1 mbar by introducing water vapor into
the NAP cell chamber with the perovskite film. The perovskite film
was investigated under UHV conditions (10~° mbar) three times: in
the same sample spot before and after water insertion into the NAP
cell and the third time in a fresh spot of the same sample previously
exposed to water. In order to check the influence of the photon
flux on the degradation rate of the perovskite film under 1 mbar of
water the MAPI film was investigated by means of synchrotron-
based NAP-XPS. The synchrotron-based NAP-XPS studies were
conducted at the CIRCE beamline at the ALBA Synchrotron Light
Source in Spain, using the Phoibos NAP150 electron energy
analyzer also from SPECS."*¥ During this experiment, MAPI films
were investigated in the presence of 1 mbar of water vapor using
an excitation energy of 520 eV and two different photon fluxes of
9.92x 10" photons™' (highest used), and 7.44x10'" photons™
(middle used in this studies, by detuning the undulator). All spectra
were calibrated with respect to the Pb4f,, peak position at
138.6 eV. For relative ratio determination XPS spectra were fitted
using CasaXPS. It should be noted that for the higher excitation
energy of 1486.6 eV (using laboratory-based NAP-XPS tool) photo-
electrons detected in given spectra carry information from areas
deeper below the surface than those produced by synchrotron
radiation using 520 eV radiation. Therefore, for the laboratory-based
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NAP-XPS spectra, there is a mix of information from the “bulk” area
and the surface region; thus, the changes may be less pronounced
than for lower energy photons, regardless of the photon flux.
However, it is proven in our experiment that using the same
excitation energy of 520 eV and different photon flux there is a
clear dependency of the perovskite degradation on the photon
flux.

FESEM: The surface morphology of MAPI films exposed to different
stresses (as-prepared, exposed to X-rays with different fluxes and
energies, treated with water, and a mixture of water and oxygen)
were examined using the FESEM Tescan Mira 3 available at the
Charles University in Prague (Czech Republic). FESEM images were
collected in the in-beam secondary electrons mode using an
accelerating voltage of 30 kV, a working distance <3 mm with an
electron beam spot size of 2 nm. The field of view of the presented
results is 2x2 um?, the scale bar is 500 nm.

Ageing of solar cells: Ageing was performed in a high-throughput
ageing system™' under V. load condition in order to provide
similar operating conditions as during NAP-XPS studies. Cells were
actively cooled to 25°C in nitrogen atmosphere. Illumination was
constant with 1, 0.5, and 0.32 suns, adjusted by the use of neutral
density filters including UV light. For each sunlight dose, J-V scans
were collected on 3-5 cells every 3 h over 600 h in total. J-V curves
of the perovskite solar cells were scanned with a digital source
meter (Keithley model 2400) in two consecutive sweeps without
pre-biasing of the device, first in reverse direction from 1.2 to
—0.1V, and immediately afterwards in forward direction from —0.1
to 1.2 V. The scan rate was 100 mVs™'. A metal-halide lamp with H2
filter was used, mimicking AM 1.5G spectra (see Figure S3). The
illumination intensity was actively controlled with the help of a
silicon irradiation-sensor, which itself was calibrated using a silicon
reference cell from Fraunhofer ISE, adjusted to 100 mW cm™. By the
overlap of orthogonal ITO and gold patterns, both 4 mm in width,
the active area of 0.16 cm? was defined.
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