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Abstract

Perovskite-based solar cell devices promise high efficiencies and low cost, but their use in PV
is limited by several factors. In this thesis, I look at the different limiting factors, e.g., pin-holes,
decomposition and the toxicity of Pb, which can be eliminated/controlled by using Cs for better
stability, Sn for less toxicity, and SnF for better coverage and prevention of oxidation.

The chemical and electronic structure of solution-processable hybrid organometallic
(CH3NH3PbI(37X)ClX) and completely inorganic (CsSnBrg) perovskite materials have been
studied using x-ray and electron based spectroscopic techniques. The morphology and local
elemental composition of CH3NH3PbI(37X)CIX used as absorbers in PV devices, which define
the film quality (properties) and influences the performance of the solar cell have been studied in
detail. Further, the impact of water and light on the chemical structure of CH3NH3PbI(37X) Clx
is studied in-situ to gain insight into the degradation mechanism responsible for the short life-
time of the absorber and solar cell. For alternative, completely inorganic CsSnBr3 absorbers,
the impact of SnF'9, as an oxidation inhibitor on the chemical and electronic structure is studied

to identify its role in the improved performance of the solar cell.

Photoemission electron microscopy (PEEM) is used to investigate the interface of the wet-
chemically deposited 300 nm thick CH3NH3PbI(3,X)CIX perovskite thin-film on planar com-
pact TiOg (c-TiOg9, electron transporting material [ETM]) on FTO/glass substrates providing
insight into coverage, morphology, local elemental composition and spatially resolved elec-
tronic structure of the sample. Microscopy images (PEEM and complementary scanning elec-
tron microscopy (SEM) images) reveal an incomplete coverage, with holes reaching down to
the c-TiO9 substrate. Three different topological regions with different degrees of coverage
and chemical composition are identified. Depending on the degree of coverage, photoemission
electron microscopy - x-ray photoelectron spectroscopy (PEEM-XPS) data indicate a varia-
tion in iodine oxidation and the formation of metallic Pb in the vicinity of the c-TiO9 sub-
strate. The valence band maxima (VBM) derived from PEEM-XPS for the perovskite and ETM

give insight into the electronic structure, and combined with information from literature on
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2,2°,1, 7’ -Tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’-spirobifluorene (spiro-MeOTAD, hole
transporting material [HTM]), an excellent charge selectivity at the absorber/HTM and ab-
sorber/ETM interfaces respectively can be determined. Furthermore, the derived energy level
alignment (using a combination of measurement and literature) indicates a large recombination
barrier (on the order of 2 eV), which would prevent shunts from occurring due to contact be-
tween ETM and HTM in the pin-holes.

In-situ ambient pressure hard x-ray photoelectron spectroscopy (AP-HAXPES) studies of 60
and 300 nm thick CH3NH3PbI(3,X) Clx perovskites on c-TiO9 have been performed under dif-
ferent conditions (i.e. vacuum/water and dark/UV light) to investigate the degradation process
in-situ. 60 nm and 300 nm thick perovskite absorbers show distinct degradation mechanisms,
which is partly (in addition to the nominal thickness difference) ascribed to the difference in
morphology and the related differences in chemical composition. The 60 nm perovskite sam-
ple forms Pb? in water vapor (p ~ 19.7 - 16.4 Torr, non-defined illumination) in presence of
x-rays (radiolysis), indicating a significant amount of Pbls contained in the sample and being
converted into PbU. The 300 nm thick perovskite sample illustrates a complex behavior under

illumination and in the dark:

It is stable in the dark in high vacuum (p ~ 1 x 107 Torr). Introducing water vapor (p =
15 Torr) leads to adsorption of water on the perovskite, decreasing the signal of Pb? and the
methylammonium iodide (CH3NH3I, MAI) related C species, whereas the perovskite related
signal stays constant, indicating a dissolution of the perovskite mainly into its organic (MAI)

and inorganic components (Pbl»).

In low vapor pressure (p ~ 1.8 x 104 - 2.6 x 107 Torr) under illumination (with AM1.5G),
water residues in the chamber from the previous experimental run serve as water source in high
vacuum and a solar simulator as UV light source. A decrease of I, Pb perovskite (Pbly) and
MAI-related C species and an increase in Pb? indicates the dissolution of the perovskite into
MAI and Pbls, and the further UV-induced formation of Pb? from Pbls. Additionally, a bind-
ing energy (Ep) shift, caused by surface photovoltage (SPV), is observed. The direction of this
shift, caused by SPV, is influenced by the amount of water adsorbed on the sample surface.

HAXPES and lab-XPS measurements were performed on wet-chemically deposited CsSnBrg
absorbers with and without SnF9 on c-TiO9/FTO/glass to study the impact of SnFo on the
chemical and electronic structure. Two Sn, Cs and Br species are seen in all samples, where

the second species is attributed to the oxidized Sn (Sn*) component. When adding SnF» to
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the precursor solution, the coverage is improved and less oxidized Sn (Sn*t) component and
the related species can be observed, confirming the oxidation inhibiting properties of SnFs.
Additionally, SnF9 impacts the electronic structure, enhancing the density of states close to the

valence band maximum (VBM).

In the recent years it has been shown that the film quality of the hybrid organometallic based
perovskite absorbers influences the performance of the resulting solar cell. The surface and
interface investigations of CH3NH3PbI(3,X)C1X/C—TiOQ based perovskite absorbers will give
insight into the detrimental effect of morphology and ambient environment on the chemical
and electronic structure determining the device performance. The results in this thesis show an
inhomogeneous and gradually degrading film, suggesting, for device production, an improved
deposition and protection of the film against moisture and UV light is needed. Alternative
inorganic Pb-free perovskite absorbers such as CsSnBrs promise to be more stable and less
toxic than organometallic perovskite, if the oxidation of the Sn can be controlled, by e.g., SnF9
treatment or UHV deposition. The findings of the study of inorganic absorbers will help to
comprehend the mechanism behind the improved performance of the solar cell due to the SnF»

treatment and will aid in further improvements of the performance of the device.






Zusammenfassung

Perowskit basierte Solarzellen versprechen hohe Effizienzen und niedrige Kosten, aber ihre
Anwendung in der PV ist beschrinkt durch verschieden Faktoren. In dieser Doktorarbeit, wer-
den die verschiedenen einschrinkenden Faktoren, wie z.B. Poren, Zersetzung und die Toxiz-
itdt von Pb, niher untersucht, welche eliminert/kontrolliert werden kénnen durch Benutzung
von Cs fiir eine besser Stabilitdt, Sn fiir weniger Toxizitdt, und SnFo fiir bessere Bedeck-
ung und Prédvention von Oxidation. Die chemische und elektronische Struktur von 16sungs-
basierten Hybrid-Organometallverbindungen (CH3NH3PbI(3,X)C1X) und komplett inorganis-
chen (CsSnBrj3) Perowskitabsorbern wurde mit Rontgen- und Elektronspektroskopiemethoden
untersucht. Die Morphologie und lokale elementare Zusammensetzung von

CH3NH3PbI(3,X)CIX Absorbern (angewendet in PV Aplikationen), welche die Filmqualitit
(Filmeigenschaften) definieren und die Leistung der Solarzelle beinflussen, wurden im Detail
untersucht. Des Weiteren wurden die Auswirkungen von Wasser und Licht auf die chemis-
che Struktur von CH3NH3PbI(37X)CIX Absorbern in-situ untersucht, um Einsicht in die De-
gradierungsvorgéinge, welche fiir die kurze Lebenszeit des Absorbers und der Solarzelle verant-
wortlich sind, zu erhalten. Fiir alternative komplett inorganische CsSnBr3 Absorber wurde die
Auswirkung von SnF'9, als Oxidationshemmer auf dessen chemische und elektronische Struk-

tur untersucht, um seine Rolle in der Verbesserung der Leistung der Solarzelle zu identifizieren.

Photoemissionselektronenmikroskopie (PEEM) wird zur Untersuchung der Grenzflache von
nasschemisch abgeschiedenem 300 nm dicken CH3NH3PbI(3,X)CIX Perowskitdiinnschicht-
filmen auf planarem kompaktem TiO9 (c-TiOs9, Elektrontransportmaterial [ETM]) auf FTO/-
Glass Substraten angewendet und liefert Einblicke in die Bedeckung, Morphologie, lokale ele-
mentare Komposition und raumlich aufgeloste elektronische Struktur der Probe. Mikroskopie-
bilder (PEEM und komplementére Rasterelektronenmikroskopie (SEM) Bilder) enthiillen eine
unvollstindige Bedeckung, mit Lochern die bis zum c-TiO9 Substrat hinunterreichen. Es wer-
den drei verschiedene Topologien mit unterschiedlichen Graden von Bedeckung und chemis-

cher Zusammensetzung identifiziert. Abhéngig von dem Grad der Bedeckung, zeigen die
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Photoemissionelektronmikroskopie-Rontgenphotoelektronenspektroskopie (PEEM-XPS) Daten
eine Variation der Jod Oxidation und die Bildung vom metallischen Pb in der Nihe des c-TiO9
Substrats. Die Valenbandmaxima (VBM), bestimmt von den PEEM-XPS Daten fiir das Per-
owskit und ETM, liefern Erkenntnis iiber die elektronische Struktur und kombiniert mit Litera-
turinformationen iiber 2,2’,7,7’ - Tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’-spirobifluorene
(spiro-MeOTAD, Lochertransportmaterial [HTM]) kann jeweils eine exellente Ladungsselek-
tivitdt an der Absorber/HTM und Absorber/ETM Grenzfliche ermittelt werden. Des Weiteren
weist die Energiebandausrichtung (bestimmt durch eine Kombination von Messung und Lit-
eratur) eine grole Rekombinationsbarriere auf (in der Grolenordnung von 2 eV), welche das
mogliche Auftreten von Shunts durch den Kontakt zwischen ETM und HTM in den Poren ver-
hindert.

In-situ Umgebungsdruckrontgenspektroskopiestudien (AP-HAXPES) mit harter Rontgenstrahl-

ung von 60 und 300 nm dicken CH3NH3PbI 3 )Clx Perowskiten auf ¢-TiO2 wurden unter
verschiedenen Umgebungsbedingungen (z.B. Vakuum/Wasser und dunkel/Licht) durchgefiihrt,
um die Degradierungsprozesse in-situ zu untersuchen. Die 60 nm und 300 nm dicken Per-
owskitabsorber zeigen dabei verschiedene Degradierungsmechanismen, welche teilweise (zusit-
zlich zu der nominalen Schichtdickendifferenz) dem Unterschied in der Morphologie und der
zugehorigen unterschiedlichen chemischen Zusammensetzung zu zuschreiben ist. Die 60 nm
Perowskitprobe bildet in Wasserdampf (p ~ 19.7 - 16.4 Torr, nicht-definierte Beleuchtung)
und in Gegenwart von Rontgenstrahlung Ph? (Radiolyse), was auf einen signifikanten An-
teil von Pbly in der Probe hinweist und in PbY umgewandelt wird. Die 300 nm dicke Per-
owskitprobe zeigt ein komplexes Verhalten unter Beleuchtung und im Dunkeln: Sie ist stabil
im dunkeln Hochvakuum (p ~ 1 x 10°° Torr). Einschleusen von Wasserdampf (p = 15 Torr)
fiihrt zur Adsorption von Wasser auf dem Perowskit, welches zur Verringerung des Signals von
PbY und der Methylammoniumiodid (CH3NH3I, MAI) zugehorigen C Spezies fiihrt, wihrend
das Perowskits zugehorige Signal konstant bleibt, welches eine Ausflosung des Perowskits,
hauptsichlich in seine organischen (MAI) und anorganisch (Pbly) Bestandteile, andeutet. Im
niedrigen Dampfdruck (p ~ 1.8 x 107 - 2.6 x 10~ Torr) unter Beleuchtung (mit AM1.5G),
dienen die Wasserrestbestdnde von dem vorherigen Experimentdurchlauf als Wasserquelle und
ein Sonnensimulator dient als UV-Lichtquelle. Eine Verringerung von I, Pb Perowskit (Pbls)
und MAI zugehorigen C Spezies und ein Anstieg in PhY weisen auf eine Ausflosung des Per-
owskits in MAI und Pbls hin, und weiter auf eine UV-induzierte Bildung von PbY aus Pbls.

Zusitzlich wird eine Verschiebung in der Bindungsenergie (Ep), verursacht durch Oberfldchen-
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Photospannung (SPV), beobachtet. Die Richtung der Verschiebung, verursacht durch SPV, wird

durch die adsorbierte Wassermenge auf der Probe beeinflusst.

HAXPES und Labor-XPS Messungen wurden an nasschemisch abgeschiedenem CsSnBr3 Ab-
sorbern mit und ohne SnF» auf c-TiO9/FTO/Glass durchgefiihrt, um die Auswirkungen von
SnF9 auf die chemische und elektronische Struktur zu untersuchen. Es sind in allen Proben
zweil Sn, Cs und Br Spezien gefunden worden, wobei die Zweite Spezies der oxidierten Sn
(Sn*t) Komponente zugeordnet wird. Wenn SnF9 zur Ausgangslosung hinzugegeben wird,
wird eine verbesserte Bedeckung und eine weniger oxidierte Sn (Sn*t) Komponente und deren
zugehorigen Spezies beobachtet, welches die oxidationshemmenden Eigenschaften von SnF»
bestitigt. Zusitzlich hat SnF9 einen Einfluss auf die elektronische Struktur des Absorbers, es
erhoht die Zustandsdichte in der Ndhe des Valenzbandmaximums (VBM).

In den letzten Jahren wurde gezeigt, dass die Filmqualitéit der auf Hybrid-Organometallverbind-
ungen basierenden Perowskitabsorbern die Leistung der Solarzelle beeinflusst. Die Oberflachen-
und Grenzflichenuntersuchungen von CH3NH3PbI(37X)CIX/c-TiOQ basierten Perowskitab-

sorbern geben Einsicht in die schidlichen Effekte von Morphologie und Umbegbungsbedingun-
gen auf die chemische und elektronische Struktur, welche die Leistung der Solarzelle bestimmt.
Die Ergebnisse in dieser Doktorarbeit zeigen einen inhomogenen und graduierlich zerfallenen
Film und weisen, fiir die Modulherstellung auf eine Verbesserung der Deposition hin und das
ein Schutzfilm gegen Feuchtigkeit und UV-Licht benotigt wird. Alternative anorganische Per-
owskitabsorber, wie CsSnBrs, versprechen stabilere und weniger gifitge Absorber im Vergle-
ich zu Hybrid-Organometallverbindungs Perowskiten, wenn die Oxidation von Sn kontrolliert
werden kann, wie z.B. durch die SnF9 Behandlung oder UHV Deposition. Die Ergebnisse
der Untersuchung von anorganischen Absorbern wird zum besseren Verstindnis der Vorgénge
hinter der gesteigerten Leistung der Solarzelle durch die SnFo Behandlung und zur weiteren

Verbesserungen der Leistung von Anwendungen beitragen.
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1. Introduction

The growing energy consumption world wide is heading towards a shortage/use-up of fossil
fuels needed for energy production. The burning of fossil fuels is on top of that also harmful
for the environment and health; society is compelled to rethink energy production and energy
resource management. Directing the focus towards renewable energies using replenishable
sources like wind, water, sunlight etc. In particular sunlight is a clean source of energy and
available world wide allowing the direct conversion of light into electricity, aka photovoltaics
(PV).

Over the last years diverse solar cells based on different absorber materials and device structures
have been developed. In addition to the conventional and commercially dominant wafer based
solar cells (made from crystalline silicon) also thin-film solar cells have surged. Solid-state
thin-film technology, based on amorphous silicon, cadmium telluride (CdTe), and copper in-
dium gallium (di)selenide (CIGS) absorbers are already commercially available. They promise
a lower production cost due to lower amount of materials needed for production. Thin-film
technology is also compatible with light, flexible substrates, finding use in utility-scale based
application, e.g. building integrated PV [1].

Thin-film technologies based on organic or partially organic materials, e.g. organometallic com-
pounds, which are currently in research and development stages promise efficiency greater than
or equal to that of the already existing thin-film solar cells on the market, at lower production
cost. The hot topic in that research category has recently been the mixed-halide organometallic
perovskites, e.g., CH3NH3Pblg and CH3NH3Pb1(3,X)CIX. A material class that has evolved
from dye-sensitized solar cells into perovskite solid-state solar cells with efficiencies currently
exceeding 22 % [2]. However, they are still inhibited by a short lifetime due to instability of
the absorber [3-9]. Nevertheless the easy production of the perovskite, e.g., spin-coating (on
even flexible substrates [10]) and the tunability of the band gap [11] make it a very interesting
material for a variety of applications, including combinations with other absorbers like silicon
for tandem solar cells [12].



Introduction

The continued fast increase in conversion efficiencies is one of the key aspects in perovskite
research, limited in real devices i.a. by the quality of the absorber film [13, 14]. For per-
ovskite layers e.g., in planar device structures, spin-coating leads to incomplete coverage of the
compact electron transporting material (ETM), suffering from pin-hole formation limiting the
efficiency [14, 15].

Another limiting factor for the efficiency of e.g., inorganic-organic hybrid perovskite solar cells
is the short lifetime and instability of the absorber in ambient environment, making them not
applicable for the market at the moment. They are sensitive to moisture/water and ultraviolet
(UV) light, which degrades the absorber material reducing the efficiency greatly [16]. To move
toward real-life applications of the technology, "degradation" studies of perovskite under differ-
ent conditions have been performed to understand the corresponding mechanism behind it and

to ultimately improve the stability [16-21].

In the community, efforts have been put into encapsulation to enhance the stability and lifetime
of hybrid perovskites [22—-24]. Another approach is the replacement of the hygroscopic and UV-
sensitive organic component with e.g., inorganic Cs, to improve stability, and the replacement of
Pb with Sn to reduce the toxicity of the solar cell. The resulting completely inorganic CsSnXg
based-perovskite, with X = I, Cl or Br, has so far shown only low efficiencies [25,26], partially

due to the easy oxidation of Sn in air [27-29].

This thesis focuses on the absorber’s surfaces and interfaces of the different perovskite stacks

CH3NH3PbI(37X) Clx/c-TiO92 and CsSnBrs/c-TiO9 to study and understand their chemical and

electronic properties which are necessary for further device optimization.

Spatially-resolved analysis of the perovskite at this interface gives insight into the laterally-
resolved chemical and electronic properties, offering the possibility to explain the reasonable
performance and why the resulting device is not completely short circuited (see chapter 4). Fur-
ther the degradation of the perovskites under different ambient conditions is studied (see chapter
5); many degradation paths have already been proclaimed but the process and contributing fac-

tors behind it is not fully understood yet.

Since humidity/UV light and also Pb is a disadvantage for the current perovskite solar cell de-
vices also alternative presumably more stable CsSnBr3/c-TiO9 interfaces were studied. SnF»
has been shown to improve efficiency of corresponding solar cells by inhibiting the oxidation of
Sn [25,29]. However the impact of SnF'9 on the chemical and electronic properties of CsSnBr3
is not completely understood and will be evaluated for further device improvement in the future
(see chapter 6).



The interfaces were studied by using spatially resolved photoelectron emission microscopy in
UHYV and non-spatially resolved x-ray photoelectron emission spectroscopy (XPS) in UHV and
under ambient conditions for CH3NH3PbI(37X) Clk. For CsSnBr3 XPS studies were performed
solely in UHV.

This thesis is outlined as follows: Chapter 2 introduces the different absorbers used for perovskite-
based solar cells and studied in this thesis along with their preparation procedure. In chapter 3
the methods used within this thesis and the relevant theoretical basics will be briefly introduced
along with the details of the equipment. Chapter 4 presents the measurements and results of the
spatially-resolved study of the CH3NH3PbI(37X) Clx/c-TiO9 interface crucial for device perfor-
mance. In chapter 5 the same absorbers were studied under ambient conditions, monitoring the
chemical changes of the interfaces with a non-closed film and tracing the degradation. Chapter
6 presents the study of CsSnBrg/c-TiO9 absorber and the impact of SnF9 on the oxidation of
Sn and the related properties of the absorber.






2. Thin-Film Absorbers and
Application in Solar Cells

In this chapter, a brief introduction to the basics of thin-film solar cells will be given, focus-
ing specifically on hybrid organometallic and inorganic Pb-free perovskite thin-film absorbers
studied within this thesis.

Solar cells in general are electrical devices, generally based on semiconductors, which convert
the energy of light into electricity by the photovoltaic effect. Under illumination with sunlight,
solar cells absorb photons with an energy hv larger than the band gap Eq (5 0) of the absorber
material and excite electrons from the valence band into the conduction band, leaving a hole
behind. The so-created electron-hole pairs will be then spatially separated by electrical contacts.
The separation is facilitated by an internal field produced by, e.g., a p-n junction. The p-n
junction can be a divided into two types: an p-n heterojunction consisting of different p- and
n-doped materials, or a homojunction where an internal field is created by differently doping
the same material.

Since for the creation of many electron-hole pairs, photon energies hv > E are required, Eg
should be adapted to the terrestrial sun spectrum, which is shown in Figure 2.1 a) under AMO
(abbr. for air mass) and AM1.5G, to enable the absorption of as many photons as possible. Air
mass in general describes the relative path length of the solar radiation traveling from the sun
to the earth surface through the atmosphere, being O for radiation outside the Earth atmosphere
and 1.5 for radiation passing through the atmosphere under an angle of 48.2° [30]. The latter
describes a longer path way for the irradiation through the atmosphere causing losses in intensity
through absorption and scattering. An AM1.5(G [global] or D [direct]) solar spectrum is usually
used to test solar cells and determine their conversion efficiency n. Note that AM1.5G has an
integrated power density of 1000 W/m? whereas AM1.5D has an integrated power density of
only 900 W/m? [31]. The theoretical limits for 1 (Shockley-Queisser limit) of p-n junction solar
cells were determined, based on AM1.5, by W. Shockley and H. J. Queisser in 1961 [32]. Figure
2.1 b) shows the efficiency for different band gaps, indicating a maximum efficiency (around
33%) for E; between 1.2 and 1.4 eV .
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Figure 2.1.: a) Shows the terrestrial AMO and AM1.5G sun spectrum. Data was taken from
Ref. [31] and energy scale converted into photon energy. b) Shows the Shockley-
Queisser limit for single junctions solar cells. Data were taken from Ref. [33].

2.1. Perovskite Absorbers in Solar Cells

The story of perovskites as absorbers in solar cells started basically in 1991, when Gritzel
first described dye-sensitized solar cells (DSSCs) [34], from which the solid-state sensitized
perovskite solar cells have evolved. The DSSC consist of a redox-active electrolyte and a
light-absorbing dye introduced into mesoporous TiO9, which increases covering area and light
absorption of the dye [3]. The dye was then replaced by inorganic-organic perovskite-based
materials introduced into the mesoporous TiOs9, and resulting in a cell first reported by Kojima
et al. in 2009 with an efficiency of 3.8% [35]. Since then the solid-state hybrid solar cells based
on solution-processable inorganic-organic perovskite absorber layers have exceeded the 20%

conversion efficiency [2,36,37] promising low material and production cost.

Materials denoted as perovskites have an AMX3 crystal structure composed of a cation A, a
metal cation M = e.g., Pb or Sn and a halide anion X = I, CI, or Br. The cation A could be an
organic ion e.g. CHgNHé’_ (Methylammonium, MA) or CH(NHQ)S— (Formamidinium, FA) for
hybrid organometallic perovskites or inorganic e.g., Cs. For perovskites, different combinations
of cations and anions are possible, including mixtures with varying ratios of different halides,
metals and organic/inorganic components, to either tune the band gap [11,38,39] and therefore

tune the optoelectronic properties of the perovskite, or to improve the stability [40,41], which
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is still one of the main issues for application of perovskites in solar cells.

Figure 2.2 shows the corresponding n-i-p planar and mesoscopic structure of the solar cell
devices based on the absorbers studied in this thesis. The mesoscopic structure consists of a
mesoporous TiOg (mp-TiO9) layer on top of c-TiO9 on FTO/glass covered with a perovskite
layer (here CsSnBrg [25]), hole transporting material (HTM, here 2,2°,7,7’-tetrakis-(N,N-di-4-
methoxyphenylamino)-9,9’-spirobifluorene [spiro-MeOTAD]) and Au contact. For the planar
structure the c-TiO9 on FTO/glas is covered by the perovskite (here CH3NH3PbI(3,X) Clk [15])
covered with a HTM (here: spiro-MeOTAD) and Au contacts. In both structures TiO9 is the

electron transporting material (ETM).

Metal anode (Au) Metal anode (Au)
HTM (Spire-MeOTAD) HTM (Spiro-MeOTAD)

Perovskite Perovskite
(CH,NH,PbI; ,,CL) (CsSnBr;)

mp-Ti0,

Glass Glass

planar structure mesoscopic structure

Figure 2.2.: Shows the n-i-p planar and mesocopic device structure based on the two perovskite
absorber types studied in this thesis. Adapted from Ref. [13]

2.2. Hybrid Organometallic Perovskites

2.2.1. Device Performance Limiting Factors

For perovskite solar cells the performance of the device is determined by the film quality of
the absorber layer as one of the main factors [13, 14]. Leading solution-processed hybrid
organometallic perovskites to conversion efficiencies exceeding 20% (2,36, 37], with the high-
est efficiencies achieved by using a mesoporous electron transport material (ETM) scaffold of
TiO2 or AloO3 [5] upon which the perovskite is spin-coated. However, devices based on a pla-

nar device structure should also be able to reach high performances, although they lag behind
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in that respect so far. Therefore, a lot of work is invested into the development of a method to
successfully deposit the perovskite layer directly on compact ETMs (e.g., from solution at low
process temperatures < 150° C for low cost) [3, 15,42].

Spin-coated perovskite layers on compact ETMs tend to have an incomplete coverage, suffering
from pin-hole formation in the perovskite, limiting the efficiency [15], which might decrease
light absorption (limiting the current) and might result in a direct contact between HTM and
ETM, providing low-resistance shunt paths causing electron-hole recombination (limiting the
voltage) [14]. Alternatively the deposition of a transparent, insulating shunt-blocking layer on
the uncovered ETM introduced into the device structure can enhance the open circuit voltage

(Vo) without deteriorating charge extraction [43] and minimizing the risk of shunting.

Another device performance limiting factor of the hybrid organometallic perovskites is the sta-
bility of the absorber under different environmental conditions (e.g., moisture and UV light)
[16]. Leading to a degradation of the absorber during/after exposure to sunlight, elevated tem-
peratures and/or humidity [13] reducing the efficiency of the resulting solar cell, which is very

unfavorable for outdoor applications.

2.2.2. Proposed Degradation Pathways for CH;NH;Pbl;
Perovskites

To improve the stability of hybrid organometallic perovskite, leading to devices with good re-
producibility, a long lifetime, and high efficiencies, an understanding of the degradation process
is necessary [16]. Part of the stability issue is already being addressed, to improve e.g., mois-
ture stability, by protection of the perovskite layer from the humid environment by depositing
AlsOg layers between the perovskite and HTM (or on top of the HTM) [22, 23] or by encapsu-
lation [24,44]. Similar attempts have been done to improve the UV stability by including UV
cutoff filters on top of the perovskite [45,46].

To unravel the degradation paths of the perovskite in a humid environment and/or under UV
light illumination, a lot of studies have been done so far, but most of them were done without
monitoring the change of the absorber under ambient conditions (ex-situ) [16-21].

The degradation path described in literature usually includes moisture, oxygen and light to-
gether. In the following the proposed degradation mechanism for CH3NH3PblI3 according

to [9, 16,47] are summarized:

CH3NH3PbI; ¢2% CH3NH;1(aq) + Pbls 2.1)
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CH3NH;3I(aq) <+ CH3NHs(aq) + HI(aq) (2.2)
4 HI(aq) + Og < 2I5(s) + HyO (2.3)
2 Hl(aq) <% Ha(g) 1 +Ta(s) (2.4)

For the reaction in equation 2.3 and 2.4 oxygen and UV light are necessary. If no oxygen or light
is available, the degradation ends with equation 2.2 [21]. Another possible starting degradation
path of CH3NH3Pbls in water could be

CH3NH3PbI; ¢2% ((CHy )(s)NH3(g) + HI(g) + Pbla(s), 2.5)

which Ke et al. [48] supports in their Near-ambient-pressure X-ray photoelectron spectroscopy
(NAPXPS) study with water. Additionally stating the further decomposition of Pbly under
water and UV light exposure into Pb? and Is.

Also other degradation paths are proposed with varying environment parameters leading always
to Pbly as the end product, which has a yellow color and clearly indicates a degradation of a
perovskite by its color change from brown for CH3NH3PbI3 to yellow. In case of light and

oxygen a deprotonation happens according to [47]:

_ Deprotonation
—

1
CH3NH3Pbl; + O CH3NH; + Pbly + 5Tz + Hz0 (2.6)

Equation 2.6 further converts under UV illumination and O9 to [21]:
CH3NHs(g) + HI(aq) + Pbla(s) + HoO 2.7
For samples in the dark and moisture the following degradation path is proposed [47]:

4 CH3NH3Pbl3 +4 HoO « 4 [CHgNHngIg . HQO]

(2.8)
< (CH3NH3)4Pblg - 2H20 + 3 Pbly + 2 HO

The degradation path of perovskite proposed under illumination without water or oxygen is
according to [19,20]:

2 CH3NH3Pbl3 ¢ 2 CH3NHy + 2 HI + Pbly + Pb + I (2.9)
or
CH;3;NH3Pbls <% (-CHy )NH; + HI + Pbly (2.10)
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Further Pbly separates under illumination into PbY and Iy. Also Tang et al. [19] proposes a
degradation of perovskite in vacuum in the dark due to iodine vacancy (V) formation:

CH3NH3Pbl3 <5 CH3NHy + HI + Pbly + Vi (2.11)

The final degradation product in the dark and vacuum is Pbly, whereas vacuum and light lead
to PbIs and PbV as final degradation products [19].

Still in-situ measurements (e.g., monitoring the changes of the material properties) in vacuum
and at ambient pressure with and without UV irradiation in addition to water vapor exposure

are missing to complement the degradation picture of the perovskite.

2.2.3. Properties of Hybrid Organometallic Perovskite Absorbers

The CH3NH3Pbl3 perovskite absorber discussed in this section has a band gap between 1.5
and 1.6 eV [49], which is higher than the ideal band gap between 1.2 and 1.4 eV close to the
Shockley-Queisser Limit. CH3NH3PbI(37X)CIX (discussed in 4 and 5), obtained by adding Cl
to the precursor solution (see subsection 2.2.4), has a band gap of 1.55 eV [49], longer diffusion
length [50] enhancing carrier transport, a high optical absorption coefficient, and better charge
mobility [51] and lifetime [52] compared to CH3NH3Pbls. The Cl in CH3NH3PbI<37X)CIX
also reduces the charge recombination [52] and the resulting solar cells exhibit a high open
circuit voltage [5]. However the distribution/location of ClI in the film remains uncertain; it is
assumed that after preparation of the sample the Cl is depleted at the surface (enrichment of
Cl at the interface) [53] or it has facilitated during preparation the release of excess CH3NHZ,
leading to x-ray diffraction (XRD) structure identical to CH3NH3Pblg [54], suggesting the

absence of ClI in the absorber.

2.2.4. Sample Preparation of CH3NH3PbI(3_X)CIX Absorbers

The device-relevant 300 nm thick CH3NH3PbI(3_X)CIX perovskite thin-films studied in this
thesis were prepared on compact TiO2/FTO/glass substrates at the University of Oxford (group
of H. Snaith) using their standard one-step preparation method according to [5, 15].

The compact TiO2 (c-TiO2) layers, acting as the electron transporting material (ETM), were
prepared by spin-coating an acidic solution of titanium isopropoxide dissolved in ethanol at
2000 rpm for 60s on fluorine-doped tin oxide (FTO) substrates (Pilkington, TEC7), followed

10
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by drying at 150°C and annealing at 500°C for 45 min.

The methylammonium iodide (CH3NH3I, "MAI") was synthesised by reacting a 33 wt% methy-
lamine (CH3NH3) solution in ethanol with a 57 wt% hydroiodic acid (HI) in water at room
temperature. For the crystallization of MAI the reacted solution was dried by using a rotary
evaporator resulting in a white colored powder.

For the one-step deposition of the perovskite, the precursor solution was prepared by dissolving
MALI and lead (II) chloride (PbCls) in anhydrous N,N-dimethylformamide (DMF) in a 3:1
molar ratio with a final concentration of 2.64 mol/l MAI and 0.88 mol/l PbCls. This precursor
solution was then spin-coated onto compact TiO9 at 2000 rpm in a nitrogen-filled glovebox for
45 s and left to dry at room temperature inside the glovebox, allowing the solvent to slowly
evaporate. After drying, an annealing step for 2.5 h at 90°C was done for the crystallization and
formation of the perovskite structure. For absorbers with a decreased thickness of 60 nm the
precursor solution is diluted with DMF before spin-coating.

The freshly prepared samples were sealed in a container under inert gas and transferred from
the University of Oxford to the Helmholtz-Zentrum Berlin fiir Materialien und Energie (HZB),
where they were stored and/or unpacked and mounted on sample holders in a No-purged glove-
box. The handling/storing of samples under inert gas is necessary due to high moisture sen-
sitivity of the perovskite leading to degradation and decomposition of the absorber material.
In cases were introducing of samples into the experimental set-up under inert gas atmosphere
was not possible, the exposure to ambient air was kept at minimum (such specific cases will be
identified where appropriate).

The preparation of the CH3NH3PbI(37X) Clx absorbers described so far and studied throughout
this thesis do not represent a complete solar cell. For the completion of the solar cell device a
hole transporting material (HTM), usually spiro-MeOTAD would be spin-coated on top of the
300 nm perovskite layer. For contacting the solar cell, a gold or silver electrode is thermally

evaporated on top of the spiro-MeOTAD.

2.3. Inorganic Pb-free CsSnX3-based Perovskites

Hybrid organometallic perovskite, e.g. CH3NH3Pb1(3,X)CIX, as briefly mentioned in the pre-
viously section, have two major issues: One is the toxicity of Pb and the other is the instability
of the hybrid-based perovskite solar cell due to Ultraviolet (UV) induced radiation damage of
the organic component in addition to moisture instability.

The toxicity issue can be addressed by replacing Pb with Sn. Sn in conjunction with organic

11
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components is toxic, but not in its inorganic form [55]. The second issue can be approached by
completely substituting the organic cation(s) with (inorganic) Cs to improve device longevity
[56]. Incorporating these modifications leads to a new variant of inorganic Pb-free perovskites
- CsSnX3 - as promising alternative absorbers.

Devices based on CsSnX3g have thus far exhibited only relatively low efficiencies [25,26], pos-
sibly due at least in part to the easy oxidization from Snt?2 to Snt* producing deep defects in
the absorber [27,29]. Adding SnF9 during preparation seems to inhibit this oxidation [29] and
increase conversion efficiency [25,29]. For CsSnBrg samples with SnF, a band gap of 1.75 eV
and an efficiency of 2.1% with an improved V is found [25]. However, the exact mechanism
behind the SnF treatment, in particular its impact on the chemical and electronic structure, is

not yet fully understood.

2.3.1. Sample Preparation of CsSnBr3; Absorbers

The CsSnBrs samples studied in this thesis were prepared by the Weizmann Institute of Science
(WIS) in Israel according to [25]. They prepared two types of samples, CsSnBrg without
and with SnF9 on compact TiO2 on FTO coated glass substrates (Xinyan Technology, TCO-
XY15). First, layers of compact TiO2 (70 nm) were deposited on FTO coated substrates by
spray pyrolysis of a 30 mM titanium diisopropoxide bis(acetylacetonate) solution in isopropanol
using air as the carrier gas on a hot plate, which was set to ~ 500°C. The substrate was then
annealed in air at 160° C and 500° C respectively for 1 h each. After cooling down, the sample
was transferred into the glovebox for the deposition of the perovskite (the HTM layer was
skipped for our purposes, for a complete cell it would also be deposited in the glovebox).

For the preparation of the precursor solution resulting in 0.8 M of CsSnBr3, 0.170 g of cesium
bromide (CsBr) and 0.222 g of tin bromide (SnBro) were mixed together. For the required 20
mol% of tin fluoride (SnF9 from Sigma Aldrich) 0.025 g of SnF9 were added to the mixture
followed-up by 1 mL of dimethyl sulfoxide (DMSO). The resulting precursor solution was
stirred over night at 75° C and filtered afterwards. Then the solution was spin-coated on pre-
heated TiO» substrates (at 100° C) for 30 seconds at 2000 rpm followed by a drying process at
100° C for 10 minutes.

After preparation, the samples were packed and sealed under inert gas and shipped from WIS
to HZB. Since the CsSnBr3 samples contain tin, which is highly air sensitive, the samples were

stored and handled in a No-filled glovebox to avoid oxidation and therefore degradation.
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3. Methods and Experimental Details

In this chapter an introduction into the characterization methods, instrumentation, and analysis
used within the scope of this thesis will be given.

For studying the chemical and electronic properties of the perovskite absorber, mostly photo-
electron spectroscopy (PES) was used. But also supporting/complementary methods like scan-
ning electron microscopy, elemental distribution maps, and photoelectron emission microscopy

were used.

3.1. Photoelectron Spectroscopy (PES)

PES is a common technique to study electronic and chemical properties of a material due to its
capability of being element and compound specific. It is based on the photoelectric effect: When
a solid is irradiated with (monochromatic, in this case) photons of sufficient energy (x-rays or
UV), electrons within the solid are excited from occupied (initial, |i, k)) into empty (final, |f, k))
states from where they are released into vacuum and detected by an electron-energy analyser.

The excitation of an electron (for a single particle system) is described by Fermi’s golden rule

transition probability for optical excitation [57]:
1 :
Wi = 1 [(E k| H[i, k) *5(Eg () — Ei(k) ~ h) (3.1)

Where H is the perturbation operator for a system disturbed by an electromagnetic field and
the 6-function describes the energy conservation in the excitation of the electron from an initial
state E;(k) into a final state E¢(k) of the electronic band structure. k is the wave vector of the
electron.

Further, the propagation of the excited electron to the surface and emission of the electron from
the solid into the vacuum are not completly described by Fermi’s golden rule and loss processes
need to be taken in consideration. The propagation of the electrons can be described by the
transport probability D(E,k) which is proportional to the mean-free path Ae (without inelastic

scattering). Transmission of the photoelectron through the surface is theoretically described by
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Figure 3.1.: Schematic energy-band diagram of a semiconductor showing the photoemission
process. The incoming photon with energy hv is absorbed by an electron and ex-
cited above the vacuum level. Leaving the semiconductor with a certain kinetic
energy. The energy axis indicates the ranges of the kinetic and binding energy
towards the vacuum and Fermi level, respectively.

a transmission rate [57].

In the end the kinetic energy of the detected electrons can be simply described by the following
equation:
Exin =hv-Egp - & (3.2)

Here Ep is the binding energy of the electron, ¢ = Ey;,. - Er the work function with Ey;,.
and Ep being the vacuum and Fermi level respectively. hv is the photon energy used for the
excitation of the electron. Note that the binding energy of electrons is element specific, allowing

the identification of chemical species and elements in a material on basis of reference materials.

For photoelectrons to leave the sample, an excitation energy hv > Ep + & is necessary.
Depending on the kinetic energy of the electrons, information about the initial state can be

retrieved. For a given hv, electrons with high kinetic energies originate from the valence band
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3.2 Scanning Electron Microscopy(SEM) and Energy Dispersive X-ray Spectroscopy
(EDX)

region or shallow core levels. Electrons that are more strongly bound, e.g., from core levels,
have lower kinetic energy. This is schematically shown in Figure 3.1.

Photoelectron spectroscopy is a general term and can be divided into sub-categories depending
on the source or sample probing environment. For example, PES techniques using photons in
the UV range are called UPS (ultraviolet photoelectron spectroscopy) and an excitation energy
ofe.g.,hv=21.2eV (He ) is used to study the valence band. If x-ray radiation is used it is called
XPS (x-ray photoelectron spectroscopy), which can be further divided into XPS using Mg K
(hv = 1253.56 eV) and Al K, (hv = 1486.58 eV) for excitation and hard x-ray photoelectron
spectroscopy (HAXPES) with hv between 2 and 8 keV. In this thesis, also ambient pressure
HAXPES (AP-HAXPES) is used to study the sample in ambient conditions (in this case, in an

atmosphere of ~ 15 Torr water vapor).

3.2. Scanning Electron Microscopy(SEM) and Energy
Dispersive X-ray Spectroscopy (EDX)

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX) de-
liver spatially resolved information about the sample surface.

SEM maps the spatially resolved surface morphology by scanning a focused electron beam
(with an energy from 2-10 keV) over the sample and simultaneously detecting the emitting
electrons from the surface. The incoming electrons interact with the sample and the emitted
electrons from the surface can have various origins found in different energy ranges. Aside from
elastically backscattered electrons, inelastic backscattered electrons which lost their energy due
to plasmon excitation and interband transitions can be detected. These excitations are specific
for every material or solid. Secondary electrons or the secondary background originates from
electrons undergoing multiple scattering events on their way to the surface. Depending on the
tuned energy range of the detector, a chemical composition with low resolution (by detecting
backscattered electrons) or a topographical image with poor chemical composition (by detecting
secondary background) can be mapped. The contrast or intensity of the image is determined by

the interaction of the electrons with the material and is therefore material specific [57].

For a topography image with a good resolution and local chemical composition, SEM and
EDX are combined. For recording EDX maps in the same set-up as SEM, the sample is again
irradiated with an electron beam and fluorescence x-ray photons, which are element-specific

and map the local chemical composition, are detected [58].
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Note that SEM and/or EDX measurements recorded with an electron beam energy of a few keV
always contain the risk of being influenced (or, in the worst case, dominated) by artifacts due
to beam-induced alteration of the material properties. This is particularly true for organic or
inorganic/organic hybrid materials such as perovskites, where the organic part can be quickly
damaged by the high kinetic electrons. This risk can be reduced by limiting the exposure time
of the probed sample area. Further, if comparison of the SEM and EDX data before and after
measurements do not show any visible changes in the morphology and elemental distribution
of the surface (e.g., due to beam exposure-induced decomposition), the measurements can be
considered to be mainly free of electron beam induced artifacts, unless beam damage arises

directly at the beginning of the measurements.

3.3. Photoelectron Emission Microscopy (PEEM)

Photoelectron Emission Microscopy (PEEM) is an alternative imaging method to SEM de-
scribed in the previous section. In contrast to SEM, the sample surface is illuminated by pho-
tons, and electrons of different kinetic energies are emitted according to equation 3.2 and de-
tected. The physics behind this technique are similar to XPS described in 3.1.

The sample surface is mapped by recording the photoemission from each point by means of a
fluorescence screen in front of the imaging detector (here a CCD camera) [59, 60].

Further, X-PEEM can, in particular, be used to perform laterally-resolved and chemically sen-
sitive x-ray photoelectron spectroscopy (XPS) and x-ray absorption spectroscopy (XAS) mea-
surements, in microscopy mode, to reveal the chemical environment of the formed species.
Making PEEM a full-field microscopy technique compared to SEM as an imaging technique
with limited composition information. The energy resolution for the spectroscopy methods is
realized by an energy filter (here an energy analyzer) positioned in front of the detector. For
visualization, the contrast of each image according to the fulfillment of the energy conditions

for a certain core electron is then determined (more details can be found in Refs. [59, 60]).

3.4. Data analysis

3.4.1. Curve Fit Analysis

Curve fit analysis is applied to XPS spectra, which were normalized to the background, to de-
termine the intensity/area of the core levels as well as the chemical speciation. This involves

fitting the peaks with Voigt functions, which are a convolution of the Lorentzian- and Gaussian
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function. The convolution in spectroscopy is necessary to account for the natural (Lorentzian)
and experimental (Gaussian) line broadening due to lifetime and experimental resolution, re-
spectively. The fit analysis with Voigt functions is done by iterative fitting according to the
least-squares methods using the fitting softwares Fityk [61] and Unifit 2016 [62]. The goal is to
minimize the X2 value, which represents a quality feature of the fit. X2 is related to the residuum,
which gives the difference between the fitted or simulated spectrum and the experimental mea-
sured spectrum (data). In Figure 3.2 an example of a Pb 4f fit displaying/explaining some of
the fit related terms, mentioned in this subsection, is shown. Note that this is a simplified quan-
tification, because the plasmonic loss structure known for Pb 4f, overlapping with the doublet
peak at higher Eg, is not taken into account nor the satellites peaks appearing additionally in

lab-based XPS, overlapping at lower Eg with the doublet peak.

o Data Pb 4f
Fit
Component | (Voigt)
Component Il (Voigt)
Residuum
Background (Shirley)
T Area of comp. |
Area of comp. Il
|
. b
spin-orbit
I splitting

Normalized Intensity

1:16 ' 1:14 ' 14112 ' 14110 ' 1II38 ' 1:136 '
Binding Energy (eV)

Figure 3.2.: Example fit of Pb 4f doublet including some fit related terms used in the text.
A reasonable physical interpretation of the curve fit analysis is obtained by adding additional

constraints to the Voigt functions, e.g., accounting for the spin-orbit splitting of doublets by

fixing the area ratio of the components according to the multiplicity (2j+1), coupling the peak
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shape and width for every core level of the same element and subshell, and setting the spin-orbit
split separation fixed according to literature values. The spectral background is usually fitted
with a linear (Fityk) or Shirley (Unifit 2016) background. Detailed information of the con-
straining parameters and fitted background for curve fit analysis can be found in the respective
data chapters. Note that for Unifit the coupling of the peak shape and width is not dynamic for
batch processing of multiple spectra obtained from a measured series/sequence, and can only
be fixed. In contrast, in Fityk the spectra can be fit "simultaneously". The batch processing in
Unifit uses the same settings for every spectra and transferring all performed fitting steps of the
active window (spectrum) to the following spectra. Nevertheless coupling of peaks of the same

element, e.g., for different species, for a single spectrum is possible and dynamic.

For further analysis and interpretation of the intensity/area obtained from the fit, the excitation
energy as well as the experimental geometry needs to be taken into account due to the fact that
the photoionization cross section differs for every core level and excitation energy, and to take
also the angular distribution of the photoelectrons within the electric dipole approximation into
consideration [63, 64].

This is done by calculating the photoionization cross section of every core level (for a given
excitation energy) for polarized or unpolarized x-rays from Ref. [63, 64] under consideration
of the experimental geometry and normalizing the fitted area/intensity to it. For HAXPES
measurements (performed at HIKE [BESSY II]) and AP-HAXPES (performed at the ALS)
the geometry is as follows: the horizontally polarized x-rays irradiate the sample under (near)
grazing incidence and the electrons are then emitted (near) normal to the sample surface. For
the photoionization cross section calculation an angle of 90° is therefore assumed between
polarization of the light and entrance of the analyzer. For lab-based XPS unpolarized x-rays the
angle between source and analyzer is the "magic" angle of 54.7° where angle-dependent effects

cancel out.

For the HAXPES data of CsSnBr3 measured at hv = 2 keV the photoionization cross section
for Sn 4d5/2, Br 3d5/2, Cs 4d5/2, F 1s and Ti 3p (Ti 3p3/2) can be directly calculated from Ref.
[63,64]. For the lab-based measurements of CsSnBrs, the photoionization cross section of F 1s
and Sn 3p4 /2 Was determined from plotting the calculated photoionization cross section from
Ref. [63,64] over the excitation energy (500 - 5000 eV), leading for Al K, to a photoionization
cross section of (3.35 & 0.01) kb (= 10 2! cm?) for F 1s and of (6.25 + 0.01) kb (= 10 2! cm?)
for Sn 3ps /2 respectively.
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3.4 Data analysis

3.4.2. Inelastic Mean Free Path and Layer Thickness

Aside from the photoionization cross section, the distance that electrons can travel through a
material without losing energy is also energy and material dependent and given by the inelastic
mean free path IMFP). Figure 3.3 shows this dependency of the IMFP over the kinetic energy
displayed as a universal curve according Seah and Dench [65]. This curve reflects the general
trend of IMFPs for different elements/materials and has a minimum (with lowest IMFP of «~ 0.4
nm) at «~ 40 eV. The shape arises from the competing elastic and inelastic scattering processes.
Electrons with kinetic energies smaller than 40 eV are mainly elastically scattered, electrons

with larger energies lose their energy through inelastic scattering.
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Figure 3.3.: Universal curve for pure elements according to Ref. [65], including the standard
PES excitation energies used within this thesis and the different excitation energies
used for PEEM.

The use of different excitation energies or different sample environments for photoelectron
spectroscopy influences and results in different IMFPs for the same material according to the
universal curve and therefore effects the intensity. The intensity in a XPS spectrum is limited

by the IMFP of the respective photoelectron traveling from a distance d to the surface:

I(d) = Ipe TMFP (3.3)
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Note that equation 3.3 describes the intensity for the case that the analyzer is perpendicular to
the sample surface. The actual maximum information depth for a material studied with XPS
is approximated by 3 x IMFP, where 95% of the original intensity is exponentially attenuated,
although the majority of the intensity (I ~ 1/e) originates from within one IMFP.

The material dependent IMFPs used in this thesis were calculated by using the QUASES IMFP
TPP2M code [66] based on the formula from Tanuma et al. [67].

The relation described in equation 3.3 can be used to describe the attenuation of the intensity
of an absorber or substrate material, when a cover layer with thickness d is grown on top. I is
then the intensity of the bare absorber/substrate.

The intensity increase for the cover layer on the other hand is described by the following for-
mula:

Teow(d) = I . (1 — ¢ TVIFP) (3.4)

ref -~

With I70Y being the saturated intensity of a thick cover layer.
Both formulas 3.3 and 3.4 make the calculation of the thickness d for the cover layer possible
by determining the intensity/area from the fits of the core level peaks and including the cor-
responding IMFP. I and IO} is then determined from the core level fits of a measured bare
absorber/substrate (or in a close approximation) and a sample with a sufficiently thick cover

layer.

3.4.3. Valence Band, Conduction Band, and Band Offset

The valence bands measured with HAXPES allow the determination of the valence band max-
imum (VBM) through an extrapolation of the leading edge, as shown in Ref. [68], and are
always given with respect to the Fermi level Ey. Similar to the core levels, the VB/VBM values
are influenced by the excitation energy through a change in photoionization cross section and
IMFP.

The conduction band minima (CBM) presented in this thesis were not determined from mea-
sured CB spectra but rather estimated based on the determined VBM (from measurement) and
band gap (Eq) values taken from literature, CBM = VBM + E¢. Ideally, CB spectra are mea-
sured by using inverse photoelectron spectroscopy (IPES) and the minimum is then determined
through an extrapolation of the leading edge.

If now two materials, e.g., substrate (s) and cover layer (cov), which are differently doped (e.g.,

p- and n-doped) are joined together, their VBM and CBM position will change/be effected
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and a heterojunction is formed with bent bands at the interface [interface induced band bending
(iibb)]. How the bands align at the interface is determined by the interface and surface properties
of the respective materials [69]. The band offset can have a positive or negative impact on the
charge transport and therefore solar cell performance.

The valence band offset (VBO) and conduction band offset (CBO) for the substrate and cover
layer material can be calculated from the VBM and CBM determined by the data analysis with

VBO = VBMg ~ VBM¢oy + iibb (3.5)

CBO = CBMg — CBMoy + iibb (3.6)

Note that iibb correction was not performed in this thesis due to a lack of appropriate data. For
the calculation of the VBO and CBO a zero-order approximation was used assuming that iibb
= (. Negative values of CBO describe a "cliff"-like alignment, positive values a "spike"-like

alignment and zero CBO a flat band alignment, which is depicted in Figure 3.4

flat spike cliff

CBO CBO CBM CBO

VBO
VBM VBO VBO
p-type n-type VBM VBM

p-type n-type
cover layer
( yer) (substrate) (cover layer) (substrate) p-type n-type

(cover layer) (substrate)

Figure 3.4.: Band alignment of a heterojunction interface for a flat, "spike"-like, and "cliff"-like
CBO configuration.

3.5. Experimental Set-up and Details

3.5.1. Laboratory-based Techniques

The inorganic CsSnBr3 samples were studied using a non-monochromatized Mg K, and Al
Ky source and the electrons were detected using a SPEC PHOIBOS 150 MCD-9 and Scienta
Omicron Argus CU electron analyzer with a base pressure of the analysis chambers of < 5 x

1019 mbar. All samples were measured under the magic angle and the electron analyzer SPEC

21



Methods and Experimental Details

PHOIBOS 150 MCD-9 was calibrated according to Ref. [70]. The spectra were measured with
a pass energy of the electron analyzer set to 30 eV which results, together with the resolution
of the x-ray source, in a combined experimental resolution of «~1 eV. The survey spectra were
always measured with a pass energy of 50 eV.

SEM images of the CH3NH3Pb1(3,X)C1X sample surface were recorded using a commercially
available Zeiss UltraPlus scanning electron microscope by measuring secondary electrons at a
working distance of 47.8 mm and a primary electron beam acceleration voltage of 5 kV.
Energy dispersive x-ray spectroscopy (EDX) elemental distribution maps were acquired in the
same microscope using an Oxford Instruments X-Max 80 X-ray detector and the AZtec ac-
quisition and evaluation software. The beam energy and current were 7 keV and about 1 nA,

respectively.

3.5.2. Synchrotron-based Techniques
Synchrotron Radiation

For most of the experiments conducted within the scope of this thesis, synchrotron radiation
from two synchrotrons was used as a light source (i.e., excitation), the Berliner Elektronen-

speicherring-Gesellschaft fiir Synchrotronstrahlung m.b.H (BESSY II) synchrotron in Berlin
and the Advanced Light Source (ALS) in Berkeley. Both synchrotrons offer x-rays up to the

hard x-ray regime, with an emphasis on the soft x-ray regime.

The generation of synchrotron radiation is based on the principle of relativistic electromag-
netism, when electrons (or other charged particles) are accelerated to relativistic velocities/en-
ergies. First, electrons are produced by an electron gun and are then accelerated up to several
MeV in a linear accelerator (Linac) through radio frequency (RF) cavities. Afterwards the elec-
trons are injected into a booster synchrotron, where they are further accelerated, up to relativistic
energies, by passing several times through a RF-cavity included in the ring of dipole magnets,
keeping the electrons on a circular orbit, until they reached the desired end energy up to a few
GeV and are injected into the storage ring. In the storage ring electrons are forced by bending
magnets and different insertion devices on a curved trajectory, leading to a continuous radiation
and loss of energy which is compensated by a RF-cavity.

The emitted radiation has a special radiation pattern. From electrodynamics it is known that
accelerated charge behaves similar to the Hertzian dipole and emit electromagnetic waves. If
the charge with a velocity v close to the speed of light c is kept by magnetic forces on a circular

trajectory than radiation is emitted in a narrow collimated cone with an angle © ~ % (see
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electron orbit

Figure 3.5.: Illustration of the radiation pattern of an electron moving with relativistic velocity
v through a constant magnetic field. The electron is accelerated towards the center
with ac and is emitting the radiation in a cone with angle © tangential to the electron
orbit. Scheme is adapted from Ref. [71].

Figure 3.5). With y = 1/,/1—(¥)? being the Lorentzian factor contradicting the angle and

therefore defining the shape as well as the direction of the radiation [71].

The emitted radiation of the electrons is collimated, and the resulting spectrum, when bending
magnets are used, is continuous. In such a synchrotron spectrum the critical energy Ec is
defined as the energy where half of the radiated power is in higher energy photons and the other
half in lower energy photons [71]. The critical energy of the photons is always close to the
maximum of the spectral distribution, making it a good characterization parameter for bending

magnet radiation.

Ec is defined as follows [71]:

3ehBy?

E~ =
C 4rmm

3.7

where e is the charge, m the mass, h the Planck constant, B the magnetic flux of the bending

magnet. The critical energy can be expressed with the electron energy Ee and y = IECQQ to more

practical units [71]:

Ec(keV) = 0.6650 - E2[GeV] - B(T) (3.8)
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E( 1s a a characteristic value for a specific storage ring, since for a given electron energy Ee, B
is determined by the storage ring size (radius). For the synchrotrons used in this thesis electrons
are accelerated in the storage ring up to 1.7 GeV (BESSY II) and 1.9 GeV (ALS), emitting
light down to a critical energy of 1.9 and 2.4 keV, respectively. Similar dependent on E. and
B (radius) is the emittance ¢, which describes a phase space product of the beam size and
divergence. ¢ varies with normalized photon energy E—EC

So far bending magnets delivering continuous radiation were discussed. In synchrotrons also
so called insertion devices, like undulators and wigglers are used for producing radiation with a

characteristic spectrum. An undulator or insertion device in general consists of stacked perma-

nent magnet arrays with alternating magnetic fields (see Figure 3.6 for more details).

20000,

——

y "poo
o
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Figure 3.6.: Illustration of an insertion device with alternating polarity of permanent magnets.
Ay is the undulator period and Gyy the undulator gap, which is the horizontal dis-
tance between the magnetic arrays. Scheme is adapted from Ref. [71].

An electron traveling through this periodic magnetic structure will be redirected in a way that it
starts to oscillate, with a small amplitude for undulators and a larger amplitude for wigglers, and
radiate. Depending on the conditions, which is described by K, the non-dimensional magnetic
strength, the emitted cones can interfere constructively (K = 1), increasing the intensity of
certain photon energies leading to intense lines in the resulting spectrum. This insertion device
is then called an undulator. For a wiggler K needs to be > 1 resulting in a continuous spectrum
similar to bending magnets, but with a higher photon flux.

The non-dimensional magnetic strength K is defined as follows [71]:

K — eB())\U

= 0.9337 - Bo[T] - Ay em] (3.9)

2tme

with B being the magnetic field and Ay the undulator period.
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The emitted photon energy of an undulator can be changed by changing the undulator gap
Gy and therefore altering B(. For bending magnets and wigglers the use of monochromators
allow the selection of the photon energy, for undulator sources monochromators are also used
to improve resolution.

In the end the synchrotron radiation is guided through the beamlines to the endstation containing

the experimental set-ups.

Endstations and Experimental Details

The PEEM characterization was performed in the Spectro-Microscope with Aberration correc-
tion for many Relevant Techniques (SMART) endstation installed at the UE49-PGM BESSY 11
beamline [59,60]. The UE49-PGM beamline offers an excitation energy range of 100 to 1800
eV. The SMART endstation is equipped with an imaging energy analyzer allowing for spatially
resolved studies of samples with in the best case a maximal spatial resolution of 18 nm and an
energy resolution of 180 meV for X-PEEM. For these PEEM topography images an excitation
energy of 510 eV was used.

The XPS measurements in microscopy mode (PEEM-XPS) were performed with a set photon
energy by tuning the photoelectron kinetic energy detected by the analyzer through the energy
range of interest. Spatially-resolved I 4d, Pb 4f, and extended valence band (i.e., shallow core
level) XPS spectra were recorded in different areas of interest, using photon energies of 120,
380, and 200 eV, respectively. XAS spectra in microscopy mode (PEEM-XAS) are recorded by
setting the kinetic energy detected by the electron analyzer to the range of the secondary elec-
tron induced maximum photoemission intensity [59] and tuning the photon energy through the
energy range of interest (i.e., the absorption edge). To measure the Ti Lo 3-edge XAS spectra,
the photon energy was scanned from 450 to 470 eV.

The HAXPES measurement for CsSnBrg samples were performed with an excitation energy of
hv = 2 keV at the HiKE endstation [72] of the KMC-1 BESSY II beamline [73]. The KMC-1
beamline offers an excitation energy range from 2 to 10 keV and the endstation is equipped
with a Scienta R4000 hemispherical electron energy analyzer perpendicular to beam. Samples
were measured near grazing incidence. The pressure in the analysis chamber was < 1 x 1078
mbar. All spectra were measured with a pass energy of 200 eV, except survey spectra (500 eV).
The excitation energy for the measurements were calibrated by measuring the Au 4f spectra of

a clean gold foil and shifting the Ep of Au 4f; /2 1o 84 eV. The resolution of the spectra is ~
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0.25 eV, combining beamline and analyzer resolution.

The AP-HAXPES measurement for CH3NH3PbI(3_X)CIX samples were performed with an
excitation energy of hv = 4 keV at the soft X-ray AP-XPS endstation of the ALS beamline
9.3.1. The beamline offers an excitation energy of 2.3 to 5.2 keV and the endstation is equipped
with an Scienta R4000 HiPP-2 analyzer positioned normal to the sample surface [74]. The
endstation offered the possibility to measure the sample in "vacuum" with a base pressure < 2
x 1074 Torr and at ambient pressure of water vapor with a base pressure of > 14.5 Torr. All
spectra were measured with a pass energy of 200 eV and the excitation energy was calibrated by
measuring the Au 4f spectra of a clean gold foil and shifting the Eg of Au 4f, /2 to 84 eV. Note
that the signal-to-noise ratio of the spectra is less for the measurements taken under ambient
conditions due to the lower mean-free path A of the electrons. For the illumination part of the
experiment, the sample was additionally irradiated through a view port using a HAL-320 solar
simulator from "Asahi Spectra" with a AM 1.5G filter.
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4. Spatially-Resolved
Characterization of the
CH3NH3Pb|(3_X)C|X/Ti02 Interface

Much of the content in this chapter has been published in:

e C. Hartmann, G. Sadoughi, R. Félix, E. Handick, H. W. Klemm, G. Peschel, E. Madej, A.
B. Fuhrich, X. Liao, S. Raoux, D. Abou-Ras, D. Wargulski, T. Schmidt, R. G. Wilks, H.
Snaith and M. Bir. "Spatially Resolved Insight into the Chemical and Electronic Struc-
ture of Solution-Processed Perovskites—Why to (Not) Worry about Pinholes". Advanced
Materials Interfaces 2018, 1701420. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission. (Ref. [75])

Studies investigating the chemical and electronic properties of perovskite interfaces as found
in perovskite solar cells are rare [53, 68, 76—79], and particularly so for spatially resolved anal-
ysis. This chapter focuses on a laterally-resolved investigation of the chemical and electronic
properties of a wet-chemically deposited CH3NH3Pb1(37X)CIX thin-film on planar c-TiO» in-
terface. The results were obtained by using scanning electron microscopy (SEM) and elemental
distribution maps acquired by energy-dispersive x-ray spectroscopy (EDX) in combination with

energy filtered photoemission electron microscopy (X-PEEM).

4.1. Results and Discussion

4.1.1. Morphology and Elemental Distribution Study by SEM and
EDX

In the following subsection, SEM and EDX maps are discussed and used to gain first insight into

coverage, morphology, and local elemental composition of CH3NH3PbI(3,X)ClX thin-films on
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¢-TiO9, which were prepared according to 2.2.4. Figure 4.1 a) shows the SEM top-view image
of the surface of a nominal 300 nm thick CH3NH3PbI(37X)CIX layer on c-TiOs9. The brighter
areas in the SEM image belong to the perovskite film, which does not completely cover the
underlying compact c-TiO9 substrate, and consists of large grains. The largest grains are seem-
ingly a few um in size. The incomplete coverage of c-TiO9 substrates by the perovskite layers
have already been reported in literature leading to concerns about shunting of the device (see
subsection 2.2.1) [15,80]. The exposed TiO9 is visible in the SEM image as the darker areas
that exhibit smaller grains/structures resembling the structure of a bare c-TiO9 layer prepared
on a FTO glass substrate [80].

| L series

5um 5pum 5um

e)

Figure 4.1.: SEM top-view image (a) and corresponding EDX maps of the I L (b), O K (¢),
Pb M (d), C K (e), Sn L(f), Cl1 K (g), N K (h) and Ti K (i) fluorescence of the
same sample spot of a 300 nm thick CH3NH3PbI(37X)C1X layer on c-TiO2 on a
FTO/glass substrate. Adapted from [75].

5um 5um
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The attribution of the lighter (darker) areas to the perovskite (the TiOo/FTO/glass substrate) is
further confirmed by EDX elemental distribution maps shown in Figure 4.1 (b-i), measured in
the same window as Figure 4.2. It can be clearly seen that the elements are inhomogeneously
distributed. The O, Sn and Ti elements, associated with the substrate, have the highest con-
centration in the darker areas of the SEM image. Whereas I, Pb and C, associated with the
perovskite, have the highest concentration located in the lighter areas. This shows that the
distribution of O, Sn, Ti and I, Pb, C is therefore clearly anticorrelated, which supports the con-
clusion from the SEM image above that the perovskite does not completely cover the substrate.
Note that the Sn signal stems from the FTO layer below the TiOs. For the EDX maps in Figure
4.1 g) and h) based on the CI K and N K fluorescence no conclusions can be drawn. The low Cl
content in the sample seems to be the reason for the poorly resolved Cl K distribution map [53]
and the N K signal partly overlaps with the Ti L fluorescence line, which makes a deconvolution

and therefore a separation from the Ti L signal complicated.

5pum

Figure 4.2.: PEEM image of a similarly prepared 300 nm thick CH3NH3PbI(3,X)CIX layer
on c-TiO2 on a FTO/glass substrate. The field of view for the PEEM image is

12.4 um. Different areas of interest are indicated by differently colored rectangular
boxes. Adapted from [75].

Figure 4.2 shows the PEEM image of a similarly prepared sample to that used for the measure-
ments in Figure 4.1 (a-1). The observed morphology is similar to that in the SEM image (see
Figure 4.1 a)). Based on the discussion of the SEM and EDX data above, the topography in the
PEEM image of the perovskite/TiO2 sample shows three distinct regions, indicated in Figure
4.2 by differently colored rectangular boxes. The pink box denotes a sample area where the
perovskite layer completely covers the TiO9 substrate, which appears light grey in the PEEM
image (hereafter called perovskite). The cyan box indicates a sample area in which the per-

ovskite layer seems to not cover the substrate, leaving the c-TiO9 exposed (hereafter, exposed
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Ti0») and appears dark grey in the PEEM image. Compared to the area in the cyan and pink
boxes, the area defined by the olive green box reveals a more complex (hereafter, intermediate)
topography, exhibiting a mixture of the area described by the other two boxes. For further de-
tailed study of the chemical structure of the three different sample areas discussed above, local
XAS and XPS spectroscopy (enabled by PEEM) was used.

PEEM-XAS
1300 nm MAPbI . Cl /c-TiO, TiL
. TiO, reference
exposed TiO,

intermediate
4 perovskite

L

| A N

4£|30 I 465 I 4E|30 I 4é5 I 4%0 I
Photon Energy (eV)

Normalized Intensity

Figure 4.3.: PEEM-XAS spectra of the Ti Ly 3-edge recorded in the three different areas of
interest as defined in the PEEM image shown in Figure 4.2: exposed TiO3 - cyan
box; intermediate area - olive green box; perovskite - pink box. For comparison, a
TiO» (anatase) reference spectrum digitalized from Ref. [81] is depicted in violet.
Adapted from [75].

4.1.2. Chemical Structure Study by PEEM-XAS and -XPS

In this subsection, PEEM-XAS and PEEM-XPS data will be discussed to gain further insight
into local coverage and chemical structure. PEEM-XAS was employed to study the local spatial

distribution of Ti and (inversely) relate it to the coverage of TiOs9 by the perovskite layer. Figure
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4.3 shows the Ti Lg 3-edge XAS spectra of the perovskite sample recorded in partial electron
yield mode at the three areas of interest by measuring the secondary electrons while tuning
the photon energy through the energy range of Ti Lo 3-edge. It can be clearly seen that no
XAS Ti Ly 3-signal can be detected for the perovskite area [i.e., pink box in Figure 4.2]. This
demonstrates that the TiO9 substrate is completely covered by the perovskite layer in that area,
as was already assumed from the SEM and EDX maps.

To estimate the thickness of the perovskite layer, the information depth has to be considered.
The information depth of the PEEM-XAS measurements is limited by the inelastic mean free
path (IMFP) of the detected photoelectrons, estimated to be in the range of around 3 nm, based
on the IMFP universal curve [82] and taking into account that for the XAS measurements the
electron analyzer is set to the kinetic energy of the secondary electrons (that induce maximum
photoemission intensity) of only a few eV, the corresponding IMFP of these electrons include
therefor multiple scattering in the material before their energy is reduced to only a few eV. It is
further known that 95% of the exponentially attenuated signal originates from a "depth" of 3 x
IMFP. Considering that leads to the conclusion that c-TiO2, in the region defined by the pink
box in Figure 4.2, is completely covered by the perovskite with an effective thickness of at least
9 nm (the nominal thickness is 300 nm).

For the exposed TiOg area, which is indicated by the cyan box in Figure 4.2, an intense Ti
Lo 3 absorption signal can be observed, which resembles the XAS spectrum of a TiO9 anatase
reference [81]. The Ti Lo 3 XAS reference data of anatase, which has been digitized from
Ref. [81], is shown for comparison in Figure 4.3 as the violet spectrum. For a better comparison
between data and reference, the PEEM-XAS data was shifted to higher photon energies by (2.91
+ 0.05) eV. The observed discrepancy (shift) in energy between reference and experimental
PEEM-XAS data could be ascribed to energy miscalibration of the beamline. Aside from the
shift, slight spectral differences between the Ti Lo 3 XAS of the exposed TiOy area and the
reference are noticeable, which can be primarily explained by the significantly lower energy
resolution and larger step size of 0.5 eV used in the PEEM-XAS data measurements. Similarly
to the exposed TiOy area, can also be a clear Ti Lo 3-edge XAS spectrum recorded for the
intermediate sample area, indicated by the olive green box in Figure 4.2. The intensity of the
olive green Ti Lg 3 XAS spectrum is much less than the spectrum of exposed Ti0y (cyan in
Figure 4.2), indicating an attenuation of the signal through coverage of the substrate. Since the
signal is not completely attenuated, it can be again assumed that the sample area indicated by
the olive green box in Figure 4.2 has a surface topography intermediate to that of the other two
areas. This means for the intermediate sample area that the substrate is partially covered by the
perovskite layer, but the coverage is either incomplete or thin enough (i.e., < 9 nm) so that a
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Ti Ly 3-signal from the exposed/underlying TiOs is still detectable. The spectral shape of Ti
Lo 3-edge XAS of the intermediate sample area also resembles the shape of the anatase TiO9

reference, in a coarse comparison.
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Figure 4.4.: PEEM-XPS I 4d detail spectra (including fit analysis) recorded in different areas of
interest: exposed TiO9 - cyan box; intermediate area - olive green box; perovskite
- pink box. The shown magnification factors were used to normalize the spectra to
the maximum intensity of the perovskite area. Raw data is shown as solid circles
and the resulting fits are given as black lines. The doublet peaks originating from
the two iodine species are shown as shaded areas in orange (species I) and purple
(species II). The corresponding residual of the fit is shown below each spectrum
in gray. The spectral shift of the I 4dg /2 spin-orbit split component between the
different spectra (areas of interest) is indicated with a vertical dashed line. Adapted
from [75].

PEEM-XPS measurements were performed to gain more information on the chemical environ-
ment of the perovskite layer and its spatially inhomogeneous interface with c-TiO». In Figure
4.4 the I 4d XPS spectra of the three areas of interest [as defined in Figure 4.2] is displayed and
the I 4d photoemission line exhibits a spin-orbit split separation of 1.76 eV [83]. For all three
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areas an I 4d XPS signal can be detected, with varying intensity as reflected by the different
magnification factors. The magnification factors are indicated on the right side of Fig. 4.4 for
every spectrum. The smallest I 4d XPS signal (see magnification factors) can be observed in
the exposed Ty area [cyan box, Figure 4.2], which indicates in the absence of the perovskite
layer (according to PEEM-XAS and EDX), that either an I-containing species is present at the
substrate surface or I is incorporated into the upper region of TiO» substrate.

For further evaluation the measured XPS peaks were fitted by using the fitting program Fi-
tyk [61] version 0.9.8. In order to determine the binding energy (Ep) of the core levels, a linear
background was fitted to the spectra and Voigt profiles were used for the peaks. Additionally,
the fit parameters were constrained by fixing the area ratio of the spin-orbit doublets corre-
spondingly to the multiplicity (2j+1), setting the spin-orbit split separation fixed, and coupling
the peak shape and width (i.e. Lorentzian and Gaussian) for every core level of the same el-
ement and subshell. The Ep axis of the PEEM-XPS data was calibrated with the help of an
energy-calibrated data set (of similar prepared perovskites) measured at the High Kinetic En-
ergy Photoelectron Spectrometer (HiKE) endstation installed at the KMC-1 beamline of BESSY
I [72,73].

The shape and fits of the I 4d spectra reveal that using one spin-orbit split doublet for the I
4d spectra corresponding to the perovskite and intermediate areas seem to be sufficient. For
the exposed TiOy area, two spin-orbit split doublets are necessary to properly describe the
shape of the spectra. This indicates the presence of multiple iodine chemical species (labeled

as components I and II in Figure 4.4).

Table 4.1.: The Ep of the main (I) / secondary (II) contribution of the I 4d; /2 peak as measured
for the exposed Ti0», intermediate and perovskite areas designated in Figure 4.2
exposed TiO» intermediate perovskite
(49.78 £ 0.20) eV / (50.85 £ 0.20) eV | (49.71 £0.20) eV | (49.45 £+ 0.20) eV

The curve fit results for the I 4d5 /2 peaks are presented in Table 4.1. Note, that due to Ep
calibration by means of a data set measured at a different experimental setup (HiKE), the here
estimated experimental uncertainty on an absolute energy scale is rather large (£ 0.20 eV).
However, relative changes in Eg will have a significantly lower margin of error, as they will
be equally effected by any calibration errors. The spectra in Figure 4.4 (and therefore the fit-
derived Ep values) indicate a small shift [(0.3 + 0.1) eV for the main contribution] of the I
4d line towards higher Ep values when going from the completely covered perovskite to the

exposed TiO9 area (see dashed line in Figure 4.4). Comparing the obtained Ep values from the
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fits (see Table 4.1) with Eg values of I-containing reference compounds found in literature [84]
suggests that the main I 4d (I) contribution (at low Ep) can be attributed to I in an iodide/per-
ovskite environment (i.e., CH3NH3Pbl3). By assuming further a homogeneous coverage of
the TiO9 substrate by the perovskite (for the sake of simplicity), the shift of this I 4d contribu-
tion to higher Eg with higher magnification factor (i.e., thinner cover layer), when comparing
the spectra of the different topography regions, can be explained by (interface induced) band
bending. Shifting of the core levels towards lower/higher Ep can reveal an upwards/downwards

band bending at the interface.

As discussed above the CHgNHngI(?),X)ClX layer is thinner in the exposed TiO» and inter-
mediate sample area than in the perovskite area. The shifts can be therefore interpreted as being
due to the formation of a downward band bending towards the TiO9, which would (in this case)
accelerate electrons towards the substrate and repel holes, contributing to the perovskite/TiO9

contact’s excellent charge selectivity [85].

The identification of the smaller I 4d (species II) contribution (at higher Ep) obtained from the
fit is not straightforward. Because most reference data found in literature report on the more
typical I 3d core level. So procedures were taken to derive the I 4d Eg from published I 3d E
data in literature, which is discussed in the appendix A (see Figure A.1 for more details). Based
on that, component II can be attributed to an jodite I3 (— 10,) species. Note that this assign-
ment is somewhat hypothetical and needs to be treated with caution, because this compound is
unstable. Todite IT3 does however exist as intermediate in iodide < iodate reactions [86]. Con-
sidering additionally the uncertainty in the Ep interval transfer from I 3d to I 4d and the large
(partially overlapping) Ep intervals, the possible formation of a hypoiodite I (= I0") and/or
an iodate I (— 103) should also be taken into account. Since the I 4d Ep values for different
1odine compounds found in literature are scarce, no unambiguous identification of species 1,
based on the measurements presented here, can be done. Hence, this compound will be referred

to as "oxidized" iodine species in the following.

The detected "oxidized" iodine species in the exposed TiOg area could be explained by the
formation of I-O bonds at the perovskite/TiO9 interface, whose origin can be understood by
considering the preparation procedure of the perovskite (see also subsection 2.2.4). Before the
crystallization annealing step the degree of coverage of the perovskite precursor layer on the
compact TiO» is significantly higher [87]. After the annealing step, some areas of the TiO9
which have been covered with perovskite precursor solution, become exposed and reveal there-

fore the remaining perovskite/iodite "seed layer." From the fits a composition ratio between the
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two iodine species can be derived, which in the exposed TiO» sample area for L:1I is approxi-
mately 4:1. Note, that iodine species I is perovskite and species Il is "oxidized" iodine. For the
other areas only one iodine species was derived from the fits, which doesn’t exclude the pres-
ence of the "oxidized" species in these areas at the interface. The perovskite layer is just too
thick to allow probing of the perovskite/TiO9 region with PEEM-XPS. The I 4d photoelectrons
excited with 120 eV have only an IMFP of approximately 0.5 nm [66,67].

PEEM-XPS
1300 nm MAPbI , Cl, /c-TiO, Pb 4f
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Figure 4.5.: PEEM-XPS Pb 4f detail spectra (including fit analysis) recorded in different areas
of interest [as defined in the PEEM image of Figure 4.2]: exposed Ti0Os, inter-
mediate area, perovskite. The shown magnification factors were used to normalize
the spectra to the maximum intensity of the perovskite area. Raw data is shown as
solid circles and the resulting fits are displayed as black lines. The doublet peaks
originating from the two Pb species are shown as shaded areas in orange (species
I) and purple (species II). The corresponding residual of the fit is shown below
each spectrum in gray. The spectral shift of the Pb 4f, /2 spin-orbit split component
between the different spectra (areas of interest) is indicated with a vertical dashed
line. Adapted from [75].

A similar investigation of the chemical environment of Pb with PEEM-XPS was performed.
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Figure 4.5 shows the Pb 4f XPS detail spectra (including curve fit analysis) recorded in the
three different areas of interest [see Figure 4.2]. The Pb 4f photoemission line exhibits a spin-
orbit split separation of 4.86 eV [88]. Similar to I, Pb is detected in all three regions of interest
in varying amounts (which is reflected by the magnification factors on the right side of Figure
4.5).

The fit parameters of the Pb 4f- /2 peaks are presented in Table 4.2, indicating only one dou-
blet peak contribution for exposed TiO9 (cyan spectrum in Figure 4.5) and the perovskite (pink
spectrum in Figure 4.5) areas. Further, from the Pb 4f spectra and the fit derived Eg values a
shift between the exposed TiO9 and perovskite areas can be observed, which is in agreement
with the shift observed in the I 4d energy region. The shift can again be explained by interface
induced band bending (see discussion above for I 4d). The Pb 4f XPS spectrum of the inter-
mediate area (olive green spectra in Figure 4.5) reveals the presence of two different chemical
Pb species; the corresponding peaks are clearly separated. For the other two areas (perovskite
and exposed Ti02) only one Pb 4f doublet can be observed and is similar to the main (I) Pb
component of the intermediate area attributed to Pb in a perovskite environment [84]. The ad-
ditional (minor) Pb contribution II (i.e., at the lower Ep side) in the intermediate area (olive
green spectra in Figure 4.5) can be ascribed to metallic Pb. The perovskite (I) to metallic Pb (II)

ratio is determined from the fits to be approximately 2:1.

Table 4.2.: The Ep of the main (I) / secondary (II) contribution of the Pb 4f~ /2 peak as measured
for exposed TiOg, intermediate, and perovskite areas designated in Figure 4.2

exposed TiO2 intermediate perovskite
(138.61 £0.2) eV | (138.66 + 0.2) eV/(137.11 £ 0.2) eV | (138.34 £0.2) eV

Although we ascribed so far the main (I) component of the I 4d and Pb 4f core levels to per-
ovskite, it should be considered that we cannot distinguish between CH3NH3Pbl3 and Pbl,
based on the energy resolution of the here presented I 4d an Pb 4f spectra. Since both species
exhibit for I and Pb very similar Eg values [89]. Therefore a contribution of Pbls to the Pb
4f spectrum cannot be completely ruled out. This can be further evaluated by using the mag-
nification (scaling) factors given in Figure 4.4 and 4.5 to form ratios of I 4d / Pb 4f. Note
that the scaling factors were determined by adapting the main (I) component of the respective
XPS spectra to cover the same area as the main (I) component of the spectra correlated to the
perovskite area for the same photoemission line. Additionally, it should be kept in mind, that
larger scaling factors imply stronger magnification of the small areas in comparison to each

other. Further, consider that for the intermediate and exposed TiO» areas of Pb 4f and I 4d,
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respectively, additional contributions (II) exists. The factor ratios are in these cases under- and

overestimated, respectively.

For the perovskite area a scaling factor ratio of 1/ 1, for the intermediate area a scaling factor
ratio of 2.2/ 1.3 (i.e. I/Pb < 1) and for the exposed TiO» area a scaling factor ratio of 3.0/ 6.7
(i.e. I/Pb > 1) is obtained. Therefore it can be concluded that, relative to the I/Pb ratio of the
perovskite area, the intermediate sample area is I-poor or Pb-rich, which could be explained by
the existence of Pbls in that area. Whereas the exposed TiOg sample area is I-rich or Pb-poor,

which might indicate the diffusion of iodine into the TiOg9 substrate.

This conclusion is further supported by the fact that I is a well-known dopant in TiOg, in
particularly for photocatalytic applications [90], with nominal doping levels up to 15 wt% [91].
The I-O-I and I-O-Ti bonds that are proposed to result from the incorporation of I into the TiO»
structure [92] are so far in agreement with the here presented results; as they are consistent with
the attribution of the high Eg component (II) of the I 4d line to an "oxidized" I species (see
discussion above and Figure 4.4). Though it needs to be kept in mind, that XPS data of I-doped
TiO9 usually reports the dopant-related I 4d lines at even higher Eg values [90-92], indicating

that I in literature is present in higher oxidation states than in this case.

Figure 4.5 indicated in the intermediate area the presence of metallic Pb as the second species,
which has been already observed in perovskites [76] and will be now further discussed. Re-
cently, the presence of metallic Pb has been related to x-ray induced degradation of the per-
ovskite [17]. Perovskites degrade i.a. in vacuum under visible light (24 h exposure) into metallic
Pb and Pbls [19] (see also subsection 2.2.2 for further details). For the PEEM-XPS measure-
ment, all areas of interest on the sample were irradiated equally and simultaneously by x-rays.
But metallic Pb is only detected in the intermediate area. Additionally indicates the scaling
factor ratio discussion (see previous paragraph) that in the intermediate area Pbly is formed.
Under the assumption, that the formation of metallic Pb, which is likely formed together with
Pbls, is indeed a x-ray photon-induced effect. These results then suggest that the formation (of

metallic Pb) starts or appears only locally and is affected by laterally varying composition.

Next, the region of the shallow core levels is examined. Additionally to the valence band maxi-
mum (VBM), the investigated/measured energy range includes the Ti 3p, O 2s and Pb 5d lines
and are shown in Figure 4.6 a) for the three areas of interest. Although a significantly lower
signal-to-noise ratio is achieved for the shallow core levels than for the narrower I 4d and Pb
4f detail spectra, the spectra in Figure 4.6 a) confirm the topography and chemical structure
related to the findings discussed above. The spectrum of the exposed TiO» area [cyan spectrum

in Figure 4.6 a)] shows explicitly three main spectral features that can be attributed to the O 2p
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derived valence band states in the VBM, to O 2s at a Eg of ~ 23 eV, and to Ti 3p at a Eg of
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Figure 4.6.: PEEM-XPS spectra of the shallow core levels and valence band region of the dif-
ferent areas of interest [as defined in the PEEM image of Fig. 4.2]: exposed TiO9,
intermediate area, perovskite. The shown magnification factors were used to nor-
malize the spectra to the maximum intensity of the VB of the exposed TiO9 area.
The shallow core level lines are labelled and the positions of the valence band max-
ima (VBM) are indicated by arrows. Adapted from [75]. Figure 4.6 b) shows the
zoom in of the valence band region including the relative shift of the VBM to the
VBM of the exposed TiOs.

~ 38 eV. The O 2s and Ti 3p signals that can be detected in the shallow core levels originate
from the TiO9 substrate. The Pb 5d signal, which is expected at an Eg of ~ 21 eV, seems to
be absent. This is accounted to the low signal-to-noise ratio, mentioned above, and the partially
overlap with the O 2s, preventing the Pb 5d line from being clearly resolved. Nevertheless, the
presence of Pb (most likely as a perovskite) in the exposed TiOg sample area is clearly dis-
played by the Pb 4f signal (see Figure 4.5). The shallow core levels of the perovskite area [pink
spectrum in Figure 4.6 a)] shows a clear Pb 5d doublet peak and the VB(M) of the perovskite,
which is formed by hybridized Pb 6s and I 5p states [79]. Here, the perovskite layer is suffi-

ciently thick to completely attenuate (within the signal-to-noise ratio of the background) the Ti
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3p photoelectrons. For the spectrum of the intermediate area [olive green spectrum in Figure
4.6 a)] signals from the VB(M) and all expected shallow core levels (i.e., Pb 5d, O 2s, and Ti
3p) can be observed, corroborating an intermediate layer topography/thickness state. Note that
the photoionization cross section for the Ti 3p line at this excitation energy (hv = 200 eV) is
higher by a factor of about 24 than that of the Pb 5d line [63, 64], which explains some of the
intensity difference that can be observed and is visualized by the magnification factors in Figure
4.6.

The strong Ti 3p signals in the cyan and olive green spectra [Figure 4.6 a)] indicate that the film
in the exposed TiOy area is very thin. The thickness of the film in this area can be estimated
by correlating the ratio of the scaling factors of Pb 4f (see Figure 4.5) for the perovskite and
exposed TiOy area to an exponential intensity decrease of Pb with decreasing coverage of
TiO9, assuming complete coverage for exposed and using the inelastic free mean path value of
0.87 nm of Pbls for an approximation [66,67]. This results in a thickness of about 0.14 nm,
which is smaller than the lattice constant of 0.64 nm for CH3NH3Pblg [93] and, thus, less than

a monolayer of perovskite.

4.1.3. Electronic Structure

The PEEM-XAS and XPS results collected so far allow, furthermore, to get spatially resolved
insights into the electronic structure at the CH3NH3PbI(37X)CIX /TiOg interface, to help ex-
plain how perovskite devices, despite exhibiting severe pin-hole densities can nevertheless re-
sult in working solar cells.

It has been reported in literature that the poorer performance of planar thin-film configurations
may arise from pin-hole formation through incomplete coverage of the perovskite layer, result-
ing in less light absorption (limiting the current) and presumably low-resistance shunt paths
(limiting the voltage) (see also subsection 2.2.1). Through the formed pin-holes, the HTM and
ETM may come in direct contact, resulting in recombination paths for electrons and holes [14].
Recently, to prevent the formation of such shunting paths a transparent, insulating blocking
layer preferably deposited on the uncovered ETM was introduced into the device structure [43].

As a result, the open circuit voltage was enhanced without deteriorating charge extraction.

The VBM positions, marked in Figure 4.6 a) by arrows, have been derived by shifting the VB

of the intermediate and perovskite area to the VB of the exposed TiO2 and make them overlap.
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To better guide the shift, making the leading edge of the VB overlap, the data points have been
smoothed using the Loess function in Origin Pro 9.2 [see solid lines in Figure 4.6 b)]. The states
between the VBM and Fermi level in Figure 4.6 b) can be associated with metallic Pb [76], but
metallic Pb can only be seen for the intermediate area in the Pb 4f spectra. Considering the
significant appearance of these states in all three areas and the absence of the metallic Pb signal
in the Pb 4f spectra in two areas, a different origin of these states is more likely. Because of the
PEEM-XPS energy scale calibration (see subsection 4.1.2) and due to the low-signal-to noise
ratio only relative instead of absolute VBM positions are discussed in the following. The VBM
values of the intermediate and perovskite sample areas is shifted by (-0.2 4+ 0.2) eV and (-1.7
£ 0.2) eV closer to the Fermi level (Ep), respectively, compared to the VBM of the exposed
TiOg. As discussed already above, the shallow core level region of the intermediate sample
area is dominated by TiO9 signals with minor Pb 5d attributed contributions [see Figure 4.6
a)]. Therefore, also the VBM position of the intermediate sample area is dominated by the O
2p states of the VB of the TiO9. The small VBM shift of the infermediate compared to the ex-
posed T'i0y area is ascribed to some marginal spectral intensity in the VB towards Ey, which is
probably caused by hybridized Pb 6s and I 5p states originating from the perovskite/iodite layer.
The low signal-to-noise level of the PEEM-XPS measurement prevents the linear extrapolation

approach to properly account for this low-intensity signal.

For further discussion of the VBM shifts between the exposed Ti0O9 and perovskite area, it is
assumed that the exposed 770 VBM represents the electronic structure of bare TiO9. Regard-
less of the fact that I- and Pb-related XPS signals have been determined in this sample area (see
Figures 4.4 and 4.5). The so observed VBM shift with respect to the perovskite would then to
some extent describe the VB offset (VBO) at the CH3NH3PbI(3,X)CIX /TiO9 interface. Note
that this assumption is justified by the significantly lower (factor of 4) photoionization cross
sections of the Pb- and I-derived states compared to the O-derived VB states. Furthermore, in
order to obtain the true VBO from the data presented here, the observed VBM shifts needs to
be corrected by the interface induced band bending (iibb).

Despite the neglected iibb correction, the VBM difference between the perovskite and the ex-
posed TiO9 sample area of (-1.7 £ 0.2) eV is in good agreement with the -1.86 eV VBO value
reported by Schulz et al. [68] for the CH3NH3Pb1(37X)Clx/TiOQ interface.

Next, the relative energy position of the conduction band minimum (CBM) for the exposed
TiO» and perovskite areas are estimated, by using the electronic band gaps of
CH3NH3PbI(3,X)CIX (1.7 eV) and TiO2 (3.3 eV) reported by Schulz et al. [68] (measured by
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combining ultraviolet and inverse photoemission spectroscopy). The resulting relative VBM
and CBM positions are schematically illustrated in Figure 4.7 and show that the CBM position
at the surface of the exposed TiO9 and perovskite sample areas are almost aligned. Again as-
suming that the measurement of the exposed 1702 represents the properties of the bare TiO9
substrate, and neglecting the potential impact of iibb, this zero-order approximation suggests
that no significant CB offset (CBO) is formed at the CH3NH3PbI(37X)CIX /TiOq interface.
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Figure 4.7.: Schematic presentation of the relative difference between the PEEM-XPS derived
VBM positions of the exposed TiO» and perovskite sample area surface (black
lines). The CBM positions (blue lines) were approximated by using the electronic
band gap values for TiO9 (3.3 eV) and CH3NH3PbI(37X)ClX (1.7 eV) reported by
Schulz et al. [68] For comparison of the electronic structure of a prominent ETM
(TiO9) with that of a prominent HTM (spiro-MeOTAD), the energy level scheme of
a spiro-MeOTAD (red lines) was also taken from Ref. [68] and aligned according to
the reported energy difference between the VBM position of CH3NH3PbI(37X) Clx
and the HOMO of spiro-MeOTAD. All values are given in eV and the experimen-
tal uncertainty of the stated VBM shift between the exposed TiO9 and perovskite
sample area is & 0.2 eV. Adapted from [75].

However, in the discussion related to the Figures 4.4 and 4.5, a shift of (0.3 £ 0.1) eV of the
I 4d and Pb 4f lines to higher Ep values has been observed when going from the completely
covered perovskite to the exposed TiOg sample area and was interpreted as being indicative for
a downward band bending in the perovskite towards the TiO9 interface. The aligned CB would
then change into a small spike-like CBO [i.e., CBM (CH3NH3PbI(37X)CIX) > CBM (TiO9)]
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configuration. At the same time, the VB difference of (-1.7 4= 0.2) eV needs to be iibb corrected
(by the shift of the I 4d and Pb 4f lines), resulting in a true VBO of (-1.4 £ 0.2) eV. In any case,
the electronic interface structure of the CH3NH3PbI(37X)CIX /TiO9 layer stack would still re-
sult in an ideal charge selective contact. The large barrier in the VB is sufficient to effectively
block holes. Furthermore, the downward iibb of the perovskite towards the ETM TiO9 will
repel holes from the the CH3NH3PbI(37X)CIX /TiO9 interface and accelerate electrons toward
it. Even in the case that a small spike-like CBO is formed at the interface, it is not expected
to be a significant hindrance for electron transport. This assumption is based on device sim-
ulations [94, 95] for chalcopyrite-based solar cells, which have shown no detrimental impact
on device performance for a positive CBO of up to +(0.3 - 0.4) eV. A spike-like CBO for the

perovskite/TiO» interface will actually result in an enhancement of the interface band gap [96]:
Eg,i(CHBNHBPbI(Z&fX) CIX/TiOQ) = Eg,perovskite + CBO = CBMTiOQ - VBMperovskitev
which presents the energetic barrier for charge carrier recombination across the interface.

In order to address the question whether the observed limited ETM coverage by the perovskite
layer (i.e., the formation of pin-holes) will result in low-resistance shunt paths due to creation
of direct recombination paths for electrons and holes [14] that are limiting efficiency [15], the
derived electronic structure of the exposed TiO» to that of the most prominent HTM (spiro-
MeOTAD) will be discussed in the following. Note that the energy level scheme found for the
spiro-MeOTAD surface in Ref. [68] is aligned to the measurements presented here by using
the reported relative shift between the VBM of CH3NH3PbI(37X) Clx and the highest occupied
molecular orbital (HOMO) of spiro-MeOTAD of 0.2 eV [68].

For a zero-order approximation (i.e., neglecting any impact of iibb on the electronic structure
of the spiro-MeOTAD/TiO» interface), Figure 4.7 indicates that there are significant energetic
barriers (on the order of 2 eV) between spiro-MeOTAD HOMO and TiOs VBM as well as
between the spiro-MeOTAD lowest unoccupied molecular orbital (LUMO) and TiO CBM
that would effectively avoid any direct charge carrier transport between HTM and ETM [97].
This explains why solar cells based on perovskites deposited by low-cost methods (e.g., spin-
coating) on planar TiOg still result in working solar cells, despite the formation of pin-holes via
which the HTM can directly contact the ETM. Nevertheless, the resulting interface band gap,
1.e.,

Eg i(spiro - MeOTAD/TiO2) = CBMri0, — VBMgpiro MeOTAD 4.1

is probably smaller for the real device than that discussed for the perovskite/TiO9 interface
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above. Hence, the rate/probability of charge carrier recombination at the spiro-MeOTAD/TiO9
interface is likely to be enhanced, which would then limit the open circuit voltage. This in-
terpretation can be further corroborated by the observed improvement in open circuit voltage
through introduction of a shunt-blocking layer into the device [43],

4.1.4. Summary

A combination of different spectroscopic tools was used to spatially-resolved investigate the
surface of a nominal 300 nm thick CH3NH3,PbI(3,X)C1X layer deposited on (c-) TiOo FTO/-
glass. The complementing SEM, EDX, PEEM-XPS and PEEM-XAS study displays an inho-
mogeneous morphology of the surface, with an incomplete coverage of the substrate by the
perovskite. The perovskite layer consists of holes that seemingly reach to the substrate. From
the spatially-resolved XPS measurements the presence of Pb and I in the exposed TiOs area
is revealed, which could not be resolved with EDX maps of the same sample type. This find-
ing suggests that perovskite remnants are present and/or the formation of a Pb-1(-O) containing
seed/interface layer on the TiO9 substrate. Further evidence of the formation of metallic Pb
and an enhanced iodine-oxidation in the proximity of the perovskite/c-TiOg9 interface were ob-
served. Depending on the degree of coverage, different chemical compositions which cause an
inhomogeneity of the absorber material is found, which is also reflected in the electronic struc-
ture. By associating the spatially-resolved VBM values determined from PEEM-XPS data and
CBM values from literature, it was outlined that the energy level alignment at the HTM/per-
ovskite and perovskite/ETM interfaces correlate to the performance level of respective solar
cells. Furthermore, it is shown that the HTM (here: spiro-MeOTAD)/perovskite and the per-
ovskite/ETM (here: TiO9) junctions are (almost) ideal charge selective contacts for holes and
electrons, respectively. In addition, the estimated energy level positions in the pin-hole areas,
i.e. where the HTM and ETM can come into direct contact, reveal a sufficient high energetic
barrier for avoiding high rate charge carrier recombination and which therefore allows the solar

cell devices to function even with high pin-hole densities.
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5. In-situ Study and Characterization
of Environmental Impact on Mixed
Halide Perovskite Absorbers

This chapter focuses on studying the change of the chemical properties of nominal 60 and 300
nm thick CH3NH3PbI(3_X)CIX absorber on c-TiO9 under realistic environmental conditions
leading to degradation. The degradation process itself is not completely understood and many
papers declaring different degradation pathways under different conditions in literature can be
found (see subsection 2.2.2). HAXPES is used as a powerful surface- and interface-sensitive
tool to systematically study the impact of the environment on the perovskite absorber in high
vacuum in the dark and under UV radiation (by using a solar simulator). The impact of water
in the dark and under illumination on the perovskite absorber is studied in-situ by using AP-
HAXPES to gain direct insight into the degradation process.

For AP-HAXPES the analysis chamber is filled with water vapor background present by evac-
uating the chamber, which contains a beaker with water, until equilibrium vapor pressure of
water is reached. A small entrance aperture and differential pumping of the electron analyzer
lens system keeps the analyzer in UHV. Moreover for AP-HAXPES measurements the atten-
uation of the intensity is enhanced in water vapor compared to UHYV, since the electrons can

scatter in water on the way to the analyzer.

First, ambient experiments were done on 60 nm perovskite samples by simply exposing the ab-
sorber to water vapor and performing (AP-)HAXPES measurements of the sample in UHV (p
~ 9 x 1077 Torr) and water vapor (p ~ 19.7 - 16.4 Torr) with indirect ambient light illumination

conditions (the view ports of the chamber were not covered).

For a more defined experiment and for simulating the "natural” conditions, in a second run sam-
ples with 300 nm thick perovskites were exposed in a UHV chamber to different environments.

In the beginning, the viewports of the chamber were covered to keep the sample in the dark and
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(AP-)HAXPES measurements were performed in high vacuum (p ~ 1 x 107° Torr) and water
vapor (p ~ 14.6 - 15.4 Torr). Note that for e.g., the water experiment in the dark, the pressure
in the chamber was 15.3 Torr at the beginning of the sequence measurements and slowly de-
creased to 14.7 Torr, likely due to a change in temperature which will lead to a small change
in the equilibrium vapor pressure of water. At 17° C the equilibrium vapor pressure of water is
about 14.5 Torr and at 18° C it is 15.5 Torr [98]. Therefore an averaged pressure of 15 Torr can
be assumed for the 300 nm sample measurements in water vapor. "Illumination" measurements
were performed in water vapor, with UV light illuminating the sample through a view port with
a HAL-320 solar simulator from "Asahi Spectra" offering a solar spectrum with AM1.5G. The
illumination experiment was performed in two stages: low water pressure conditions in high
vacuum (p ~ 1.8 x 104-26x107° Torr), where the chamber was wet but no beaker with
water is included, and high water pressure conditions (p ~ 14.6 - 15.2 Torr) including a beaker
with water in the chamber. For the first case, a film of water formed during pumping of the
chamber. For the in-situ measurements of the 60 and 300 nm sample, sequences were started to
track the changes of the core level spectra characteristics of the mixed-halide perovskites as a
function of time under the respective conditions. During one sequence O 1s, I 3d, C 1s and Pb

4f spectra, presented in the following, were measured with an excitation energy of hv = 4 keV.

5.1. 60 nm Perovskites in UHV and Water Vapor

The impact of exposure of perovskites to water vapor was first studied on perovskite absorbers
of 60 nm thickness, i.e. the perovskite was thinner than the standard thickness of 300 nm which
leads to optimum device performance in solar cells [99]. The precursor solution was prepared
as described in 2.2.4 for a thickness of 300 nm and then diluted with DMF to get a nominal
thickness of 60 nm.

HAXPES measurements were performed in UHV and at a pressure equivalent to the vapor
pressure of water to study/track changes in the core level spectra representing the perovskite
under ambient conditions. Note that for UHV measurements single scans were taken and the

spectra, including fit analysis, can be found in Appendix B.1 (see Figure B.1(a) to B.1(d)).

For the measurements in water vapor, sequences of the core levels were recorded and in the
following Figures 5.1 to 5.4 the representative core levels O 1s, Pb 4f, I 3d and C 1s spectra of
the perovskite are shown as a 2D plot in the left panel as well as some representative selected
spectra in 1D, converted from the 2D plot, in the top (left) panel.

In the O 1s spectra in Figure 5.1 the presence of water can be seen as two additional peaks,
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denoted C and D, in addition to the two species A and B (identified through fitting) which were
already present in UHV. Note that the zero of the time axis is set to the time of the first gold
reference measurement in UHV.
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Figure 5.1.: O 1s spectra and fit results of the 60 nm sample over time in water vapor. Left
bottom panel shows the measured O 1s as a 2D plot and representative selected
spectra are shown in the left top panel as a 1D plot including the species from
the fits labeled as A,B,C and D. The right panel shows the area of each of the
four species determined from the fits divided by the area of the gas phase water
contribution. The dark blue dashed line in the 2D plots indicates the fit range of the
species displayed on the right.

Through fitting, the species labeled as A,B,C and D can be attributed to O 5 with an average
Ep of (530.7 £ 0.1) eV ascribed to O in TiO2, O with (531.7 4+ 0.1) eV to OH groups,
O¢ with (533.6 £ 0.1) eV to adsorbed molecular water and Opy with (536.1 + 0.1) eV to gas
phase water [84, 100]. The spectra were fitted by coupling the shape and width as well as the
chemical shift of the OH peak to the TiO9 peak and setting it fixed after first iterations for batch
processing. A Shirley background was used, and the gas phase and molecular water peak were
freely fitted.

In general, O 1s spectra show a complex peak structure indicating different chemical species
of O which can be quite complex in presence of water [101]. Changes in the shape, especially
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for in-situ measurements, indicate changes in the distribution of species, but can as well be at-
tributed to formation of new species. For the fitting procedure of O 1s the number of species

were kept to a reasonable minimum expected for water adsorption on TiO9 according to [100].

After the sample has been in water vapor for some time the molecular water component starts
to grow, which indicates adsorption of water on the sample surface. Simultaneously the con-

tribution of TiO9 is decreasing, as expected for deposition of water from water vapor due to
attenuation of the signal by the water film.
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Figure 5.2.: Pb 4f spectra and fit results of the 60 nm sample over time in water vapor. Left
bottom panel shows the measured Pb 4f as a 2D plot and representative selected
spectra are shown in the left top panel as a 1D plot including the species from the
fits labeled as A and B. The right panel shows the relative concentration of the two
species determined from the fits divided by the relative concentration of the first
spectrum of this sequence. The dark blue dashed line in the 2D plots indicates the
fit range of the species displayed on the right.

The spectra in Figure 5.2 shows the Pb 4f measured along with the O 1s. The main peak labeled
B, with an averaged Ep of (138.9 £ 0.1) eV obtained from the fits, can be attributed to Pb
in perovskite. However, the published values for the chemical shift between Pb in Pbls and

Pb in perovskite environment can be around 0.3 eV [79] for pure materials, nevertheless can
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both species coexist in the absorber resulting in a lower chemical shift and therefore can not be
resolved in the experiment. Thus whenever the Pb species is ascribed to perovskite also Pbls
might be possible and additionally present. Pbp with an averaged Eg of (137.1 £ 0.1) eV can
be attributed to metallic lead (Pbo) [79,84,102].

For the fits of the 60 nm perovskite Pb 4f spectra in water vapor, the Pb 4f peaks were fitted with
Voigt functions and a Shirley background and two species were assumed using Unifit [62]. The
spin-orbit splitting was fixed to 4.86 eV [88] and the area ratio of the spin-orbit doublets was
fixed to 3:4. The width and shape of the Pb 4f peak for perovskite and for Pb metal, as well as
the chemical shift (~1.8 eV) between them, was fixed to averaged values obtained after some
iterations of batch processing.

Figure 5.2 shows, on the right side, the relative concentrations of the two components relative
to the first data point over time, and a clear increase of the metallic component PbY (Pb A) and
decrease of the perovskite component can be seen. The mechanism for PbY formation seems
to be mostly x-ray beam driven, as can be seen especially after the sequence when a new spot
is chosen and the beam is for some time on the new spot, causing an increase in the metallic
component again (see appendix Figure B.2).

To determine reproducibility of the experiment, the sample was cut in half in the beginning
and the second half was used as a fresh sample to repeat the measurements, including repeated
exposure to water vapor. A similar trend to the first experimental run can be seen (see Figure
B.3). Although for the second run the sample had a shorter exposure time to x-rays in vacuum,
the increase of PbY in water vapor clearly indicates an interplay between water and x-rays with
the sample surface (radiolysis effect) [103].

An increase of metallic Pb would imply a decrease of I, assuming that Pbly is present and
degrades into PbY and Iy [48], where the latter as a gas would be pumped away. Figure 5.3
shows I 3d spectra including the fit analysis. For the fit only the I 3dy /2 peak was fitted with a
Shirley background and Voigt function using the batch processing function in Unifit 2016. The
averaged Ep of the I 3dg /2 peak was determined to be (619.7 = 0.1) eV and can be attributed
to I in a perovskite environment [79, 84, 102].

In the I 3d spectra a clear decrease in the intensity can be seen (see Figure 5.3), indicating either
the loss of I or the adsorption of water on the perovskite. The loss of I would be, under con-
sideration of the increase in Pb?, an indication for radiolysis and is here likely the case. Since
adsorption of water on the perovskite would also lead to an decrease of the PhY signal, which is
not the case. After the sequence in water vapor I 3d spectra were not measured for the new spot,
but the shallow core levels give a clear indication that the growth of metallic Pb component and

the decrease of I are linked (see Figure B.4), leading to a degradation of the perovskite or mainly
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Figure 5.3.: I 3d spectra and fit results of 60 nm sample over time in water vapor. Left bottom
panel shows the measured I 3d as a 2D plot and representative selected spectra are
shown in the left top panel as a 1D plot including the species from the fits labeled
as A. The right panel shows the area ratio of the species determined from the fits
divided by the area of the first spectrum of this sequence. The dark blue dashed line
in the 2D plots indicates the fit range of the species displayed on the right.

Pbly through radiolysis [103] as the underlying degradation mechanism. The C 1s spectra were
also measured and are shown in Figure 5.4. The low appearing Methylammonium iodide (MAI,
CH3NH3I) content (second peak) in the C 1s spectrum for UHV and similarly in water vapor
(see Figure B.1(a) and 5.4) can indicate two things. Either the adventitious carbon component
is relatively large to the MAI component, which might be due to contamination from air when
the sample was mounted. Or the other possible explanation would be that part of the absorber
was already converted into Pbly at the start of the measurements and/or the conversion of the
precursor solution into perovskite was incomplete. Additionally is also a combination of both
cases possible.

In water vapor C 1s (see Figure 5.4) seems to overall increase with time. A closer look at the
relative concentration, normalized to the first data point of the sequence, indicates an increase
for component C, (adventitious carbon) with an average Ep of (285.9 £ 0.1) eV and a small
increase of Cg = (287.1 &+ 0.1) eV (averaged) attributed to MAI [88, 102]. However, consid-
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Figure 5.4.: C 1s spectra and fit results of 60 nm sample over time in water vapor. Left bottom
panel shows the measured C 1s as a 2D plot and representative selected spectra are
shown in the left top panel as a 1D plot including the species from the fits labeled
as A,B and C. The right panel shows the relative concentration of the three species
determined from the fits divided by the relative concentration of the first spectrum
of this sequence. The dark blue dashed line in the 2D plots indicates the fit range
of the species displayed on the right.

ering the low signal-to-noise ratio of the spectra and that the relative concentration of Cg was
normalized to the first point, which might have been very low. It can be assumed that the relative
concentration of the MAI stays constant within the scatter of the data. The huge fluctuation of
the MAI component can be explained by the larger fitting uncertainty of the small peak through
the low signal-to-noise ratio compared to component Cp. Component Cc = (289.2 £ 0.1) eV
(averaged) can be ascribed to carbonates [88, 102] and seems to decrease over time, but similar
to the MAI (Cp) special care has to be taken due to the low signal-to-noise ratio. It can be either
assumed that carbonates (C¢) are constant over time or they are reduced by water adsorption,
which is unlikely since the PhY signal is not decreasing (no water adsorption on the perovskite).
Note that in water vapor the measured Ep for C 1s are slightly higher compared to UHV (see

appendix B.1), whereas the other core levels show similar Eg within the error margin.

The C 1s spectra of the sample in water vapor was fitted similar to Pb 4f spectra with a fixed
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chemical shift of ~ 1.2 eV for MAI and ~ 3.3 eV for carbonates relative to adventitious carbon.
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Figure 5.5.: Shows relative concentrations of Pb perovskite (Pbls), Pbo, MAI and I over rela-
tive concentration of molecular water for 60 nm perovskite. Note that I is not given
as relative concentration but relative to first data point (area). Open symbols with
dot give the results of the second sample, which is the second half of the perovskite
sample.

The results obtained from the fits so far lead to the conclusion, that radiolysis of the perovskite
for the 60 nm sample seems to be enhanced by the water presence. The electrons produced
in water by x-rays can reduce Pb2T from Pbly to Pb™, which further disproportionate into
P [103]. This mechanism does not seem to depend on the initial amount of molecular water
absorbed on the surface as it will be reasoned in the following. Figure 5.5 shows the relative
concentration of the different perovskite elements (for both 60 nm samples) plotted over the
relative concentration of molecular water. It can be clearly seen that in both cases I and Pb
correlated to perovskite decreases and PbY increases with water. The only difference is, that
for the second half of the sample the same trend can already be seen for smaller amounts of
molecular water and shorter x-ray exposure, which means that x-rays together with water are
the driving force behind that degradation. This is further supported by Pb 4f spectra shown in
Figure B.2, as already discussed above. Note that for both measurements (sample halfes) zero

in the time axis is set to the first gold reference measurements in UHV.
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5.2. Environmental Effects on 300 nm Perovskites

In the following subsections, the results of the study of 300 nm perovskite samples under ambi-
ent conditions are presented. Compared to the 60 nm sample set, sequence measurements were
also performed in high vacuum and better defined conditions w.r.t. illumination for the sample
during measurements were assured. Note that for the 300 nm sample it is very likely that the
TiOg is still not completely covered by the perovskite (see chapter 4) and therefore UV light
and x-rays can reach the substrate. TiO9 is a known photocatalyst, thus interactions of the sub-
strate with UV light (and x-rays) need to be considered in addition to changes in the perovskite
and the possible influence on them.

In Table 5.1 the possible degradation mechanism are listed, as mentioned in subsection 2.2.2
from Ref. [16, 19,47, 48], that are expected to occur for the perovskite in high vacuum in the
dark, in water in the dark, and in water under illumination, together with the expected species
that could be detected with HAXPES. Note that Pb 4f of Pbly and perovskite has very similar
Ep and can not be distinguished, hence the Pb species labeled in the following as perovskite

can also be Pbls.

Table 5.1.: Table shows possible degradation mechanisms according to Ref. [16,19,47,48] (see
subsection 2.2.2) and the possible species/core levels that could be measured. The
equations are labeled by letters in brackets for reference.

Expected species
Environment Possible degradation mechanism which could be
detected
Vacuum in the | CH3NH3Pbl3; — CH3NH, (g) + HI(g) +Pbl; (s) + Vi (A) MA [C]
dark HI [T]
[19] Pbl,/perovskite
Water vapor in | CH3NH3Pbl3 (s) —» CH3NH3! (ag) + Pbl,(s) (B1) MA[C]
the dark HI [T}
[16,47] CH3NH3! (aq) — CH3NH; (aq) + Hl(aq) (B2) Pbl,/perovskite
Water vapor CH3NH3PbI3 (s) - CH3NH3I (ag) + Pbl; (s) (C1) MA[C]
under HI [T}
illumination CH3NH3! (aq) — CH3NH; (agq) +HI (aq) (C2) Pb°
[16,19,47 48] Pbl,/perovskite
HI (ag) = Hy (g)+ Iz(s) (C3)
PbI, (s) > Pb° (s) + I, (g) (C4)
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5.2.1. Perovskite in the Dark and in High Vacuum

The first measurements on 300 nm perovskite were performed in high vacuum in the dark at a

pressure of p ~ 1.1 x 107 Torr. The following Figures 5.6 to 5.9 show the representative core

levels O 1s, 13d, C 1s and Pb 4f spectra of the perovskite as a 2D plot in the left panel as well as

some representative selected spectra in 1D, converted from the 2D plot, in the top (left) panel.

The zero point of the timescale is the start of the first scan of the sequence of the respective

core level, although the beam has been on the same spot already for 2h and 22 min to measure

a survey and some core levels prior to the sequence.

Figure 5.6.:
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O 1s spectra and fit results of 300 nm sample over time in the dark and in high
vacuum. Left bottom panel shows the measured O 1s as a 2D plot and representative
selected spectra are shown in the left top panel as a 1D plot including the species
from the fits labeled as A,B and C. The right panel shows the area of each of the
three species determined from the fits divided by the area of the gas phase water
contribution from the first spectrum of the water sequence. The dark blue dashed
line in the 2D plots indicates the fit range of the species displayed on the right.

In Figure 5.6 the O 1s 2D and 1D plot indicates that no changes occur during the measurement

time window, which is confirmed by the fit results. The area of all three components Op B ¢

is constant over time (see right panel in Figure 5.6). From the fits the following averaged
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Ep for the components are obtained; Oy = (530.4 £ 0.1) eV, Og = (531.4 £ 0.1) eV and
Oc = (532.75 £ 0.10) eV which are lower in Eg than those obtained for the 60 nm sample in
UHYV and in water vapor (see appendix B.1 and 5.1), but still can be attributed to O in TiO9 (A),
OH groups (B) and to C=0 (C) bonds in the organic component of the perovskite [84,100]. The
oxidation of the organic component can be due to different reasons; one reason could be that the
sample was mounted in air, another possibility is the oxidation of the organic component at the

perovskite/TiO9 interface. Next I 3d will be discussed, which was measured along with O 1s
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Figure 5.7.: I 3d spectra and fit results of 300 nm sample over time in the dark and in high vac-
uum. Left bottom panel shows the measured I 3d as a 2D plot and representative
selected spectra are shown in the left top panel as a 1D plot including the species
from the fits labeled as A. The right panel shows the area ratio of the species deter-
mined from the fits divided by the area of the first spectrum of this sequence. The
dark blue dashed line in the 2D plots indicates the fit range of the species displayed
on the right.

and is shown in Figure 5.7. The I 3d 2D and 1D spectra measured in high vacuum in the dark,
(see Figure 5.7) shows only one component, as revealed by the fit of the I 3d; /2 peak. Note that
for the 300 nm sample a linear background was used for fitting of the I 3d5 /2 peak. Component
I5 decreases by approximately 12 % over time, as can be seen in the right panel of Figure 5.7,

which could be due to I loss in high vacuum. Iodine, in form of HI (g) according to equation
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(A) in Table 5.1, may be pumped away in the system, which would be according to Tang et
al. [19] the first sign of degradation, or it might come from excess iodine linked to the MAI in
gas form after the perovskite absorber production. The latter is likely since for the preparation
of the perovskite a molar ratio of 3:1 for MAI and PbCl5 is used (see subsection 2.2.4) leading
to possible excess of I (and Pb T2 vacancies [104]). However, HI does not appear in the I 3d
spectrum as an additional species; the shape of the I 3d peaks clearly stays the same. The
averaged Ep of the I 3dy /2 peak was determined to be (618.7 = 0.1) eV and can be attributed
to I in a perovskite environment, although the Eg for I of the 60 nm sample in UHV and water
vapor is higher (see appendix B.1 and 5.1) and might be partly explained by the difference in
chemical bonding of the perovskite to the substrate for thinner films [102].

Evaporation of excess I linked to MAI would also be visible in the C 1s spectra as a decrease
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Figure 5.8.: C 1s spectra and fit results of 300 nm sample over time in the dark and in high
vacuum. Left bottom panel shows the measured C 1s as a 2D plot and representative
selected spectra are shown in the left top panel as a 1D plot including the species
from the fits labeled as A,B and C. The right panel shows the relative concentration
of the three species determined from the fits divided by the relative concentration
of the first spectrum of this sequence. The dark blue dashed line in the 2D plots
indicates the fit range of the species displayed on the right.
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of the MAI component. Figure 5.8 shows the C 1s spectra in the dark, and three species can be
identified through fitting, which can be attributed to C, (adventitious carbon) with an average
Ep of (284.7 £ 0.1) eV, to Cg = (285.9 £ 0.1) eV (averaged) attributed to MAI and to C¢ =
(288.0 £ 0.1) eV (averaged) ascribed most likely to carbonates [88, 102]. Similar to the other
core levels, the Ep for the carbon species of the 300 nm sample in high vacuum in the dark is

at a lower Eg compared to the 60 nm sample.

In high vacuum, the component for adventitious carbon (Cp ) increases over time compared to
the first data point (see right panel in Figure 5.8), whereas the components for carbonates and
MALI decrease. The decrease of Cp indicates a loss of MAI over time, e.g., being pumped away

in vacuum.

The last core level presented here for the sequence measured of a perovskite in high vacuum
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Figure 5.9.: Pb 4f spectra and fit results of 300 nm sample over time in the dark and in high vac-
uum. Left bottom panel shows the measured Pb 4f as a 2D plot and representative
selected spectra are shown in the left top panel as a 1D plot including the species
from the fits labeled as A and B. The right panel shows the relative concentration of
the two species determined from the fits divided by the relative concentration of the
first spectrum of this sequence. The dark blue dashed line in the 2D plots indicates
the fit range of the species displayed on the right.
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in the dark is Pb 4f. Figure 5.9 shows the Pb 4f spectra on the left side (top is 1D presenta-
tion, bottom 2D presentation) measured in high vacuum. The species determined from the fits
(chemical shift fixed to 1.7 eV) are labeled as A and B in the left top panel. An averaged Pb
4f7/2 Ep of (136.2 £ 0.1) eV for Pby and of (137.9 4+ 0.1) eV for Pby can be determined,
which can be attributed to metallic lead (PbY) and Pb in a perovskite environment (or Pbly),
respectively [79,84,102]. Similar to the other core levels, the Eg for the sample in high vacuum
in the dark is lower compared to the Eg of Pb in the 60 nm samples. Although Pbpg is here and
in the following subsections denoted as Pb in perovskite, the presence of Pbly in the absorber
can not be excluded, since the chemical shift between Pb in Pbls and Pb in perovskite environ-
ment is usually smaller than 0.3 eV [79] given for pure materials in literature and therefore both
species can coexist in the absorber but can not be resolved separately. The possible presence
of Pbls in the absorber can be explained by precursor solution remainders due to incomplete

conversion into the perovskite or as a product of degradation.

The right panel in Figure 5.9 shows the relative concentration of the two species over time and
indicates a constant behavior for component Pbpg, whereas Pb metal decreases, demonstrating
no degradation of the sample (in high vacuum in the dark), which also suggests that the decrease

in I area (see Figure 5.7) might come from evaporation of excess MAI.

For the fit of Pb 4f spectra, part of the extensive plasmonic loss structure extending over 20 eV
at higher Eg needs to be considered, since the structure partly overlaps with the main Pb 4f
peaks affecting the obtained areas from the fit [76]. Moreover, for the sequence measurement,
the complete plasmonic loss structure was cut to a Eg of ~ 149 eV and therefore only relative
changes of the areas of the Pb 4f spectra can be given, due to unequal plasmonic contributions
to Pb and Pbp. Hence the significant decrease of the metallic component might partly come
from a higher fitting uncertainty for the small peak compared to the perovskite peak, due to the
fixed chemical shift between the two Pb species and the adjusting of the Shirley background for

the fit due to the missing plasmonic contribution.

Further, Figure 5.9 shows a shift in the 2D plot to higher Eg over time, which could be inter-
preted as a conversion of perovskite into Pbls. Since Pbls would be in the Pb spectra located
at the higher Ep side of the perovskite. But a closer look at the other core level spectra (O 1s,
C 1s and I 3d) of this subsection shows a similar shift for all in the order of 0.2 eV to higher
Ep indicating, in this case a shift in excitation energy of the x-ray beam as underlying reason is
more likely. Note that a shift in photon energy leads to equal shifts for all core-levels, which is
here the case.
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5.2.2. Perovskite in the Dark and Water Vapor

After the measurements in high vacuum and in the dark were complete, water vapor was intro-
duced and a fresh spot was chosen on the sample for the next sequence measurements to avoid
changes in the spectra due to possibility of a prior beam damaged sample surface. The timescale
continues from the high vacuum measurements, including the break between the measurements

for introducing the beaker with water into the chamber.

O 1s dark 300 nm perovskite

> |—Fit hv = 4 keV| 3.130 —— 0 1s after 553 min
g B p =15 Torr| 2858 — O 1s after 673 min
ko] : 2585 O 1s after 833 min
£ . —— O 1s after 953 min
= 2313 O 1s after 1153 min
N 2.040 — Comp. O,
E 1.768 —— Comp. Oy
S 1.495 — Comp. O

—— Comp. O,

T | T | T | T | T | T | T | 1.223
538 536 _ 534 532 530 528 526
Binding Energy (eV.

0.950

1150 SuE i TI7 7 VAP !
eoeoe
o o [ [
e 111 fli
e o L | 4 o 6 O O
1050 41 1 / 3 3 3 3
o o | I 55T D
1000 —$\ ‘.| ! .|’ © 00,0
950 1o e °oe0 g 32 g
7 S
= 900 .y ’ o0 S % §
€ e e - 285
£ 850 47 4 / e -8
° ° [ X 5 8
g A | / g 3
E 800 ® e o ¢ S =
a 750 : lo o/ L
| |/
700 _1 ?/0 [
TR )
650 _T /.? |
600 _’.I /o T L
o o @ [
550 ® 7o
I L
53 586 534 552 530 526 0.20.4 0.6 0.8 1.0 1.2 1.4
Binding Energy (eV) Area to gas phase water

Figure 5.10.: O 1s spectra and fit results of 300 nm sample over time in the dark at 15 Torr. Left
bottom panel shows the measured O 1s as a 2D plot and representative selected
spectra are shown in the left top panel as a 1D plot including the species from
the fits labeled as A,B,C and D. The right panel shows the area of each of the
four species determined from the fits divided by the area of the gas phase water
contribution. The dark blue dashed line in the 2D plots indicates the fit range of
the species displayed on the right.

In the following the core levels measured in the sequence will be discussed in the same order as
it was done for 5.2.1, starting with the O 1s spectra in Figure 5.10. The presence of water vapor
in the chamber can be related to peak C and D in the O 1s spectra (see Figure 5.10). Through
fitting, in total four species can be identified, labeled again as A,B,C and D, similar to the ones
in 5.1. The main Peak O with a Eg of (530.4 &+ 0.1) eV can be attributed to O in TiO9, Op
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with (5§31.4 £ 0.1) eV to OH groups, O¢ with (533.2 £ 0.1) eV to molecular water and Op
with (536.2 + 0.1) eV to gas phase water [84, 100]. The determined Ep are lower than the one
obtained for the 60 nm sample (see section 5.1 and B.1), except for the gas phase water, being
similar in both cases. Compared to the sample in high vacuum (see subsection 5.2.1) the Eg

are similar.

From the 2D plot and right panel in Figure 5.10 a clear decrease in intensity can be seen for the
TiO9 component (O p ), whereas molecular water (O() increases and gas phase water (Op) is
constant (chosen by normalization), indicating an increased adsorption of molecular water. The
small increase of component Og (OH groups) indicates that the water molecules not only adsorb
on the surface but also partly dissociate. The presence of OH groups at the perovskite/water
interface agrees with Weinhardt et al. [105], they reported that there is always an OH component

in x-rays of liquid water due to proton dynamics.

With equation 3.3 the thickness of the layer of water growing on TiO9 can be estimated, where
I is the averaged area of TiO3 in high vacuum and I(d) the area of TiO» in water vapor. For
the last spectrum in water vapor a film thickness of 8.4 nm is determined. However the intensity
decreases in water vapor, and therefore I, used from high vacuum, is overestimated and it can
be only stated that during the measurements in water vapor the film thickness increases by 3
nm. A thin layer of water adsorbed on the surface from vapor is very likely through the constant
resupply of water vapor from the beaker, filled with water and the temperature decrease in the
chamber by < 1 ° C corresponding to a decrease of 0.6 Torr in 10 h. Note that the actual
thickness of the water film can be higher, if the water starts to adsorb on the perovskite surface
(see morphology in chapter 4) and adsorbs later on the exposed TiO9, leading to a slower
intensity decrease in equation 3.3 and therefore underestimation of the water film thickness.
Also according to Ketteler et al. [100] nucleation sites first need to be formed on TiO9 before

water adsorbs on the surface, indicated by the presence of OH groups acting as such.

Figure 5.11 shows the I 3d spectra and the fit results, which indicate a clear decrease of 1 3d
intensity as well as a shift in Ep, first to lower Eg and then back to higher Eg. This "curve"
behavior can not be clearly seen in O 1s in Figure 5.10 because the broadness of the peaks and
the decrease/increase of the TiOs/molecular water peak makes it difficult, but the determined
Ep from the fits show a small shift of max. 0.1 eV to lower Eg which is still within the error
margin.

The averaged Ep for I is (619.3 £ 0.1) eV, which is still consistent with I in a perovskite
environment. But shifted to higher Eg by 0.6 eV compared to the Eg of I in high vacuum,

(see subsection 5.2.1) and is still lower than the Eg of I in the 60 nm sample (see section 5.1
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Figure 5.11.: I 3d spectra and fit results of 300 nm sample over time in the dark at 15 Torr. Left
bottom panel shows the measured I 3d as a 2D plot and representative selected
spectra are shown in the left top panel as a 1D plot including the species from the
fits labeled as A. The right panel shows the area of the species determined from
the fits divided by the area of the first spectrum of this sequence. The dark blue
dashed line in the 2D plots indicates the fit range of the species displayed on the
right.

and B.1). The Eg shift in water vapor compared to the sample in high vacuum might be due
to the water adsorbing on the surface. This would also partly explain the accelerated decrease
of I intensity due to attenuation of electrons (energy loss) in the additional water film according
to equation 3.3. In high vacuum the I 3d; /2 signal decreases by a factor 3.1 x 1073 per min
whereas in water vapor it decreases by a factor of 4.3 x 103 per min indicating an additional
mechanism to water growth, which might be also partly due to iodine loss from launching of
the degradation process. According to equation (B2) in Table 5.1 an additional species (HI)
should be be detected; the absence of the corresponding signal might be due to the dilution of
HI in water below the detection limit (which would be higher than in conventional XPS due to
the low signal-to-noise ratio).

Similar to the discussion of the Ep shift over time for the high vacuum measurements (see

subsection 5.2.1), the Ep shift of I with time might be explained by a change in energy of the

61



In-situ Study and Characterization of Environmental Impact on Mixed Halide
Perovskite Absorbers

x-ray beam; since all core levels for the 300 nm sample in water vapor in the dark exhibit this
shift first to lower Eg and then to higher Eg. But O 1s show a small shift of max 0.1 eV which
is in the error margin, whereas the perovskite related core levels shows a shift of max 0.2 eV
to lower Eg. This small difference in shifts excludes therefore the instability of the x-ray beam
energy as the cause. Which means in this case two other possibilities exists to explain the shift
in Ep: one would be the chemical shift by adsorption of water on the surface, usually leading
to shift to higher Eg. Another possible explanation for that shift would be the formation of a

dipole or Helmholtz layer in the presence of water at the perovskite surface.

If it is assumed that the perovskite sample is (becomes) n-doped after preparation, because it
has an I deficiency (I" vacancies) due to I loss [104,106], then ions can be present at the surface.
They might also be partly created by decomposition of the perovskite in contact with water [21]
or move to the surface by ion migration [107]. Additionally water begins to adsorb on the
surface by first dissociating water molecules, forming OH ™~ groups, which then act as bridging
groups for molecular water to adsorb/grow on the surface [100]. The adsorbed water together
with the ions of the perovskite at the surface forms then the Helmholtz layer at the perovskite
liquid water interface inducing a shift to lower Eg. The shift continues until the area to gas
phase water (see Figure 5.10) of adsorbed water molecules becomes equal to the normalized
area of TiO9 after 633 min. Then the peak starts to shift to higher Eg probably due to the water

film inducing a chemical shift and/or covering the dipole layer.

The loss of I linked to MAI (or Methylammonium [MA, CH3NH§]) according to equation
(B1) and (B2) in Table 5.1 can again be seen in the C 1s spectra. Figure 5.12 shows the C
Is spectra, including the fit results consisting of four species: Cp (adventitious carbon) with
an average Ep of (285.6 £ 0.1) eV, Cg = (286.7 £ 0.1) eV (averaged) attributed to MAI
and Co = (288.8 £ 0.1) eV (averaged) ascribed most likely to carbonates [88, 102], which
are higher in Eg compared to C species of the 300 nm perovskite sample in high vacuum
(see subsection 5.2.1) and of the 60 nm sample in UHV (see appendix B.1), but lower in Eg
compared to C species of the 60 nm sample in water vapor (see section 5.1). The peak K
with an averaged Ep of (293.2 + 0.1) eV is a K 2p attributed to K absorbed on the TiO2
(K/TiO9) [84] and is likely a contamination originating from the chamber walls (unrelated
experiments involving KOH were carried out in the same chamber prior to this experiment).
This contamination increases over time (see right panel Figure 5.12), indicating that K (on
TiO9) is adsorbing on the surface. [Note that for K/TiO9 the relative concentration is not
normalized to the one of the first data point, but to the second.] Along with K/TiO9 (K), the

carbonate component (C) also increases, whereas adventitious carbon stays constant. The
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Figure 5.12.: C 1s spectra and fit of 300 nm sample results over time in the dark at 15 Torr. Left
bottom panel shows the measured C 1s as a 2D plot and representative selected
spectra are shown in the left top panel as a 1D plot including the species from
the fits labeled as A, B, C and K. The right panel shows the relative concentration
of the four species determined from the fits divided by the relative concentration
of the first spectrum of this sequence. The dark blue dashed line in the 2D plots
indicates the fit range of the species displayed on the right.

component related to MAI decreases significantly indicating a coverage and signal attenuation
by water and/or a loss of MAI. The MAI loss may be due to dilution of the aqueous degradation
products in water to a degree that they can not be detected in HAXPES.

In Figure 5.13, Pb 4f spectra including the fit results are displayed. Similar to I 3d, a shift
of Ep first to lower and then to higher Eg can be seen, caused perhaps first by a formation
of a dipole layer and later by a chemical shift induced by the water film. From the fits, two
species can be identified with the following averaged Eg, Pba = (136.85 4+ 0.20) eV and
Pbg = (138.5 + 0.2) eV, which could be attributed to Pb? and Pb in perovskite (or Pbls),
respectively [79, 84, 102]. Considering that the shift between the water and high vacuum Pb
species of 0.65 and 0.6 eV for Pb? and Pb in perovskite, respectively is due to water adsorption

on the surface. Further are the E of Pb determined for the 300 nm sample in the dark in water
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Figure 5.13.: Pb 4f spectra and fit results of 300 nm sample over time in the dark at 15 Torr. Left
bottom panel shows the measured Pb 4f as a 2D plot and representative selected
spectra are shown in the left top panel as a 1D plot, where the first two and the
last two Pb 4f spectra of the sequence were averaged to increase the signal-to-
noise ratio. The left panel includes the species from the fits labeled as A and B
represented for the first spectra of the sequence not shown in the top panel. The
right panel shows the relative concentration of the two species determined from
the fits divided by the relative concentration of the first spectrum of this sequence.
The dark blue dashed line in the 2D plots indicates the fit range of the species
displayed on the right.

vapor lower than for the 60 nm samples. Aside from that the fit reveals also a constant behavior
of the relative concentration of perovskite Pb which could be explained by the formation of
(more) Pbls through dissolving of the perovskite according to equation (B1) in Table 5.1 and the
adsorption of water on the sample attenuating the increase of the correlated Pbly contribution.
The decrease of Pb? over time might be due to e.g., formation of PbO, which is expected in
Ep between Pb perovskite (or Pbls) and PbY in Figure 5.13 and might not be resolved due to
the low signal-to-noise ratio. Further should the formation of e.g., PbO result in an increase of
the Pb perovskite (Pbls) contribution with time, but this contribution might be partly attenuated
due to the growth of a water film. This indicates altogether with the Eg shift to higher energies
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of the core levels from the perovskite, that molecular water first adsorbs on the perovskite, and
then, under consideration of the PEEM results in chapter 4, might spill onto the TiO9 substrate,
slightly decreasing the corresponding O 1s signal. Once the surface (including the pin-holes) is
fully covered it stops spreading in a lateral direction after some time and starts to get thicker.

After the sequence, two more Pb 4f spectra, with a better resolution, were measured, indicating
a continuation of the trend for the first Pb 4f spectrum; the last Pb spectrum was measured at
a different sample spot (spot was changed after 1306 min) showing slightly less perovskite Pb
and more Ph? compared to the previous spot (see appendix B Figure B.15 for Pb 4f spectra and

Figure B.16 for extended relative concentration plot).

5.2.3. Perovskite in the Light and Water

For the measurements performed under UV illumination with a solar simulator a fresh sample
was mounted in air and introduced into the chamber, which was still wet from the previous
water in the dark experiment (see subsection 5.2.2). Allowing us to first perform water exposure
experiments at low water pressure excluding the water beaker. Later, in order to increase the
water amount, a beaker with water was introduced into the chamber; a new spot was chosen
and illumination experiments with the sample at a pressure equivalent to water vapor (high
water pressure) were performed, the corresponding results can be found in the appendix B (see
subsection B.2.2). The results of the low water pressure and illumination experiment will be
presented in the following. The zero point of the timescale given in the following spectra is the
start of the first scan of the sequence of the respective core level. For the illuminated sample
the sequence measurements started immediately after spot optimization. During the experiment
in low water pressure the light was turned on after 35 min, after 223 min the measurements
continued on a new spot, the light stayed on in total for 293 min and was turned off with
measurements continued for another 105 min. These regions are indicated in the figures.

Figure 5.14 shows the measured O 1s spectra and fit results at low water pressure (p = 1.8 x
107% to 2.6 x 107 Torr) with and without illumination. In the spectra a clear second peak next
to the main peak (A) is seen, which was not present in the O 1s spectra recorded in high vacuum
in the dark (see Figure 5.6). Through fitting three species could be identified: O = (530.6 +
0.1) eV (averaged) attributed to TiO9, Og =(531.6 £ 0.1) eV to OH groups and O¢ = (533.15
£ 0.10) eV to molecular water. The presence of molecular water is most likely due to the
incompletely dried chamber from the previous water exposure experiment for the perovskite
in the dark; during the pump-down sequence some water apparently adsorbed on the sample

surface. Therefore it is preferred to speak of perovskite at low water pressure instead of high
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Figure 5.14

vacuum. The determined Eg for O 1s at low water pressure and under illumination are slightly

higher than for the 300 nm sample in high vacuum (see subsection 5.2.1) and water vapor in the

.2 O 1s spectra and fit results of 300 nm sample over time under UV illumination
at low water pressure. Left bottom panel shows the measured O 1s as a 2D plot
and representative selected spectra are shown in the left top panel as a 1D plot
including the species from the fits labeled as A,B and C. The right panel shows
the area of each of the three species determined from the fits divided by the area
of the gas phase water contribution from the first spectrum of the water sequence.
The dark blue dashed line in the 2D plots indicates the fit range of the species
displayed on the right. The light magenta dashed line shows the change to a new
sample position and the arrow between the left and right panel indicates the time
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dark (see subsection 5.2.2), likely caused by the chemical shift of adsorbed water.

With elapsing time, molecular water (O¢) increases (see right panel in Figure 5.14), whereas
O related to TiO9 (Op) slightly decreases, and the component related to OH groups (Op)
stays constant. The same trend is evident when the sample position is changed after 223 min.
The new spot, shows after 258 min, a higher TiO» related O signal than molecular water, but
over time molecular water seem to adsorb again on the surface and the related signal increases.

Since the increase/adsorbtion of molecular water seems to happen under x-ray irradiation, it is
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very likely that x-rays accelerates the superwetting effect of TiOo which happens under UV

illumination [108].

Figure 5.14 also indicates a small shift in Eg to lower values over time for the TiO2 and molec-
ular water peak. When a new spot is illuminated, opposite behavior is observed. The shifts can
be ascribed to surface photovoltage (SPV) occurring in photoactive materials under illumina-
tion [109], where the direction of the shift in E depends on the direction of the dipoles at the
perovskite/water interface. Therefore the shift to lower Ep for the first spot might be explained
by a difference in surface dipole, caused by the adsorbed water, compared to the new spot with
a "drier" sample surface. The new spot is assumed to be drier, since it seems that x-rays are

assisting the wetting of the sample surface. The same shift behavior in Eg over time can be
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Figure 5.15.: I 3d spectra and fit results of 300 nm sample over time under UV illumination at
low water pressure. Left bottom panel shows the measured I 3d as a 2D plot and
representative selected spectra are shown in the left top panel as a 1D plot includ-
ing the species from the fits labeled as A. The right panel shows the area ratio of
the species determined from the fits divided by the area of the first spectrum of this
sequence. The dark blue dashed line in the 2D plots indicates the fit range of the
species displayed on the right. The light magenta dashed line shows the change to
a new sample position and the arrow between the left and right panel indicates the
time frame were the sample was illuminated.
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seen for I 3d under illumination (see Figure 5.15), but more pronounced compared to O 1s.
That this shift is caused by illumination and therefore by SPV can be clearly seen here: After
the light is turned off, the peak starts to shift back to lower Eg and continues to shift for the 105

min probed by x-rays.

Aside from that, the I 3dy /2 signal decreases for both measured spots; only after turning off
the light a slight increase can be seen (see right panel in Figure 5.15). The decrease of the
signal might be, as already discussed for the I 3d spectra in the dark in water vapor, due to the
degradation of the sample according to equation (C1) and (C2) in Table 5.1. (I can also decrease
due to iodine gas being pumped away; I gas results as a degradation product of equation (C4) by
formation of Pb?, which will be discussed later.) Note that attenuation of the I intensity due to
water remnants adsorbing on the surface is in addition to the previously mentioned mechanism
happening in the sample. Although the peaks shifts due to SPV, the Eg of I, can be given in
arange between 618.9 and 619.6 eV which is still assumed to be I in a perovskite environment
and not a pure chemical shift. Still it has to be considered that for equation (C2) the HI species is
supposed to be present in Figure 5.15 as a second additional species, which might be similar for
the water and dark case (see subsection 5.2.2), strongly diluted and therefore the corresponding
signal below the detection limit. The lower Ep in the given range of I is slightly higher than
the Eg determined for I, in high vacuum in the dark, which can be explained by the presence

of water remainders.

Figure 5.16 shows the C 1s spectra, which are also affected by the SPV. However compared
to the other core level spectra, the C 1s peak shifts for the new spot again to lower Ep under
illumination and continues even with light turned off. This behavior might be explained by the
loss of the MAI (or MA) contribution and the associated chemical shift canceling out the Eg
shift from the SPV. Further, through fitting of the C 1s spectra three species can be identified
which can be attributed, similar to the C species of the 300 nm sample in the dark in water
vapor and the 60 nm perovskite sample in UHV, to Cp (adventitious carbon) in a Ep range
between 284.9 and 285.5 eV, to MAI (Cp) between 286.05 and 286.65 eV and to carbonates
(C) between 288.1 and 288.7 eV. The component related to MAI (Cp) is decreasing over time,
which is expected due to the loss of MAI (or MA) according to equation (C1) and (C2) in Table
5.1, as it has been already discussed for the sample in water vapor in the dark (see subsection
5.2.2). For the new spot, where the light was already on, the MAI component decreases only
slightly. For adventitious carbon the opposite behavior to MAI can be seen for both spots.
Moreover, the attenuation of the MAI intensity might be partly ascribed to water remnants

adsorbing on the surface in addition to the previously mentioned mechanism happening in the
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Figure 5.16.: C 1s spectra and fit results of 300 nm sample over time under UV illumination
at low water pressure. Left bottom panel shows the measured C 1s as a 2D plot
and representative selected spectra are shown in the left top panel as a 1D plot
including the species from the fits labeled as A,B and C. The right panel shows
the relative concentration of the three species determined from the fits divided by
the relative concentration of the first spectrum of this sequence. The dark blue
dashed line in the 2D plots indicates the fit range of the species displayed on the
right. The light magenta dashed line shows the change to a new sample position
and the arrow between the left and right panel indicates the time frame were the
sample was illuminated.

sample.

The component for carbonates shows a completely different behavior: first the relative concen-
tration is decreasing and then increasing for the new spot. The decrease might be explained
by the presence of the adsorbed water film, which covers the already adsorbed carbonates as
it grows. The new spot (see discussion of O 1s in low water pressure and under illumination
above) had less molecular water and therefore an incomplete water film, allowing the adsorption

of carbonates together with molecular water on the surface.

The C 1s spectra show for two different spots, including three different species, the complex

interplay between illumination, water, and x-rays. The changes on the sample seems to depend
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on the "pre-conditions" of the sample spot when it gets probed with x-rays.
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Figure 5.17.: Pb 4f spectra and fit results of 300 nm sample over time under UV illumination
at low water pressure. Left bottom panel shows the measured Pb 4f as a 2D plot
and representative selected spectra are shown in the left top panel as a 1D plot
including the species from the fits labeled as A and B. The right panel shows the
relative concentration of the two species determined from the fits divided by the
relative concentration of the first spectrum of this sequence. The dark blue dashed
line in the 2D plots indicates the fit range of the species displayed on the right.
The light magenta dashed line shows the change to a new sample position and the
arrow between the left and right panel indicates the time frame were the sample
was illuminated.

The Pb 4f spectra in Figure 5.17 show a clearer correlation between illumination, x-rays, and
water. Fitting of the spectra shows two species which can be attributed, as before, to PhY
for Pby in a Eg range from 136.4 to 137.1 eV and to perovskite Pb for Pbg from 138.0 to
138.7 eV. Similar to O 1s and I 3d shifts the Eg of the Pb 4f over time due to SPV. Note that
identical to the other core levels, the lower Ep range given for Pb is slightly higher than for
Pb in high vacuum in the dark, due to the presence of water. Aside from the shifts, a clear
increase of metallic Pb can be seen as soon as the light is turned on, indicating degradation of
the Pbly into Pb? and Iy according to equation (C4) in Table 5.1. That is further supported
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by the decrease of the perovskite Pb (Pbls) signal, which behaves opposite to PbY, but its
decrease is much less than the increase of Pb¥. The difference might be partly explained by
the lower contribution of the plasmonic loss structure in Pbo, relative to Pbls, perovskite, or
Pb oxide, which is not included in the fits. In addition, for the formation of Pbo, part of the
perovskite needs to have already degraded into Pblo and MAI These processes, observed in Pb
4f, seems to be accelerated/mediated by x-rays, since the new spot shows a lower initial relative
concentration of metallic Pb which increases with time. As soon as the light is turned off,
metallic Pb decreases. Therefore a clear correlation between x-rays and UV induced formation
of Pb? can be identified. The formation of the Ph! species in this case appears to be a non-
permanent change, after the light is turned off the corresponding contribution decreases likely
due to e.g., PbO formation similar to the perovskite in water vapor in the dark (see subsection
5.2.2).

Moreover, the contributions of I, MAI (C) and Pb perovskite decrease with increasing molecular
water contribution under illumination due to degradation and additional water adsorption. The
O 1s signal, related to TiO9, decreases solely due to water adsorption. This makes it difficult to
estimate where the water adsorbs on the sample, which is even further hindered by the fact that
water before the illumination experiment could have adsorbed on the perovskite surface in the
absence of light according to subsection 5.2.2. Therefore it is assumed that for the low water
pressure experiment water was already adsorbed on the perovskite and might under illumination
preferentially adsorb on the TiO9. The TiO9 signal is slowly decreasing due to the low water

pressure in the chamber. Nevertheless, additional water may absorb on the perovskite surface.

5.2.4. Degradation of 300 nm Perovskite in Ambient Environment

In this subsection the possible degradation mechanism will be further discussed. Figure 5.18
shows an overview of all relative compositions for the relevant perovskite core levels over the
relative concentration of molecular water. Only for Figure 5.18 a) the plot over relative concen-
tration of C=0 bonds is given, since this sample had no measurable water adsorbed.

In the previous sections, the behavior of the components depending on the time of exposure to
vacuum/water and illumination as well as spot change have been described, creating a complex
picture of the overlapping and competing interactions of the material with UV light, water
vapor and x-rays. The additional illumination with UV light and the growing water film do
not only shift the peaks due to SPV, the water film also influences the intensity, hindering the
identification of a degradation through a decrease/increase in intensity of the respective core

level peaks. The composition plot (see Figure 5.18) allows the decoupling of the intensity
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variations from the illumination, assuming that the fluctuation in intensity affects all core levels
similarly. The plot further allows comparison of the relative compositions of the core levels for

all experimental runs using a common factor (molecular water). Starting with Figure 5.18 a),
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Figure 5.18.: Shows relative concentrations of Pb perovskite (Pbls), Ph0, MAI (carbon) and I
over relative concentration of molecular water (or for "a)" of C=0 bonds) for 300
nm perovskite in a) high vacuum and dark, b) water vapor and dark, c) water and
under illumination at AM1.5G. Note that I is not given as relative concentration
but relative to first data point (area) as there is only a single I 3d species. The open
symbols mark the illuminated data points for c).

a constant behavior (within the scatter of the data) of Pb perovskite (or similar Pbly), Pho, 1
and MALI over the relative concentration of the C=0 species can be seen. According to equation
(A) in Table 5.1, it is expected to see the formation of CH3NH(g), HI(g) and Pbls, where the
gaseous components are assumed to be pumped away. The latter would result in a decrease of
the I and MAI (or MA) related component, which is not seen in Figure 5.18 a), indicating that
the perovskite is stable in high vacuum in the dark. This is further corroborated by the absence

of the HI species in the I 3d spectra (see Figure 5.7), disagreeing with proposed degradation
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mechanism in equation (A).

For the sample in water vapor (high water pressure) in the dark it is expected, according to
equation (B1) and (B2) in Table 5.1, that the final reaction products are CH3NHs(aq), Hl(aq)
and Pbly. In Figure 5.18 b)), a fast decrease of I and a slow decrease of MAI (or MA) can be
seen, indicating the loss of CH3NHy and HI with increasing relative concentration of molecular
water, which can be explained by the likely dilution of the aqueous degradation products in
water to a degree that they can not be detected in HAXPES. This would also explain why the
corresponding species do not show up in Figure 5.11 and 5.12, because their contribution to
the spectra would be below the detection limit. Pb in the perovskite environment (or similar
Pbly) is constant within the scatter, and Pb? is slightly decreasing with increasing relative
concentration of molecular water. The constant behavior of the perovskite (or similar Pbly)
can be explained by the transition from perovskite to Pbls, which are likely indistinguishable
in this experiment and the adsorption of water on the sample attenuating partly the increase
of the Pbly contribution. Thus the experiment in water vapor in the dark is consistent with
degradation according to equation (B1) and (B2) in Table 5.1. Further, PbY was already present
on the sample, and its decrease in water vapor might be explained by some back reaction, e.g.,
formation of PbO. The PbO line would be found between the metallic and perovskite Pb 4f
peaks in Figure 5.13. Due to the low signal-to-noise ratio and the (probably) low amounts of
PbO (see slight decrease of PbY), the corresponding signal contributing to the spectra would be
very low and therefore might not be resolved in the spectra.

Figure 5.18 c) shows the results of the experiment under illumination in water, which can be
split into contributions from the low water pressure experiment, presented by the darker colored
data points (see legend in Figure 5.18), and the high water pressure experiment, where the
beaker was introduced, in order to increase the water amount. Additionally, the data points
related to illumination are marked by open symbols and solid symbols present the data points
were the light was turned off. In Figure 5.18 c) it can be clearly seen that the low water pressure
data points have lower molecular water on the surface, as expected by the experiment, and they
then overlap with the data points from the high pressure water experiment, with increased water
content, at higher molecular water contributions. Note that the dip around 0.46 for Pb? (and a
spike for the other core levels) belongs to the values of the measurements at the beginning of
the sequence and for a new spot with light turned off. Aside from that, for low water pressure
Pb from perovskite (or Pbls) and I decrease. MAI (or MA) shows only a slight decrease at
higher molecular water contributions, and PhY significantly increase. According to equation
(C1-C4) in Table 5.1, the formation of Pb? is expected and can be confirmed, further supported

by the decrease of Pb perovskite (or similar Pblo) corresponding to the degradation according
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to equation (C1) and (C4). The degradation of MAI according to equation (C2) is reflected
by the decrease of I (HI) and the related MAI (or MA) contribution being diluted, whereas the
degradation products according to (C3), which are Hy and I, might not be distinguishable in
Figure 5.15. Additionally, the degradation of Pbly according to equation (C4) would also lead
to a decrease in I, since iodine gas can be pumped away. It therefore seems that the data are
in agreement with the proposed degradation mechanism for water and illumination in Table
5.1. For the higher water pressure experiment (see corresponding data in the appendix B.2.2),
it can be stated that the behavior of the core levels with the light off at high molecular water
contribution correlates with the behavior of the water in the dark experiments, and therefore
the same degradation mechanism takes place. For the high water pressure exposure experiment
under illumination, formation of PbY is again expected according to equation (C1) and (C4) in
Table 5.1, but it appears that PbY decreases and Pb perovskite (or Pbly) stays constant within
the scatter of the data in Figure 5.18 c¢). This could be due to reduction of the formed Ph?
according to equation (C4) through reaction with water to form e.g., PbO, accounting to the
Pb perovskite (or Pbls) relative concentration and resulting further in a constant Pb perovskite
(or Pbly) contribution in Figure 5.18 c) (under consideration of additional water adsorption).
Additionally, it can be seen that I decreases, which is expected by the degradation of MAI, HI
and Pbls according to equation (C2-C4) in Table 5.1, whereas no conclusion can be drawn
from MAI (or MA) Figure 5.18 c) since it scatters too much. It might be possible for MAI
(or MA) to be diluted and still be present on the sample surface, slowing down the decrease of
that contribution with increasing molecular water contribution. Therefore, for the high water
pressure experiment under illumination the degradation according to Table 5.1 for water vapor

under illumination can not be confirmed, but cannot be excluded either.

5.3. 60 nm vs. 300 nm Perovskite

In this chapter the degradation of perovskite in UHV (or high vacuum)/water and in the dark/un-
der illumination was studied. For the 60 nm sample the degradation of the perovskite in water
vapor with non-defined illumination was mainly driven by the x-rays (radiolysis) forming P1O,
in which the initial relative concentration of molecular water on the surface and the exposure
time were not the primary influence on the degradation. This indicates that the 60 nm perovskite

is not stable in a water vapor environment when interacting with x-rays.

The 300 nm perovskite sample shows a different behavior than the 60 nm sample: The degra-

dation of the 300 nm samples is mainly driven by the decomposition of the perovskite into MAI
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and Pbls in the presence of water. Further, Pblo decomposes into PbY in the presence of UV
light and x-rays for low water pressures.

The difference in the degradation pathways between the samples described here might not only
be ascribed to the difference in thickness alone, but also to the morphology. The morphology
for the 300 nm sample is shown in Figure 4.1 and was already discussed in chapter 4. The
60 nm sample the surface (see Figure B.7 in the appendix B.1) shows approximately the same
coverage of the substrate compared to the 300 nm sample, but with smaller islands and a lower
thickness. This could lead to the conclusions that island diameter plays a role in the stability
of the perovskite or that the precursor solution was not completely converted into perovskite,
representing a sample with an intermediate surface similar to the intermediate area described
in chapter 4 for thinner parts of the 300 nm sample, where PbY was detected and the correlated
presence of Pblo was suspected. It might be possible that TiO9 as a photocatalytic material
and ETM supports the degradation of the sample in water, which means for the 60nm that the
lower thickness and different morphology offers a higher interaction volume for the x-rays with
the TiO9 at the TiO9o/perovskite interface.
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6. Inorganic Pb-free CsSnBr3
Perovskites

Completely inorganic CsSnX3 based-perovskites (with X =e.g., I, Br or Cl) are a relatively new
absorber class attempting a different approach for solving two problems: UV light and humidity
instability of hybrid organometallic perovskites, and the toxicity of Pb. At the moment this new
class leads to low efficiencies due to the fast oxidation of Sn [28,29]. Adding SnF'9 to the
precursor solution seems to (partially) inhibit the oxidation of Sn, improving the performance
of the resulting solar cell [25], but its impact on the chemical and electronic structure as well as
on the chemical composition is not fully understood.

In this chapter, HAXPES results of wet-chemical deposited CsSnBrs/c-TiO2/FTO/glass sam-
ples with and without SnF'9 additive are presented, and the role of SnF treatment and halide
composition is discussed. HAXPES measurements with hv = 2 keV were performed to gain

insight into the electronic and chemical properties of the Pb-free perovskite absorber materials.

6.1. Results and Discussion

6.1.1. Chemical Structure of CsSnBr3 Perovskites

Figure 6.1 shows the shallow core levels of CsSnBrg/c-TiO9/FTO/glass without (sample set
A) and with (sample set B) SnF9 for five different batches, where the index in Figure 6.1
correspond to the batch number. The five batches for each sample set were prepared sequentially
at the Weizmann Institute of Science (group of G. Hodes and D. Cahen) in Israel according to
the same recipe presented in Ref. [25] (see also subsection 2.3.1) to test reproducibility of the
measurements and randomize effects from sample shipping/handling.

The shallow core level spectra in Figure 6.1 show all expected CsSnBr3 core levels, includ-
ing the core levels associated with the c-TiO9 substrate. Despite some variation between the

batches, comparing the two sample sets (A and B) shows that adding SnF'9 to the precursor
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Figure 6.1.: HAXPES spectra of the shallow core level, of wet-chemically deposited CsSnBr3
measured with an excitation energy of hv = 2 keV, respectively. Spectra have been
background subtracted and then normalized to Sn 4d peak height, vertical offsets
are added for clarity.

solution seems to increase coverage, as indicated by a decrease of the Ti 3p signal relative to
the core levels of the absorber.

In the following, only the data of samples from batch 1, 3 and 5 will be further discussed. Due
to the absence/presence of the F 1s signal for sample Bo/Ay it is concluded that something
went wrong during sample preparation or transport (see Figure C.1 a) in the appendix C). The
detail spectra excluded from discussion in this chapter can be found in the appendix C for
completeness.

Differences in the peak shapes of the Sn 4d, Br 3d and Cs 4d shallow core levels (see respective
detail spectra in Figures 6.2, 6.3 and 6.4) indicate the existence of multiple species which is
confirmed by fitting the core levels with Voigt functions using Unift 2016 [62], by keeping the
Lorentzian and Gaussian full width half maximum (FWHM) fixed for the same core levels and
setting the spin-orbit splitting fixed to 1.1 eV for Sn 4d [110], to 1.05 eV for Br 3d [88] and to
2.3 eV for Cs 4d [111]. In addition, a Shirley background was used for fitting.
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Figure 6.2.: HAXPES Sn 4d detail spectra (including fit analysis) of the CsSnBrg samples with-

out SnF9 (A1, As, As) and with SnFo (B1, B3, Bs) from the shallow core levels in
Figure 6.1. The raw data is shown as open circles, the spectra were normalized by
the background intensity at the lower Eg around Ey and the resulting fits are given
as red lines. The different contributions due to spin-orbit splitting and different Sn
species are given as shaded areas in orange (Sn%t) and purple (Sn*t). The cor-
responding residuum is shown below each spectrum and the spectral background
fitted using the Shirley background.
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Note that the shallow core level spectra in Figure 6.1 were normalized by subtracting the back-
ground around Ey, since the background above Ep arises from scattering of photoemission
lines excited by third order (6 keV) photons. Afterwards 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.

Figure 6.2 shows the curve fit results for the Sn 4d spectra of the different batches of sample
set A and B, respectively, clearly indicating two species of Sn (a non- and oxidized component)
[110], with varying contribution of the components to the spectrum over the batches. The main
contribution of Sn 4dg /2 (orange area in Figure 6.2) for sample set A and B at an averaged
Ep of (25.59 + 0.10) eV and (25.42 £ 0.10) eV respectively, can be attributed to Sn2t of
CsSnBrs. The secondary species, at an averaged Epg of (26.39 + 0.1) eV and (26.15 £+ 0.1)
eV for sample set A and B respectively, can be ascribed to oxidized Sn (Sn*t) [110]. The
chemical shift between both Sn 4d species seems to vary between sample sets A and B, being
in average (0.80 + 0.10) eV and (0.73 £ 0.10) eV, respectively. Considering a fitting error of
4 0.10 eV, the chemical shift is in agreement with the value of (0.73 + 0.05) eV [110] reported
in literature for the chemical shift between Sn?T and Sn*T in Sn oxides. For sample set A
and B, the O 2s signal around 22 eV (averaged) can be attributed to O from the TiO9 substrate
and the peak around 23.2 eV to Cs 5s states from the perovskite (despite the slightly higher Eg
compared to CsBr) [84]. Note that CsSnBrg tends to form metallic Sn under x-ray radiation as
it is reported by Gupta et al. [25]. The metallic Sn 4d component (Sn”) would be then found in
the O 2s and Cs 5s region, overlapping with the respective core levels. However no Sn” signal
can be observed in the more prominent and not overlapping Sn 3d spectra (see Figure C.2 in the
appendix), indicating an absent or insignificant contribution of Sn” to the Sn 3d spectrum.

The resulting Ep for every batch from the Sn 4d fits presented in Figure 6.2 and the other
shallow core levels (see Figure 6.1) are summarized in Table C.1 (see appendix C).

The peaks of the Sn?t states, in Figure 6.2, are represented by an orange area, and the Sndt
states by a purple area. The Sn*t is less predominant (relative to the orange area) for sample B
and B3, indicating that oxidation is suppressed by adding SnF to the precursor solution [29].
However, sample Bs has a slightly higher Sn** area than Aj, indicating an increased oxidation
which will be further discussed below.

In addition to the Sn species, in Figure 6.2 O 2s and Cs 5s states contribute to the spectrum. The
presence of O 2s mainly relates to the incomplete coverage of the c-TiOs, since it scales with
coverage (Ti 3p) (see Figure 6.1) and not with Sn**. This can be seen from the Sn 4d fits,
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Figure 6.3.: HAXPES Br 3d detail spectra (including fit analysis) of the CsSnBrg samples with-

out SnF9 (A1, As, As) and with SnFo (B1, B3, Bs) from the shallow core levels in
Figure 6.1. The raw data is shown as open circles, the spectra were normalized by
the background intensity at the lower Eg around Ey and the resulting fits are given
as red lines. The different contributions due to spin-orbit splitting and different Br
species are given as shaded areas in orange (CsSnBrg) and purple (Sn-Br oxide
state). The corresponding residuum is shown below each spectrum and the spectral
background fitted using the Shirley background.
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O 2s (blue area) is for sample set B reduced compared to A (relative to Sn 4d) independent from
the change of Sn*t. Similar to O 2s, the Cs 5s signal (green area) for sample set B is reduced,
indicating less Cs compared to Sn for sample set B. Suggesting that adding SnF'9 leads either
to a Cs depletion or Sn accumulation at the sample surface. A trivial explanation would be
the SnF'9 being majority present at the sample surface, attenuating the CsSnBr3 photoemission

lines, since the Cs/Sn** ratio also changes, the reality is likely to be more complex.

In Figure 6.3 the Br 3d detail spectra (including fit analysis) is shown. The main (I) contribution
of Br 3d5/2 (orange area), at an averaged Epg of (68.4 £ 0.1) eV and (68.3 £ 0.1) eV for A and
B respectively, can be ascribed to a Cs-Br chemical environment (as in CsSnBr3) [84]. The
second (II) species (purple area) at an averaged Ep of (69.0 £+ 0.1) eV and (68.85 + 0.10) eV
for A and B respectively, is attributed to a Sn-Br oxide [112]. Similar to the Sn 4d spectra,
the purple area attributed to an oxide is reduced for sample set B, implying that SnFo, which
inhibits the oxidation of Sn (i.e., the conversion of Sn2t to Sn4+), also seems to affect the
formation of the second (oxidized) species of Br (I) (i.e., reduces/limits). As discussed before,
sample B shows a higher Sn*t component as for A5, but the fit analysis of Br 3d indicates a
decrease of the purple area for B (Br component related to Sn**), suggesting that an additional
surface contamination/oxidation is attributing to the Sn** contribution to Sn 4d. Nevertheless
sample By has the highest Sn-Br oxide contribution among series B. Further, the Br 3d spectrum
of sample A1 shows a slight deviation between fit and data, in particular at high Ep, pointing

to the possible presence of a third species as suggested by Jung et al. [112].

For Cs 4d5 /2 in Figure 6.4 the main (I) contribution (orange area) at an averaged Eg of (75.4
+ 0.1) eV for Sample set A and B might be attributed to Cs-Br bonds as in CsSnBrg [84].
The identification of the secondary (II) contribution at the lower Ep site (purple area) at an
averaged Ep of (74.9 £0.1) eV and (74.8 £ 0.1) eV for sample set A and B respectively, is not
that straight forward. A Cs oxide could be expected in analogy to Sn and Br, but according to
literature its Eg would be at the higher Eg site of the Cs (I) component [84]. However, it has
also been reported that in O2-dosing experiments the Cs core level shifts to lower Eg [113].

Therefore it is proposed that Cs(II) is an oxidized species.

To further evaluate the impact of SnF'9 on the chemical compositions, the elemental ratios were
calculated by correcting the areas of Sn 4dy /9, Br 3d5 /9 and Cs 4dj /9, determined from the fits,
by the respective photoionization cross section of the corresponding element [63, 64]. In Table
6.1 the averaged elemental ratios for CsSnBrg without and with SnF'9, including the expected
theoretical values, are given. The elemental ratios for the single batches can be found in the

appendix C (see Table C.2) for completeness.

82



6.1 Results and Discussion

a)hv=2 keV o Data b)hv=2 keV o Data c)|hv=2 keV o Data
Fit ——CsSnBr J Fit ——CsSnBr Fit CsSnBr,
—— Cs-Br at interface —— Cs-Br at interface ] —— Cs-Br at interface
Residuum Residuum —— Residuum

Normalized Intensity

T T T
7 76 75 74 73 80 79 78 7 76 75 74 73

80 79 78 77 76 75 74 73 80 79 7:8 .
Binding Energy (eV)
dy[hv=2keV o Data e)[hv=2keV o Data f) [hv=2 keV o Data
Fit ———CsSnBr, Fit ———CsSnBr, Fit ———CsSnBr,
—— Cs-Br at interface —— Cs-Br at interface —— Cs-Br at interface
—— Residuum B —— Residuum —— Residuum

Normalized Intensity

T T T T T
80 79 78 77 76 75 74 T3 80 79 78 77 _ 76 75 74 73 80 79 78 77 76 75 74 73
Binding Energy (eV)

Figure 6.4.: HAXPES Cs 4d detail spectra (including fit analysis) of the CsSnBrg samples with-
out SnF9 (A1, A3, As) and with SnF9 (B, B3, Bs) from the shallow core levels
in Figure 6.1. The raw data is shown as open circles, the spectra were normalized
by the background intensity at the lower Eg around Ep and the resulting fits are
given as red lines. The different contributions due to spin-orbit splitting and differ-
ent Cs species are given as shaded areas in orange (CsSnBr3) and purple (Cs-Br
interface species). The corresponding residuum is shown below each spectrum and
the spectral background fitted using the Shirley background.
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The Cs/Sn and Br/Sn ratios show an overall decrease when SnF'9 is added, which is in agreement
with the decrease of the theoretical values. Nevertheless, the Cs/Sn ratio seems to decrease
more than the Br/Sn ratio when SnF'9 is added, comparing a decrease by 44% for Cs with 36%
for Br. This difference indicates a possible deficiency or inhomogeneous distribution of Cs at
the surface. Further, it can be seen that the experimental determined ratios deviate from the
theoretical ratios differently for Cs and Br of sample A: Cs/Sn has a deviation of 46% from the
theoretical value, whereas Br/Sn has only a deviation of 23%. This indicates that the surface is
already Cs deficient for CsSnBrg without SnF'9, which is further enhanced when SnF'9 is added.
Further the F/Sn ratio seems to be smaller by 61% compared to the theoretical value, indicating
that less F of the initial 20 mol% SnF'9 used in the precursor solution (see subsection 2.3.1) is
left in the sample. The F/Sn ratios presented here were calculated similar to the other elemental
ratios, but data from the lab (see appendix C) were used for the fits of F 1s and Sn 3p4 /2- Note
that the experimental ratios are always smaller than the theoretical ratios, the reason for this

deviation is, especially for Br, uncertain.

Table 6.1.: Averaged chemical compositions, calculated from the fits of wet-chemically de-
posited CsSnBrg samples without (A) and with (B) SnF9 prepared sequentially in
different batches. The expected theoretical values are given in squared brackets.

Cs/Sn Br/Sn F/Sn

A | (0.54 +£0.25) [1] (2.31 £ 0.73) [3] -

B | (0.30 + 0.12) [0.83] | (1.47 £0.12) [2.5] | (0.128 4 0.089) [0.33]

6.1.2. Electronic Structure of CsSnBr3

The results of the chemical analysis of the CsSnBrg allows us to further discuss the electronic
structure of this absorber class. Figure 6.5 a) shows the VB spectra of the CsSnBr3 samples,
formed by hybridized Br 4p and Sn 5s states [114]. The VBM were determined by linear
extrapolation of the leading edge in the VB spectra and are given in Figure 6.5 a) as well for
the different sample sets. The VBM of the bare c-TiO9 was determined to be (3.5 £+ 0.1) eV,
which is higher than the value of 3.3 eV in literature for c-TiO9 [68] and is nearer to that of
mesoporous TiOo which can have a VBM of 3.6 eV [115]. A possible explanation for the
discrepancy would be that the c-TiO9 layer is composed of nano crystalline TiO9 and has
therefore a higher VBM (and band gap), since the latter depends on the grain/crystal size [116].
The comparison between sample sets A and B demonstrates some spectral differences. All VB

spectra of sample set A have a more pronounced feature around 8 eV compared to B. This
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Figure 6.5.: a) VB spectra of wet-chemically deposited CsSnBr3 and bare c-TiO9 (includ-
ing linear extrapolation of VBM). b) Magnified view of the VBM onset for the
CsSnBrg samples A and B, already including subtraction of the TiO9 signal and
averaged spectra of sample set A and B. All spectra are normalized to the maxi-
mum.

feature is ascribed to the O 2p derived density of states (DOS) of TiO9 [117] [see bare c-TiO2
spectra in Figure 6.5 a) for comparison] and are visible in the VB spectra due to incomplete
coverage by the perovskite. The decrease of this feature in the spectra of sample set B is,
like the decrease of the Ti 3p signal, an indication of a thicker layer or better coverage of the
substrate, which corroborates the attribution to O 2p derived states from the substrate.

Another feature around 2 eV is enhanced for sample set B compared to A (indicated by black
arrows in Figure 6.5 b)). The increase of DOS around 2 eV can be related to the SnF' treatment.
This can be clearly seen in Figure 6.5 b), which shows a magnified view of the VBM (with

substrate signal subtracted!) for all three batches from sample set A and B without the offset

IThe substrate signal was eliminated by subtracting a scaled TiOo VB spectrum from all the VB spectra of
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including an averaged spectra for both sample sets. According to literature [114], these valence
states around 2 eV are dominated by Sn 5s and influenced by changes in the oxidation state of
tin [110, 118]. In our case, an increase of Sn 5s-dominated DOS when reducing the oxidation

(Sn4Jr states) can be observed.

The increase of Sn Ss states by adding SnFo can be explained by a redistribution of DOS of
unoccupied Sn 5s derived levels from the bottom of the conduction band (as e.g., observed for
SnOo9 [Sn4+]) to the occupied VB (as e.g., observed for SnO [Sn2+]) to include the additional
electrons located at the tin cation [118,119]. This however shifts the VB(M) closer to the Fermi
level, which is reflected in Figure 6.5 a) by the (small) averaged shift to lower VBM when
going from sample set A to B. This trend is in agreement with literature [25]. Furthermore
the VBM shift closer to the Fermi level seems to correspond to a shift to smaller Eg of Sn2t
(see Figure C.6 in appendix C) which can be again attributed to a change in oxidation/chemical
environment. Note that the determined averaged VBM of sample set A and B differ only by 0.1
eV, which is within the standard deviation. To verify a clear shift of the VB(M) closer to the
Fermi level for sample set B, as expected according to literature [25], more VB measurements

are necessary.

Still, the here presented VBM values are closer to the Fermi level (see Figure 6.6) than those
presented in [25] with 1.7 eV and 1.6 eV for CsSnBrg without and with SnF9, respectively,
which may be related to the different techniques used to measure the VB and determination
of VBM. In Ref. [25], Ultraviolet Photoemission spectroscopy (UPS) measurements were used
to determine the VBM positions. UPS is more surface sensitive than HAXPES, which means
that the literature results reflect the VB(M) of the surface states (including possible surface
adsorbates or in this particular case more "oxidation" as compared to the bulk). Considering
this and assuming that the CsSnBrg perovskite is a n-doped semiconductor, the bands seem to
bend down towards the surface region leading to an accumulation of electrons at the surface of
the perovskite [57]. This effect might result in an enhanced recombination of the electrons with
the holes at the HTM/perovskite interface.

Although an improvement in efficiency can be seen for the absorbers treated with SnFo, as
discussed in [25]; the shift in the VBM (considering also the standard deviation) induced by
the addition of SnF'9 and its effect on the band alignment of the solar cells might be minimal

sample set A and B normalized to the background. The TiOs VB spectrum was scaled to the O 2p DOS
feature at 8 eV of the perovskite spectra.
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or null. Nevertheless in the following the band alignment of both sample set A and B, under
consideration of the small shift in VBM, will be discussed in order to try to clarify the origin of
the improved performance of the absorber with SnFs.
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Figure 6.6.: Energy positions of the VBM (from HAXPES experiments except for spiro-
MeOTAD) and CBM for ¢-TiO9, CsSnBrs without and with SnF9 relative to
the Fermi level. CBM values were calculated from band gap, given in Ref.
[25,68,116,120]. Note that the determined VBM of TiO9 from the measurements
has an estimated error of 0.1 eV. The averaged VBM of CsSnBrg without and with
SnF9 have an error of 0.2 eV.

Figure 6.6 shows the estimated band alignment of TiO9 and CsSnBrs with (and without) SnFo,
as well as spiro-MeOTAD with respect to the Fermi level. To align the HOMO level of spiro-
MeOTAD with respect to the Fermi level, the ionisation energy (IE) of the spiro-MeOTAD from
Ref. [68] and the work function of CsSnBrs with SnFy from Ref. [25] were used. The CBM
and LUMO of the perovskite and spiro-MeOTAD were calculated from the band gap in [25,68],
assuming that SnF9 does not influence the band gap of CsSnBrs. Since TiO» has a higher
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VBM than expected a band gap of 3.6 eV is assumed, which is in the possible energy range
for larger grain sizes of TiO9 [116, 120]. The CBO between TiO9 and CsSnBrj is in average
-0.35 eV (for sample A) and -0.45 eV (for sample B) in zero order approximation (neglecting
1ibb), leading to "cliff"-like configurations for both sample sets allowing an unhindered electron
movement from the perovskite CB to the TiOo CB. However, a "cliff"-like band alignment of
the CB leads to a decreased hole barrier at the interface between the absorber and ETM, leading
to an increased recombination of electrons with holes at the interface reducing the resulting open
circuit voltage. Therefore the slightly higher CBO for CsSnBrg with SnFo might increase the
electron injection into the transporting material, but also the recombination at the interface. The
VBO of CsSnBrg VBM and spiro-MeOTAD HOMO level is in average -0.8 eV (for sample A)
and -0.7 eV (for sample B) leading in both cases to a "spike"-like band alignment in zero order
approximation as well. Limiting the V¢ of the respective solar cell due to the huge "spike"-
like VBO. Adding SnFy slightly reduces the VBO, which might increase the Vo, but on
the other hand the resulting higher CBO with SnF9 might lead to an increased recombination
at the interface, canceling out the beneficial effect obtained by the shift in VBM. Therefore
the improved efficiency may result mainly from the decrease in Sn vacancies (Sn*t), which
might lead to a reduced recombination and thus increase of the V. Further shows the band
alignment that spiro-MeOTAD is not suited as an HTM for the CsSnBrg sample.

6.1.3. Summary

HAXPES investigations of wet-chemical deposited CsSnBrg without and with SnFo on c-
TiO9/FTO/glass were performed to study the influence of SnFg, as an oxidation inhibitor of
Sn, on the chemical and electronic properties of the absorber. The result shows that SnF9 in-
deed limits, but is not able to completely suppress, the oxidation of Sn®* to Sn**. Furthermore
SnF'9 increases the coverage of the substrate and changes the composition, leading to a decrease
of Br and Cs relative to Sn in the sample.

Additionally affects the reduced oxidation of Sn also the VB states. Part of the unoccupied Sn
55 states that are empty in the CB for Sn*™ are filled for Sn?* and form part of the VB, leading
to a small shift of the VBM towards the Fermi level.
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7. Conclusion and Outlook

For hybrid organometallic perovskites (CH3NH3Pb1(37X)ClX) the surface of a wet-chemically
deposited CHgNHngI(g,x)CIX layer on ¢c-TiO9/FTO/glass was studied with lateral resolution
by combining complementary SEM, EDX, PEEM-XPS and PEEM-XAS, revealing an inho-
mogeneous morphology of the surface, with an incomplete coverage of the substrate by the
perovskite, in which holes (exposed TiOg sample area) reach to the TiOs. Further, spatially
resolved XPS revealed the presence of Pb and I in the holes and metallic Pb (PbY) and en-
hanced I oxidation close to the perovskite/c-TiO9 interface. The presence of Pb and I in the
holes indicates remnants of the perovskite precursor solution from the preparation step and/or
the formation of a Pb-I(-O) containing seed/interface layer on the substrate. The changes in
chemical composition depend on the degree of coverage and are also reflected in the electronic
structure.

Relative to the exposed T'iO» sample area (pin-hole) the VBM of the perovskite layer is shifted
closer to the Fermi level by (-1.7 4= 0.2) eV. Together with the CBM values taken from literature,
the energy level alignment is sketched, and shows that the spiro-MeOTAD(HTM)/perovskite
and perovskite/c-TiOo(ETM) junctions are nearly ideal charge selective contacts for holes and
electrons, respectively. For the pin-hole area, where the HTM and ETM could come in direct
contact due to the absent absorber, the estimated energy level positions imply sufficiently high
energetic barriers to suppress high rate charge carrier recombination and prevent the short cir-
cuiting of the solar cell device, explaining why these devices still function despite high pin-hole

densities.

(AP)-HAXPES measurements were performed on 60 and 300 nm thick CH3NH3PbI(37X)CIX
perovskites on ¢-TiO9 FTO/glass to study in-situ the impact of "vacuum", water and illumina-
tion (UV light) on the absorber, revealing different degradation mechanism depending on the
environment and the thickness of the sample. For the 60 nm perovskite sample, without defined
illumination, the formation of metallic Pb through radiolysis was observed in water vapor.

For the 300 nm sample in high vacuum in the dark, no decrease of the I, PbO, Pb perovskite
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(Pbls) and MAI-related component with increasing C=0 contribution can be observed, nor can
the expected species HI in the I 3d spectra, indicating that 300 nm perovskite are stable in high
vacuum in the dark.

For the 300 nm sample in water vapor (high water pressure at 15 Torr) in the dark, decreases
of the I, PbY and MAI-related components can be observed over time and with increasing
adsorbed molecular water contribution, whereas the Pb perovskite/Pbly contribution stays con-
stant. These findings agree with the proposed degradation mechanism, stating that the per-
ovskite dissolves into its organic and inorganic components, according to Ref. [16,47].

The (AP)-HAXPES measurement of the 300 nm sample at low water pressure (in high vacuum
with residual water) under illumination shows a different behavior than the previous exposure
experiments. In addition to water adsorption on the sample, a decrease of the I, Pb perovskite
and MAlI-related components can be observed. In contrast, the PhY component increases Sig-
nificantly under illumination, confirming the proposed [16, 19,47, 48] degradation, where the
perovskite is dissolved into its organic and inorganic component (Pbly), with subsequent degra-
dation of Pbls to PbY under illumination. Under illumination, a shift due to SPV in Eg was
also observed with the direction of the shift depending on the surface conditions, i.e., wet or dry
(dipoles).

The 300 nm sample in water vapor (high vapor pressure at 15 Torr) under illumination does not
show unambiguous evidence for a specific degradation mechanism under illumination, such as
those according to Ref. [16,19,47,48]. However, similar behavior (i.e., degradation) as for the
sample in the dark in water vapor has been observed after the light has been turned off.
Moreover, the 300 nm sample was more stable under x-rays (no PbY formation) in water vapor
(in the dark) than the 60 nm sample, which could be partly ascribed to the difference in thick-

ness and morphology.

For studying the impact of SnF'9 as an oxidation inhibiter on the chemical and electronic struc-
ture of purely inorganic wet-chemically deposited CsSnBr3 absorbers on c-TiO9/FTO/glass,
HAXPES and lab-based XPS measurements have been performed and revealed that CsSnBrg
samples with SnFy have a better coverage of the substrate, lower Sn** contribution to the Sn
4d, as well as the reduced contribution of oxidation-related species of Br and Cs compared to the
CsSnBrs samples without SnFo. These observations confirm the oxidation inhibiting proper-
ties of SnF9. Furthermore, a change in composition of the absorber is observed (i.e., Cs/Sn and
Br/Sn ratios decrease), as expected, when SnF's is added to the precursor solution. However,

the experimentally determined Cs/Sn, Br/Sn and F/Sn ratios are much lower than the expected
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elemental ratios. Further, there is an influence of the oxidation of Sn on the electronic structure,
i.e. VB states, of the CsSnBr3 absorber observed: For reduced oxidation of Sn, an increase of
Sn 5s-dominated DOS is observed, which is related to redistribution of the unoccupied Sn 5s
states in the CB for Sn** to the filled VB for Sn2+.

Based on the findings of the CH3N H3Pb1(3,X)ClX absorbers, the next step would be to com-
plete the degradation mechanism picture, by performing further (AP)-HAXPES measurements
of the 300 nm sample in UHV under illumination (i.e, in a "dry" environment), while moni-
toring the core levels of the perovskite, to unambiguously verify that for the degradation un-
der illumination both light and water are necessary, since no degradation in high vacuum in
the dark was observed. Alternatively, pin-hole free CH3NH3PbI(37X)CIX absorber could be
studied with (AP)-HAXPES under different conditions, by monitoring the perovskite related
core levels, to decouple the impact of the morphology of the absorber from the degradation
mechanism. Ultimately, the organic cation methylammonium could be replaced by more stable
organic cations e.g., formamidinium, or by inorganic cations e.g., Cs to perform, first, laterally
resolved investigation by PEEM to study morphology and chemical composition and then fur-
ther (AP)-HAXPES to study the impact of water and light on these absorbers to confirm their
enhanced stability. Inorganic, Cs-based perovskite have been proposed to be more stable in
humid environments (and UV light) making this absorber the next candidate for future (AP)-

HAXPES measurement. The increase in long-term stability is therefore compelling.

For the Pb-free inorganic perovskite samples, the current results shows that oxidation is inhib-
ited by SnF in wet-chemically deposited CsSnBrg samples, but it is not suppressed completely.
The next step would be, as alternative for adding SnF's to the precursor solution, a change of
deposition environment/technique to minimize the risk of Sn oxidation. Sn is more likely to
oxidize when CsSnX3 is prepared wet-chemically (e.g., via spin-coating in a glovebox) than if
it is prepared by thermal evaporation under vacuum conditions. For the latter, depositing the
absorber in ultra-high vacuum (UHV) would allow preparation of films without Sn oxidation.
The first thermal deposition test runs of CsSnClg on Mo/glass in UHV have been performed and
the chemical structure was studied using HAXPES, hinting that Sn is already in a nearly pure
Sn?t state. The resulting chemical composition was non-ideal (small Cs/Sn and C1/Sn ratios)
requiring further deposition optimization of the material to achieve the required stoichiometry.

Moreover, with an optimized in-UHV deposited CsSnClg sample, additional HAXPES mea-
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surements should be performed to test for reproducibility and to confirm in-UHV deposition as
a means of preparing samples with reduced or no oxidation of Sn. A SnF9 treatment of the
CsSnCl3 absorber should be considered, to study with HAXPES the impact of SnF9 on the
chemical composition and electronic structure, similar to wet-chemically deposited CsSnBrg.
Ideally, the in-UHV prepared CsSnCls sample would be compared to a wet-chemically de-
posited CsSnClg sample with and without SnF'9, resulting in better insight into the impact of
the preparation route on the material properties and composition. The prevention of oxidation
of Sn is critical to the functioning of the resulting solar cell devices.

Perovskite-based solar cells have so far demonstrated rapid growth and remarkable achieve-
ments in performance. As their physical and electronic properties are studied further, and their

limiting factors are identified and overcome, they promise to contribute to future energy needs.
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Figure A.1.: Oxidation states of I plotted over Ep of I 3d; /2 for different iodine compounds
from literature [121-125]. Adapted from [75].

For the identification of the second iodine species in the I 4d XPS spectra, denoted as I 4d (II)
in chapter 4, reference energies from literature for the more prominent I 3d photoemission line
were examined, under the assumption that the separation between I 3d and I 4d lines will not

vary significantly between compounds. For iodine, oxidation states of -1, +1, +3, +5 or +7 are

possible.

Figure A.1 shows a general shift to higher binding energies as the oxidation state increases.
Error bars and the corresponding light green boxes were defined by the range of possible BEs

for I"!, which has the most data points and is transferred to other oxidation states with less data
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points. If the separation between I 3d and I 4d lines for oxidation states is constant, then the Eg
regions defined in Figure A.1 can be translated to the energy scale of the I 4d spectra shown in
Figure A.2. The light green boxes in Figure A.2 represent the relevant Eg regions for the purple
I4d5 /2 peak, suggesting the presence of an iodite I3 (— IO5) as a second species.

| 4d hv =120 eV

exposed TiO,

e intermediate
e perovskite

Normalized Intensity

Binding Energy (eV)

Figure A.2.: PEEM-XPS I 4d detail spectra recorded in different areas of interest including I
4d5 /2 Eg values from literature [121-125] for different iodine compounds (black
squares) and light green boxes transferred from the oxidation state plot in Figure
A.1. Adapted from [75].
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B.1. 60 nm Perovskite
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Figure B.1.: XPS detailed spectra (including fit analysis) of a) C 1s, b) Pb 4f, ¢) I 3d and d) O
Is of 60 nm perovskite measured in UHV (first half of the sample).
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Figures B.1(a) - B.1(d) shows the representative core levels of the perovskite sample measured
in UHV. From the fits the following Eg were obtained for C 1s Cy = (285.4 £ 0.1) eV, Cy
= (286.6 = 0.1) eV and C = (288.7 £ 0.1) eV which can be ascribed to adventitious carbon,
MALI and carbonates respectively [88, 102]. For Pb 4f and I 3d the Eg for Pby =(137.0 + 0.1)
eV, Pbg = (138.75 £ 0.10) eV and [ = (619.6 + 0.1) eV can be ascribed to PhY, Pb and I in
perovskite environment, respectively [79,84,102]. For O 1s the Eg are Oy =(530.7 £ 0.1) eV,
Op =(531.75 £ 0.10) eV and O¢ = (533.1 £ 0.1) eV and can be attributed to O in TiO9, OH
groups and to C=0 bonds [84, 100].
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Figure B.2.: Pb 4f spectra of 60 nm perovskite measured after the sequence in water vapor (first
half of the sample). Shown with an offset for clarity.

Figure B.3 shows the Pb 4f spectra and fit results of the repeated measurements with a fresh
sample (second half). From the fits an averaged Eg of Pby = (136.9 £ 0.1) eV and Pby =

(138.7 £ 0.1) eV can be attributed to metallic lead (Pbo) and Pb in a perovskite environement
[79,84,102].
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Figure B.3.:
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Pb 4f spectra and fit results of 60 nm sample over time in water vapor for the
repeated measurement. Left bottom panel shows the measured Pb 4f as a 2D plot
and representative selected spectra are shown in the left top panel as a 1D plot
including the species from the fits labeled as A and B. The right panel shows the
relative concentration of the two species determined from the fits divided by the
relative concentration of the first spectrum of this sequence. The dark blue dashed
line in the 2D plots indicates the fit range of the species displayed on the right.
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—— 60 nm perovskite after water sequence

—— 60 nm perovskite after water sequence new spot
Shallow core levels

hv =4 keV

Ti 3s
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Figure B.4.: Shallow core levels of 60 nm sample measured in water vapor after the sequence
for the old and new spot normalized to I 4d intensity (first half of the sample).
Shown with an offset for clarity.

Figure B.5 and B.6 show the O 1s and I 3d spectra, respectively, measured during the sequence
in water vapor for the repeated measurements of the second half of the sample. From the fits
the following averaged Ep for O 1s of O =(530.6 £ 0.1) eV can be attributed to O in TiO9,
Op with (531.6 £ 0.1) eV to OH groups, O¢ with (533.4 £ 0.1) eV to molecular water and Ory
with (535.9 + 0.1) eV to gas phase water [84, 100]. For I 3d an averaged Ep of I = (619.5 £
0.1) eV can be attributed to I in a perovskite environment [79, 84, 102].
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Figure B.5.:
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O 1s spectra and fit results of 60 nm sample over time in water vapor for the re-
peated measurement. Left bottom panel shows the measured O 1s as a 2D plot and
representative selected spectra are shown in the left top panel as a 1D plot includ-
ing the species from the fits labeled as A, B, C and D. The right panel shows the
area of each of the four species determined from the fits divided by the area of the
gas phase water contribution. The dark blue dashed line in the 2D plots indicates
the fit range of the species displayed on the right.
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Figure B.6.:
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I 3d spectra and fit results of 60 nm sample over time in water vapor for the re-
peated measurement. Left bottom panel shows the measured I 3d as a 2D plot and
representative selected spectra are shown in the left top panel as a 1D plot includ-
ing the species from the fits labeled as A. The right panel shows the area ratio of
the species determined from the fits divided by the area of the first spectrum of this
sequence. The dark blue dashed line in the 2D plots indicates the fit range of the
species displayed on the right.
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Figure B.7.: SEM image of the surface of a 60 nm thick CH3NH3PbI(3_X) Clx layer on c-TiOg.
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Figure B.8.: O 1s fits of the 60 nm perovskite sample in water vapor.
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Figure B.9.: Pb 4f fits of the 60 nm perovskite sample in water vapor.
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Figure B.10.: I 3d fits of the 60 nm perovskite sample in water vapor.
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Figure B.11.: C 1s fits of the 60 nm perovskite sample in water vapor.
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Figure B.12.: O 1s fits of the remeasured 60 nm perovskite sample in water vapor (second half).
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Figure B.13.: Pb 4f fits of the remeasured 60 nm perovskite sample in water vapor (second half).
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Figure B.14.: I 3d fits of the remeasured 60 nm perovskite sample in water vapor (second half).

103



Appendix B

B.2. 300 nm Perovskite

B.2.1. 300 nm Perovskite in the Dark

Figure B.15 shows the two Pb 4f spectra measured after the sequence in the dark at 15 Torr with
more sweeps for a better resolution. The royal blue spectrum was measured at a new sample

spot to check for beam damage effects.
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Figure B.15.: Pb 4f spectra (including fit analysis) of 300 nm sample measured after the se-
quence in the dark and in water vapor with an offset for clarity.

Figure B.16 shows the relative concentration of the two Pb species, for high vacuum and in
water vapor, determined from the fit. Component Pb 5 correspond to Pb? and Pbpg to Pb in the
perovskite. The last two data points in the blue shaded region are not connected and represent
the fit results from the two Pb 4f spectra measured after the sequence (see Figure B.15), where
the slight decrease in the relative concentration of perovskite (Pbp) for the last data point is not
necessarily due to the new spot not being affected by the x-ray beam (beam damage), it might

simply reflect a spot with a lower Pb perovskite content compared to the old spot.
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B.2 300 nm Perovskite

Figure B.16.: Shows the relative concentration of Pb 4f species in the dark as an overview for
high vacuum and in water vapor (at 15 Torr) divided by the relative concentration
of the first spectrum of each sequence. The blue shaded area indicates the data
points from the water vapor measurements.
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Figure B.17.: O 1s fits of 300 nm perovskite sample in high vacuum in the dark.
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Figure B.18.: Pb 4f fits of 300 nm perovskite sample in high vacuum in the dark.
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Figure B.19.: I 3d fits of 300 nm perovskite sample in high vacuum in the dark.
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Figure B.20.: C 1s fits of 300 nm perovskite sample in high vacuum in the dark.
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Figure B.22.: C Is fits of 300 nm perovskite sample in water vapor in the dark.
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Figure B.21.: O s fits of 300 nm perovskite sample in water vapor in the dark.
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Figure B.23.: Pb 4f fits of 300 nm perovskite sample in water vapor in the dark.
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300 nm perovskite Water + Dark|
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Figure B.24.: I 3d fits of 300 nm perovskite sample in water vapor in the dark.
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B.2.2. 300 nm Perovskite under lllumination
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Figure B.25.: O 1s fits of 300 nm perovskite sample at low water pressure under illumination.
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Figure B.26.: C 1s fits of 300 nm perovskite sample at low water pressure under illumination.
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Figure B.27.: Pb 4f fits of 300 nm perovskite sample at low water pressure under illumination.
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Figure B.28.: I 3d fits of 300 nm perovskite sample at low water pressure under illumination.
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Perovskite in the Light and in Water Vapor

In this subsection the results of the sequence measurements taken from the perovskite sample at
high water pressure (at 15 Torr) and under illumination will be presented. In order to increase
the water in the chamber, after the sequence measurement at low water pressure under illumi-
nation (see subsection 5.2.3) a beaker filled with water was put into the chamber and pumped
down to 15.2 Torr which further decreased to 14.6 Torr before stabilizing around 15 Torr. The
timescale continues from the low water pressure measurement and the illumination of the sam-
ple started after the first scan after 537 min and was illuminated for 315 min. After that the
sample was probed by x-rays for 140 min without illumination and after a total time of 997
min, the sample spot was changed. The measurement continued for 35 min more and then the

solar simulator was turned on again after a total time of 1032 min for one more scan.

Figure B.29 displays the measured O 1s spectra and fit results. The peaks in the spectra shift
first towards lower Ep as soon as the light is turned on, stay constant during illumination and
then shift to higher Ep values as soon the light is turned off. Going to a new spot and turning
the light on again leads first to a shift in Eg to lower values. The increase of Eg without light is
to be expected due to the water environment and possible adsorption of molecular water on the
surface, but the constant Eg during illumination may be due to a competitive process between
the shift of Eg to lower values due to SPV and adsorption of water (chemical shift or dipole)
to higher E. Similar to the O 1s in the dark four species can be identified through fitting and
since the Ep shifts are small (and in the fitting error range) the following averaged Ep can be
attributed to O = (530.5 £+ 0.2) eV to O from TiO9, Og = (531.5 £+ 0.2) eV to OH groups,
Oc =(533.2 £ 0.2) eV to molecular water and Opy = (536.2 = 0.2) eV to gas phase water from
the water vapor. The determined Eg of O 1s species in water vapor and under illumination

correspond to Ep of O 1s species determined for the 300 nm samples under various conditions.

Further does the area of the gas phase water contribution Op, in the right panel of Figure
B.29, not change over time and is independent from the UV illumination (for normalization
reasons). Only the molecular water component seems to increase, indicating a growth of the
water film. Whereas the TiO9 contribution decreases and the OH group contribution stays
constant over time. Changing to a new spot results in a lower area ratio of molecular water
and a slightly higher TiO9 compared to the end of the measurements of the previous spot.
Still, under illumination the increase of molecular water is not as strong as it was in the dark
(see Figure 5.10), mainly due to the fact that for the low water pressure experiment water was
already adsorbing on the sample. But the decrease of the substrate signal seems to be slightly
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Figure B.29.: O 1s spectra and fit results of 300 nm sample over time under UV illumination
at 15 Torr. Left bottom panel shows the measured O 1s as a 2D plot and repre-
sentative selected spectra are shown in the left top panel as a 1D plot including
the species from the fits labeled as A,B,C and D. The right panel shows the area
of each of the four species determined from the fits divided by the area of the
gas phase water contribution. The dark blue dashed line in the 2D plots indicates
the fit range of the species displayed on the right. The light magenta dashed line
shows the change to a new sample position and the arrow between the left and
right panel indicates the time frame were the sample was illuminated.

enhanced, pointing towards adsorption of water on the TiO».

For I 3d in Figure B.30, similar shifts in Eg over time as for O 1s in Figure B.29 can be
observed, which are slightly more pronounced. Indicating further during illumination a slight
shift to higher Eg which becomes stronger after the light is turned off. Since the shift in Eg for
I 3d is more pronounced compared to O 1s, a Eg range for I from 619.0 to 619.5 eV is given,
which is still within the energy range for I in a perovskite environment and corresponds to the
EpR of I of the 300 nm perovskite sample in the dark in water vapor, at low water pressure under
illumination and the 60 nm sample in UHV. Further shows Figure B.30 a decrease of I 3d; 5

intensity given by narrower appearing peaks in the 2D plot, which starts to decrease 70 min (2
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Figure B.30.: I 3d spectra and fit results of 300 nm sample over time under UV illumination at
15 Torr. Left bottom panel shows the measured I 3d as a 2D plot and represen-
tative selected spectra are shown in the left top panel as a 1D plot including the
species from the fits labeled as A. The right panel shows the area of the species
determined from the fits divided by the area of the first spectrum of this sequence.
The dark blue dashed line in the 2D plots indicates the fit range of the species
displayed on the right. The light magenta dashed line shows the change to a new
sample position and the arrow between the left and right panel indicates the time
frame were the sample was illuminated.

scans) after the light is turned on and only increases 70 min after the light is turned off (see
right panel in Figure B.30); when going to a new spot the intensity of I seems to be less than the
intensity of I of the previous spot at the beginning of the sequence measurement. The decrease
of I might be, similar to the sample at low water pressure under illumination (see subsection
5.2.3), related to degradation according to equation (C1) and (C2) in Table 5.1. Where the
absence of the HI species in Figure B.30 is explained by the very low amounts of HI (diluted)
on the sample with its signal being below the HAXPES detection limit. Further might be also

equation (C4) possible as origin for the decrease of I, if PbY is formed.

Compared to I 3d (and O 1s), the 2D spectra of C 1s in Figure B.31 do not clearly show a shift
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Figure B.31.: C Is spectra and fit results of 300 nm sample over time under UV illumination
at 15 Torr. Left bottom panel shows the measured C 1s as a 2D plot and repre-
sentative selected spectra are shown in the left top panel as a 1D plot including
the species from the fits labeled as A,B and C. The right panel shows the relative
concentration of the three species determined from the fits divided by the relative
concentration of the first spectrum of this sequence. The dark blue dashed line in
the 2D plots indicates the fit range of the species displayed on the right. The light
magenta dashed line shows the change to a new sample position and the arrow
between the left and right panel indicates the time frame were the sample was

illuminated.

in Eg, mainly due to the broadening of the peak attributed to the increase of carbonate signal.
From the fits, three species can be identified, which are given again due to the present shift as a
Ep range. Cy can be attributed to adventitious carbon in a Eg range between 285.5 and 286.1
eV, Cp to MAI between 286.7 and 287.3 eV and C¢ to carbonates between 288.8 and 289.4
eV. The determined Ep for C 1s at high water vapor under illumination are in line with the
determined Ep of C 1s for the other measurements, except for the 300 nm sample measured
in the dark in high vacuum, which is lower in Eg. Moreover does the component related to
carbonates increases under illumination with time and seems to slowly decrease when the light

is turned off. This behavior is similar to the increase of the molecular water component under

Binding Energy (eV)

286

284
Binding Energy (eV)

282 280

113

Component C divided by 2nd point

C 1s after 537 min (off)
—— C 1s after 572 min (on)

1482 ___ ¢ 15 after 677 min

1.415 ——C 1s after 782 min

1.348 C 1s after 887 min (off)
—— C 1s after 992 min

1.280 ¢ 15 after 1032 min

1.213 (off, new spot)
1.146 — C 1s after 1067 min
(on, new spot)
1079 _ Gomp. c.
1.011 —— Comp. C,
0.944 — Comp. C_
s 7 T
AW LT
7 \./ \o 8¢
: SRR
1h \ o000
[} [ ] —_ =~
14 ! 528
o o o
1é o 322
I\ | 8w 2
[ 1] [ ] 2 @
14 . 8
1 | =8
-1 ® [ 3
il |
[} [ ]
146 J
44 J
14"
Y/
B e e e e
0 2 4 6 8 10

Rel. Concentration to first point



Appendix B

illumination, indicating that the adsorption of carbonates is correlated to the adsorption of water.
The components related to adventitious carbon and MAI are behaving differently, it seems that
they stay constant over time in the scatter of the data. Although according to equation (C1)
and (C2) in Table 5.1 an decrease in MAI is expected, due to the dilution of the components as
discussed in subsection 5.2.3, it might also be possible that the diluted MAI stays on the sample

within the detection limit.

Figure B.32 shows the Pb 4f spectra with a similar shift in Eg over time under illumination
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Figure B.32.: Pb 4f spectra and fit results of 300 nm sample over time under UV illumination
at 15 Torr. Left bottom panel shows the measured Pb 4f as a 2D plot and repre-
sentative selected spectra are shown in the left top panel as a 1D plot including
the species from the fits labeled as A and B. The right panel shows the relative
concentration of the two species determined from the fits divided by the relative
concentration of the first spectrum of this sequence. The dark blue dashed line in
the 2D plots indicates the fit range of the species displayed on the right. The light
magenta dashed line shows the change to a new sample position and the arrow
between the left and right panel indicates the time frame were the sample was
illuminated.

as observed for the I 3d and O 1s measurements. From the fits, two species can be identified:
Pbp in the Ep range from 136.5 to 137.1 eV and Pbp from 138.2 to 138.8 eV. As before
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these peaks can be attributed to PhY and perovskite Pb (or Pbls) respectively and agree with
the E-g obtained from the previous measurements, except for 300 nm sample in the dark in high
vacuum, which is lower in E. In the right panel of Figure B.32 is the relative concentration over
time for the different Pb species given, it seems that PbY first decreases then slightly increases
under illumination before it again decreases when the light is turned off. This indicates most
likely two mechanism competing with each other, which might be the formation of Pb? and
PbO as it will be discussed in the following. According to equation (C4) in Table 5.1 the
formation of Pb? is to be expected as a degradation product, which has been confirmed for
the low water pressure and under illumination experiment (see subsection 5.2.3). Further it has
been seen that with the light off, the PbY component decreases and it was assumed that most
likely a PbO is formed without light. This could be also the case here, where first PhY is formed
which immediately oxidizes to PbO, reflected in the decrease of the relative contribution of
Pb0. The slight increase of Pb? under illumination indicates the formation of Ph? outmatching
the reaction to PbO until the light is turned off and no PbY is further formed. Note that this
is hypothetical, since PbO can not be resolved in the Pb 4f spectra. The component related to
Pb perovskite (Pbls) stays constant over time within the scatter of the data, which would be
expected by back reaction of PbY to PbO and adsorption of water on the perovskite.
Comparable to the sample in water vapor in the dark (see subsection 5.2.2), a water film is
growing on the sample surface in water vapor under illumination. But through the wet chamber
from the previous low water pressure measurements, water was already adsorbed, most likely
on the perovskite surface and started to adsorb on the TiO9 substrate under illumination (and
continued water adsorption), as indicated by a slight decrease of the TiO9 related signal (and
increase of PbY). In the presence of water vapor (high water pressure) under illumination, the
TiO9 signal decreases significantly, whereas the Pb perovskite signal stays constant, indicat-
ing an enhanced adsorption of water on the substrate, whereas the present water film on the
perovskite is getting thicker.
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Figure B.33.: O 1s fits of 300 nm perovskite sample in water vapor under illumination.
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Figure B.34.: C 1s fits of 300 nm perovskite sample in water vapor under illumination.
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Figure B.35.: Pb 4f fits of 300 nm perovskite sample in water vapor under illumination.
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Figure B.36.: I 3d fits of 300 nm perovskite sample in water vapor under illumination.
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Figure C.1.: a) F 1s spectra of CsSnBrg without and with SnFo measured with an excitation
energy of hv = 1486.6 eV (Al Ky) and 2 keV. Spectra have been normalized to the
background. b) F 1s spectra including fit analysis.

Figure C.1 a) shows the F 1s spectra, measured with an excitation energy of hv = 1486.6 eV
(Al Ky) and 2 keV (only for batch number 1 and 2). Note that for the energy axis of the data
measured in the SISSY lab no energy calibration exists. The peak around 685 eV in Figure C.1
a) corresponds to F 1s from SnF9 [84] and can be clearly seen for all CsSnBrg samples with
SnF» (sample set B) measured in the lab. The only exception is sample A4 where the peak might
be due to cross contamination with the SnFo containing samples, although the samples were
transported and kept in the glovebox separately. For the sample sets measured with HAXPES
(A12 and By o) an additional peak around 692 eV is present and can be ascribed to a third
order Cs 4s peak [84]. Even though the same 20 mol% SnF'5 was always added to the precursor

solution, the intensity of the F 1s signal varies by batch and cannot even be detected for Bo.
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Figure C.2.: HAXPES Sn 3d detail spectra of a) CsSnBrg without SnF (sample Aq 3 5) and b)
CsSnBrg with SnF9 (sample By 3 5). Spectra have been normalized to the back-

ground. The arrow marks the position of SnY.

Table C.1.: Ep of the fitted peaks of the shallow core levels from Figure 6.2, 6.3 and 6.4 with
an fitting error of + 0.10 eV. Sample set A refers to CsSnBrs without SnFo, sample
set B to CsSnBr3 with SnFo. The index refers to the batch number. The Sn 4d; /2:
Br 3dj5 /2 and Cs 4dg /2 peaks have a main (I)/secondary (II) species contributing to
the corresponding spectrum respectively.

Sample Sn 4d5 /9 [eV] Cs 5s[eV] | O 2s [eV] Br 3dj5 /9 [eV] Cs 4d5 /9 [eV]

| 11 | 11 I II
Aq 25.51eV | 26.27eV | 23.36eV | 22.15eV | 68.40eV | 69.06eV | 75.52eV | 75.11 eV
Ay 2544 eV | 26.19eV | 2299eV | 21.93eV | 68.21eV | 68.87eV | 7531 eV | 74.83 eV
As 25.55eV | 26.36eV | 23.17eV | 21.81eV | 68.38¢eV | 68.94¢eV | 75.45eV | 74.92 eV
Ay 25.50eV | 26.30eV | 23.28eV | 21.93eV | 68.36eV | 69.04eV | 75.42¢eV | 74.85eV
As 25.70eV | 26.53eV | 23.20eV | 22.02eV | 68.39eV | 68.95eV | 75.33eV | 74.75eV
By 2539eV | 26.12eV | 23.33eV | 2191eV | 68.28eV | 68.77eV | 7542 eV | 74.78 eV
Bo 25.23eV | 2593 eV - 22.07eV | 68.12eV | 68.72eV | 75.22eV | 74.80 eV
Bs 25.38eV | 26.11eV | 23.30eV | 21.38eV | 68.28¢eV | 68.76eV | 75.41 eV | 74.90 eV
By 25.35eV | 26.05eV | 23.20eV | 21.35eV | 68.26eV | 68.82eV | 75.37eV | 74.66 eV
Bs 2548 eV | 26.22eV | 23.32eV | 2198eV | 68.34eV | 69.03eV | 75.39eV | 74.71 eV
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Figure C.3.: HAXPES Ti 3p detail spectra (including fit analysis) of a) CsSnBr3 without SnF'9
(sample set A) and b) CsSnBrg with SnFy (sample set B) from the shallow core
levels in Figure 6.1. The raw data is shown as circles, the spectra were normalized
by the background intensity at the lower Ep around Ex and the resulting fits are
given as red lines. The corresponding residuum is shown below each spectrum and
the spectral background fitted using the Shirley background. ¢) Shows separately
B3 and B4 of b) for clarity.
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Table C.2.: Compositions and relative intensities calculated/obtained from the fits of wet-
chemically deposited CsSnBrg samples without (A) and with (B) SnFo prepared

sequentially in different batches.

Normalized Intensity
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BS
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2 AIK,
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Binding Energy (eV)

T
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Batch number Cs/Sn Br/Sn Ti 3p F1s | F/Sn Cs/Sn*t Sn 3p3/2

A B A B A B B B A B B

1 0.35] 036 | 1.66 | 1.60 | 0.67 | 0.047 | 0.063 | 0.107 | 0.794 | 2.035 3.66

2 0.68 | 0.05 | 2.68 | 0.93 | 1.35 0 0 0 1.553 | 0.166 9.17

3 0.82 | 0.38 | 3.10 | 1.45 | 0.41 | 0.007 | 0.115 | 0.226 | 2.5 | 1.476 3.18

4 0.42 | 0.32 | 2.03 | 1.37 | 0.27 | 0.009 | 0.088 | 0.129 | 1.070 | 1.302 4.27

5 0.45 ] 0.16 | 2.17 | 1.36 | 0.25 | 0.152 | 0.031 | 0.051 | 1.410 | 0.431 3.75
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Figure C.4.: Sn 3pg /2 fits of sample set B. Figure C.5.: VB spectra of wet-chemically de-

Note that all samples, except Bo,
were measured in the lab.
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better clarity.
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CsSnBr3 with SnF9 (sample Bg 4). Spectra have been normalized to the back-
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