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Abstract
Hybrid organic-inorganic perovskites (HOIPs) have attracted tremendous attention due to
their application in solar cells yielding high efficiencies on a par with conventional siliconbased solar cells. However, the long-term viability of HOIP materials is challenged by the
limited understanding of HOIP structure-property relationships and by the issues of stability
and reproducibility, both particularly with regard to environmental conditions. In this context,
monitoring as well as understanding the evolution, and accordingly the variation of the
electronic properties of HOIP film surfaces is of key importance. The surface electronic
properties primarily dictate the energy level alignment (ELA) at the interfaces between the
HOIP and its adjacent charge transport layers in devices. The present thesis aims at
characterizing the electronic properties of solution-processed HOIP films at different stages,
namely from HOIP formation to its degradation, by means of photoelectron spectroscopy
(PES). The HOIP selected is the methyl ammonium (MA) lead iodide-chloride
CH3NH3PbI3-xClx (MAPbI3-xClx).
Firstly, the formation of MAPbI3-xClx films upon thermal annealing is monitored by a
combination of PES, time-of-flight secondary ion mass spectrometry, grazing incidence X-ray
diffraction, and atomic force microscopy for disclosing changes in electronic properties, film
composition, crystal structure, and morphology, respectively. Overall, the results point to the
essential mediating role of chlorine in the formation of a highly textured perovskite film. The
film formation is accompanied by a change of composition which leads to the film becoming
more n-type. Furthermore, while the results agree with the formation of a single phase
MAPbI3 after complete film crystallization, they also unambiguously reveal the accumulation
of chlorine at the interface between perovskite and the underlying substrate. These results
propose a rationale for the predominance of MAPbI3-xClx with regard to their chlorine-free
MAPbI3 counterparts.
Secondly, the separate effects of water and oxygen on the electronic properties of
MAPbI3-xClx film surfaces are investigated by PES. Already low water exposure – as
encountered in high vacuum or inert conditions – appears to reversibly impact the work
function (φ) of the film surfaces. Higher amounts of water vapor in the mbar range induce a
shift of the valence band maximum (VBM) away from the Fermi level (EF) accompanied by a
decrease of φ. In contrast, oxygen leads to a VBM shift towards EF and a concomitant
increase of φ. The effect of oxygen is found to predominate in ambient air with an associated
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shift of the energy levels by up to 0.6 eV. These findings emphasize the impact of least
variation in the environmental conditions on the reproducibility of the electronic properties of
perovskite materials.
Thirdly, PES is further employed to investigate the electronic properties of newly developed
and more stable mixed cations methyl ammonium-guanidinium (Gua) lead iodide
(MA1-xGuaxPbI3) perovskites and those of low-cost titanium disulfide (TiS2) nanoparticles
used as hole transport materials in perovskite-based solar cells.
Finally, the thesis is concluded by additional considerations, in particular of the effect of
solvents on perovskite films for over-layer deposition.
Overall, the presented PES results point out the critical impact of film composition,
formation, and environment on the electronic properties of the solution-processed HOIP films.

Keywords:
Hybrid organic-inorganic perovskite, methyl ammonium lead iodide, chlorine,
electronic properties, photoelectron spectroscopy, surfaces, perovskite solar cells, water,
oxygen
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Kurzfassung
Hybride

organische-anorganische

Aufmerksamkeit

in

der

Perowskite

Solarzellenforschung.

(HOIP)
Grund

genießen
dafür

ist

derzeit
ihr

größte

Einsatz

als

Halbleitermaterial in Solarzellen, wo sie innerhalb von nur 8 Jahren den konventionellen
Solarzellen ebenbürtige Wirkungsgrade erreichten. Der

langfristige Einsatz dieser

Materialklasse wird aber wegen Problemen hinsichtlich schlechter Stabilität und
Reproduzierbarkeit

in

Umgebungsbedingungen.

Frage

gestellt,

Deshalb

ist

insbesondere

es äußerst

gegenüber

wichtig

zu

unterschiedlichen

verstehen,

wie die

Materialeigenschaften entstehen bzw. variieren. In diesem Zusammenhang ist die
Untersuchung der elektronischen Eigenschaften von HOIP von entscheidender Bedeutung,
denn diese bestimmen in erster Linie die Energielevelanordung (ELA) an den Grenzflächen
zwischen der HOIP-Schicht und deren angrenzenden Schichten in einer Solarzelle. Der
Schwerpunkt der vorliegenden Arbeit liegt daher in der Charakterisierung der elektronischen
Eigenschaften von – nach lösungsmittelbasierten Verfahren hergestellten – HOIP-Schichten
während

der

Schichtbildung

und

in

verschiedenen

Umgebungen

mittels

Photoelektronenspektroskopie (PES). Insbesondere wird der Methylammonium-Blei-IodidChlorid-Perowskit CH3NH3PbI3-xClx (MAPbI3-xClx) untersucht.
Als erstes werden Änderungen in den elektronischen Eigenschaften, der Zusammensetzung,
der

Kristallstruktur,

sowie

der

Morphologie

mittels

PES,

Flugzeit-

Sekundärionenmassenspektrometrie, Röntgendiffraktometrie mit streifendem Einfall, sowie
Rasterkraftmikroskopie analysiert. Die daraus gewonnenen Informationen weisen alle auf die
entscheidende Rolle von Chlor im texturierten Wachstum der Perowskitschicht hin. Die
auskristallisierte Perowskitschicht weist eine stärkere n-Typ Eigenschaft auf, welche auf die
Änderung der Zusammensetzung während der Schichtbildung zurückgeführt werden kann.
Obwohl die auskristallisierte Schicht nur noch aus MAPbI3 besteht, beweisen die Ergebnisse
eindeutig die Ablagerung von Chlor an der Grenzfläche zwischen der Perowskitschicht und
dem Substrat. Aus den Ergebnissen wird eine rationale Erklärung für die effizienteren
Solarzellen basierend auf MAPbI3-xClx im Vergleich zum MAPbI3 nahegelegt.
Zweitens werden die separaten Einflüsse von Wasser, Sauerstoff, und Umgebungsluft auf die
elektronischen Eigenschaften von MAPbI3-xClx-Schichtoberflächen untersucht. Bereits
|v
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geringste Wassermengen ähnlich wie im Hochvakuum oder in inerter Umgebung können eine
reversible Reduzierung der Austrittsarbeit φ hervorrufen. Höherer Wasserdampf-Partialdruck
führt zu einer Verschiebung des Valenzbandmaximums (VBM) weit vom Fermi-Niveau,
sowie zu einer Reduzierung von φ. Im Gegensatz dazu führt eine Sauerstoffexposition zu
einer Verschiebung des VBM in Richtung des Fermi-Niveaus und zu einer Steigerung von φ.
Analog kommt es zu einer Verschiebung von bis zu 0.6 eV bei einer Exposition gegenüber
Umgebungsluft, was den vorwiegenden Einfluss von Sauerstoff gegenüber Wasser in der
Umgebungsluft demonstriert. Diese Resultate heben die Auswirkung geringer Abweichungen
der Umgebungsbedingungen auf die Reproduzierbarkeit der elektronischen Eigenschaften von
Perowskitmaterialien hervor.
Drittens wird im Rahmen dieser Arbeit auch die elektronische Charakterisierung von neuentwickelten und stabileren MA1-xGuaxPbI3 Perowskitmaterialien basierend auf einer
Mischung von MA und Guanidinium (Gua) Kationen, sowie von kostengünstigen
Titandisulfid-Nanopartikeln für den Einsatz als Lochtransportmaterial in perowskit-basierten
Solarzellen, mittels PES durchgeführt.
Abschließend wird die Fragestellung untersucht, wie sich insbesondere der Einfluss von
ausgewählten

Lösungsmitteln

für

die

lösungsmittelbasierte

Abscheidung

von

Ladungträgertransportmaterial auf Perowskitschichten beurteilen lässt.
Die vorliegenden PES-basierten Untersuchungen betonen den kritischen Einfluss der
Schichtbildung, der Zusammensetzung, sowie der Umgebungsbedingungen auf die
elektronischen Eigenschaften von HOIP.

Schlagwörter:
Hybride organische-anorganische Perowskite, Methylammonium Blei-Iodid, Chlor,
elektronische Eigenschaft, Photoelektronenspektroskopie, Oberfläche, PerowskitSolarzellen, Wasser, Sauerstoff
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Introduction

The current share of solar energy in the total worldwide electricity production amounts to less
than 1%. In contrast to fossil fuels, which account for about 80% of the annual global energy
supply, and which are confronted with scarcity and environmental issues through greenhouse
gas emissions, solar energy represents a clean and practically inexhaustible energy source that
could sustain the annual energy needs of the planet in just one hour [1, 2]. The transition to
renewable energy sources in general, and to photovoltaics in particular, appears to be
inexorable in order to maintain the required energy supply. However, in order to be a viable
alternative in such energy transition, photovoltaics must not only be clean with a durable
resource, it must also be stable, efficient and cost-effective. These challenging requirements
primarily depend on the solar energy conversion into electricity itself, which is achieved with
a solar cell; a device typically composed of a semiconducting absorber material, where the
absorbed light creates charges, embedded between a succession of other semiconductors
and/or metal electrodes to facilitate charge separation and collection. To address the
aforementioned challenges, intense research has been carried out to develop new and
innovative materials for efficient and cost-effective photovoltaic devices. The investigated
materials range from inorganic materials, with a particular emphasis on the conventional
polycrystalline silicon (Si) which still dominates about 69% of the solar module production
with a maximum power conversion efficiency (PCE) of 22% as for 2015 [3, 4]; to organic
materials, particularly attractive due to their easy processing from solution and their properties
which are largely tunable through structure-engineering [5]; to hybrid organic-inorganic
materials, that combine the enhanced optoelectronic properties of inorganic materials and the
low-cost and easy preparation of functional organic materials. One novel material that belongs
to the latter class is the hybrid organic-inorganic perovskite (HOIP). HOIPs have attracted
tremendous attention in the field of photovoltaics, primarily due to the outstanding
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progression of the PCE, achieved with prototypical solar cells based on perovskite thin films,
from 3.8% [6] in 2009 to 22.1% [7] in 2017, and even to 25.2% in perovskite/silicon tandem
solar cells [8]. The efficiency limit of perovskite-based solar cells (PSCs) has been estimated
to be about 31% [9], which is close to the theoretical Shockley-Queisser limit of 32% for
single junction Si-based solar cells [10, 11]. Unfortunately, comprehension of the origin of
this remarkable efficiency is not always in pace with the progression of the efficiency itself,
which will eventually impede the development of the field. Moreover, the outstanding
performance is unfortunately overshadowed by stability issues, mainly with regard to the
environment. This thesis aims to contribute to a better understanding of these two central
topics by investigating the formation of and the environmental effect on one HOIP system; the
methyl ammonium lead mixed-halide CH3NH3PbI3-xClx (MAPbI3-xClx) perovskite, with an
emphasis on its electronic properties accessed by means of photoelectron spectroscopy (PES).
PES is the most important experimental tool to explore the electronic structure of material
surfaces. Notably, this tool can provide invaluable information not only about the different
energy levels of a material, which is a pre-requisite for a priori guiding the choice of adjacent
materials in a device, but also about the electronic properties of interfaces, essentially
determining the function of interfaces as found in devices.
HOIP, which owes its name to its perovskite crystal structure, encompasses materials with the
general formula ABX3 (with a monovalent organic cation A, a divalent metal cation B, and a
halide anion X), generally obtained from a mixture of organic AX and inorganic BX2
subunits. Although all-inorganic halide perovskites (where the organic cation is replaced by
an alkali metal cation) are also lately emerging in the field of perovskite-based photovoltaics
[12], this work will be restricted to HOIPs. The most frequently used HOIP is the state-of-theart methyl ammonium lead iodide CH3NH3PbI3 (MAPbI3) perovskite, obtained from methyl
ammonium iodide (MAI) and lead iodide (PbI2). Due to their versatility, the optoelectronic
properties of HOIPs can largely be tuned by modifying the respective subunits or the
individual compounds. Particularly, the addition of chlorine in the preparation of mixed-halide
MAPbI3-xClx perovskite film, typically obtained from a mixture of MAI and lead chloride
PbCl2 in a non-stoichiometric ratio of 3:1 in solution, induces long-range film crystallinity
[13] and enhanced charge-transport properties [14–16] that ultimately result in enhanced solar
cell performance in comparison to the single halide MAPbI3 [17]. Interestingly, the final
mixed-halide MAPbI3-xClx films, which are thermally annealed to induce crystallization,
mainly consist of MAPbI3 [13, 18, 19], and do not exhibit any detectable traces of chlorine
2|
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[14, 20–22]. To understand the process underlying such an observation, several studies
concentrated on the annealing process and they all pointed to the existence of an intermediate
phase during annealing [15, 23–25], which is accompanied by chlorine release through the
surface by sublimation of methyl ammonium chloride (MACl) [15, 26, 27]. A few studies
suggest the presence of residual chlorine inside the perovskite film and predicted its possible
impact on the electronic properties at the perovskite/substrate interface [28, 29]. Further
studies suggest the role of chlorine in the nucleation [30], and growth of MAPbI3-xClx
perovskite [22]. However, the actual impact of chlorine, leading to the enhanced properties
cited above is still not fully understood. A rationale that would relate the initial addition of
chlorine with the final film properties can only be reached through a thorough understanding
of the chlorine behavior during the annealing step. Disclosing the film’s bulk composition
during the annealing step will give valuable information about the location of chlorine – and
accordingly its behavior – and the film evolution. Firstly, in this work, the three dimensional
(3D) composition of mixed-halide MAPbI3-xClx perovskite film before and after complete
film crystallization will be reconstructed by depth-profiling the individual compounds by
means of time-of-flight secondary ion mass spectrometry (ToF-SIMS). The change in
composition will be correlated with the structural, morphological, and electronic properties
evolution as determined by grazing-incidence X-ray diffraction, atomic force microscopy, and
photoelectron spectroscopy. The results will be discussed in keeping with reported studies in
order to provide a more consistent understanding of the film formation and its implication in
the optoelectronic properties of MAPbI3-xClx perovskite.
A major challenge in the long-term application of HOIPs is their reproducibility and stability
which are critically influenced by light and environmental conditions. Efforts were made to
avoid environment-induced degradation; for instance, solar cells retaining stable PCE of 17%
for at least three months under real outdoor conditions were achieved by the application of a
UV-coating to protect the devices against humidity ingress and detrimental UV-light [31].
Despite such strategies in developing external protection for the solar cells, the material’s
stability itself remains of paramount importance since environmental exposure occurs not
only during device application but already during preparation, storage, material and/or device
characterization, which can impact the determination of reliable and reproducible materials
properties. In particular, exposure to water during device fabrication and operation has been
often claimed to be a decisive factor for reproducibility and stability [18, 32–35]. The impact
of water exposure on the properties of perovskite materials is the object of controversy in the
|3
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literature. In fact, moderate exposure to controlled humidity or ambient air has been observed
to improve the crystallinity of perovskite films, the grain size, the charge carrier lifetime, and
the carrier mobility, thus enhancing the performance of the perovskite-based solar
cells [36–38]. Contrastingly, high exposure to water, such as high relative humidity (RH) can
accelerate the degradation of the perovskite materials [39–42]. To avoid, or at least minimize
the impact of water, perovskite films are typically preferentially deposited and stored in
vacuum or inert gas conditions. Under these circumstances, potential changes of the materials
properties from ambient air to water free and vacuum conditions must be characterized and
understood for a reliable description of the phenomena observed under standard device
fabrication and operating conditions. In the instance of methyl ammonium lead bromide
MAPbBr3 perovskite single crystals, the photoluminescence underwent drastic but reversible
changes upon exposure to water and/or oxygen, and vacuum, which was attributed to the
variation of the density of surface states upon exposure to water or oxygen gases [43].
Alternating exposure to air and vacuum happened to reversibly increase the photocurrent [44],
and the open circuit voltage of MAPbI3 -based devices [45], thus pointing toward the
beneficial effect of water on devices. Specifically for perovskite surfaces, the impact of the
exposure to various atmospheres on their electronic structure must be investigated in order to
better understand the mechanisms occurring upon such exposure. Moreover, the reliability of
energy levels established from photoelectron spectroscopy measurements can be affected by
the environmental conditions (i.e. high vacuum). Although some work based on X-ray
photoelectron spectroscopy (XPS) were directed toward assessing the impact of water on in
situ evaporated perovskite films [46, 47], a comprehensive understanding of the separate
effects of water and oxygen exposure and of their combined effects on the electronic
properties of perovskite surfaces is still lacking. Therefore, secondly, this thesis will also
investigate the separate impact of water, oxygen, and air on the electronic structure of
MAPbI3-xClx perovskite films by PES. By focusing on exposure in terms of partial pressure
from as low as 10-6 mbar up to more realistic partial pressure in the mbar range for water and
oxygen, the results indicate distinct variations of the electronic structure, particularly the
competing impact of water and oxygen. The critical impact of extremely low water exposure
demonstrates and stresses the importance of controlled atmosphere for reliable properties
assessment. The results are further discussed with regards to possible degradation pathways.
The fundamental requirements in terms of stability and cost-effectiveness for durable solar
cells necessitate the development of new materials; not only of new perovskite materials but
4|
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also of compatible charge transport materials between which the perovskite active material is
sandwiched. Thirdly, this thesis includes the characterization of the electronic structure of new
perovskite and hole transport materials, which were investigated in the scope of collaborative
works. In the former case, PES is employed to monitor the evolution of the electronic
structure of MAPbI3 upon gradual inclusion of the guanidinium (Gua) cation in order to
stabilize the perovskite structure. In the latter case, the composition and the electronic
structure of synthesized low-cost titanium disulfide (TiS2) nanoparticles newly implemented
into solar cells are assessed by PES.
The present thesis is outlined as follows: in chapter 2 the fundamental theories and concepts
of the electronic structure of semiconductors will be introduced in section 2.1, then insights
into the basics of HOIPs, based on the reported literature, will be discussed in section 2.2. The
basic principles of solar cells in general and of perovskite-based solar cells in particular, will
be discussed in section 2.3. The experimental methods employed in the scope of this thesis are
described in chapter 3, with a particular emphasis on the basic principles of PES (section 3.1),
which is the main experimental method used in this work. In chapter 4, details about the
investigated materials and their preparation, as well as the actual experimental set-ups used to
carry out the diverse materials characterization are given in section 4.1, and section 4.2,
respectively. The central part of the present thesis concentrates in the results presented in
chapter 5. Firstly, the formation of mixed MAPbI3-xClx perovskite films and the role of
chlorine in its formation are investigated in section 5.1. This is explored by correlating the
films bulk composition with their structural, morphological, and electronic properties.
Secondly, the effects of environmental exposure, namely to water, oxygen, and air, on the
electronic properties of mixed MAPbI3-xClx perovskite films are the subject of section 5.2.
Thirdly, section 5.3 presents the electronic structure characterization of new perovskite
systems with improved stability, and of newly developed and cost-effective hole transport
materials for perovskite-based solar cells. Section 5.4 consists of two-fold preliminary test
experiments conducted in the scope of this thesis. Subsection 5.4.1 presents the investigation
of the structural and electronic properties of perovskite films upon exposure to selected
solvents to assess the suitability of these latter for charge transport materials deposition from
solution. In order to evaluate the energy level alignment at the interface between two
materials in contact, the prevalent method consists in incrementally depositing thin layers of
one material on top of the other and to assess the evolution of the electronic properties after
each deposition. Subsection 5.4.2 shows the results of the electronic structure investigation of
|5
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films obtained from solution dilution method, which has been tested in an attempt to obtain
thin enough films from solution. The results presented indicate the dependence of the
electronic structure on the film preparation and provide hints on film properties improvement
for future characterization of the ELA of perovskite materials prepared from solution. Finally,
chapter 6 summarizes the main findings of the present thesis and finalizes it with an outlook.
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2

Fundamentals

This chapter introduces to the fundamental physics of semiconductors and to hybrid organicinorganic perovskites (HOIPs) used as semiconducting materials in photovoltaic cells. HOIPs
are termed as hybrid organic-inorganic owing to the presence of organic and inorganic
subunits in its crystal unit cell. Nonetheless, their electronic structure is usually discussed in
the context of inorganic semiconductors. The present chapter starts with a short recall of
crystal structure, and the diffraction by a crystal in section 2.1. Then, general theoretical
concepts for periodic systems, necessary to describe the electronic structure in inorganic
semiconductors, are presented. Following up on these basic theories, the second part (section
2.2) of the chapter begins with an introduction to the class of perovskites in general, and to the
hybrid organic-inorganic perovskites (HOIPs) and their properties in particular. It then
continues with the specific discussion on the existing knowledge about the electronic structure
of HOIP and the still existing gap in the understanding of the function and properties of this
material. In the last third part (section 2.3), the basic physics of solar cells is reviewed.

2.1

Electronic Structure of Semiconductors and their Interfaces

This first section briefly provides a general overview on the electronic structure of
semiconductors. In order to do that, the section will start with a short review of the effects
occurring and terms used if matter arranges in periodic structure, i.e. exhibits a crystal
structure. This ordered structure is also the basis for the electronic structure determination of
any solid. To illustrate this, models derived for such periodic order are employed to describe
states of electrons in solids. Subsequently, the concept of density of states, which is tightly
connected to the electronic states, is discussed, before finally addressing different aspects of
the energy level alignment (ELA) at interfaces. The latter is of critical importance in the
|7
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description and understanding of the electronic processes, e.g. charge transport, occurring at
the interfaces in electronic devices.
2.1.1 Crystal Structure and Crystal Diffraction
Crystal Structure
A solid crystal consists of atoms that are arranged in a well-defined and periodic manner. The
crystal structure describes the particular arrangement of the atoms and is defined by a basis,
which is an atom or a group of atoms or molecules, and the lattice. The unit cell is the basic
repeating unit, which, by translation within the lattice, builds the whole 3D crystal solid. The
smallest unit cell that contains only one lattice point is called a primitive unit cell. The
primitive cell that encompasses a volume closest to a chosen lattice point is called the WignerSeitz cell. The Wigner-Seitz cell still retains the crystal symmetry and is determined by first
drawing lines from the lattice point to the nearest equivalent lattice sites and second by
drawing the bisector planes of these lines. 3D crystals are classified into 14 Bravais lattices
(cf. ref. [48]); each Bravais lattice is generated by all points determined by any translational
vector 𝑹𝑹 such that:

(2.1)

𝑹𝑹 = 𝑛𝑛1 𝒂𝒂 + 𝑛𝑛2 𝒃𝒃 + 𝑛𝑛3 𝒄𝒄

where 𝑛𝑛1 , 𝑛𝑛2 , and 𝑛𝑛3 are integers and 𝒂𝒂, 𝒃𝒃, and 𝒄𝒄 are the basis vectors that span the lattice.

Each Bravais lattice is defined by the lattice parameters: the lengths 𝑎𝑎, 𝑏𝑏, 𝑐𝑐, and the angles α,

β, γ – between 𝑏𝑏 and 𝑐𝑐, between 𝑎𝑎 and 𝑐𝑐, and between 𝑎𝑎 and 𝑏𝑏, respectively. The reciprocal
lattice in the reciprocal 𝒌𝒌-space of the direct lattice in real space is defined by the reciprocal
lattice vector 𝑮𝑮, which is spanned by the basis vectors 𝒂𝒂∗ , 𝒃𝒃∗ , and 𝒄𝒄∗ of the reciprocal lattice.
These are related to the basis vectors of the direct lattice by:
𝒂𝒂∗ = 2𝜋𝜋

𝒃𝒃 × 𝒄𝒄
,
𝒂𝒂 ∙ (𝒃𝒃 × 𝒄𝒄)

𝒃𝒃∗ = 2𝜋𝜋

𝒄𝒄 × 𝒂𝒂
,
𝒂𝒂 ∙ (𝒃𝒃 × 𝒄𝒄)

𝒄𝒄∗ = 2𝜋𝜋

𝒂𝒂 × 𝒃𝒃
𝒂𝒂 ∙ (𝒃𝒃 × 𝒄𝒄)

(2.2)

where the denominator 𝒂𝒂 ∙ (𝒃𝒃 × 𝒄𝒄) corresponds to the volume of the parallelepiped spanned

by the three basis vectors. It can be derived that 𝒂𝒂 ∙ 𝒂𝒂∗ = 𝒃𝒃 ∙ 𝒃𝒃∗ = 𝒄𝒄 ∙ 𝒄𝒄∗ = 2𝜋𝜋 and 𝒂𝒂 ∙ 𝒃𝒃∗ =

𝒂𝒂 ∙ 𝒄𝒄∗ = 𝒃𝒃 ∙ 𝒂𝒂∗ = 𝒃𝒃 ∙ 𝒄𝒄∗ = 𝒄𝒄 ∙ 𝒂𝒂∗ = 𝒄𝒄 ∙ 𝒃𝒃∗ = 0 [49]. Thus, for the given reciprocal vector 𝑮𝑮ℎ𝑘𝑘𝑘𝑘

given in equation (2.3), it is deduced from equations (2.2) and (2.3) that 𝑮𝑮ℎ𝑘𝑘𝑘𝑘 ∙ 𝑹𝑹 = 2𝜋𝜋𝜋𝜋,
where 𝑚𝑚 is an integer.
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𝑮𝑮ℎ𝑘𝑘𝑘𝑘 = ℎ𝒂𝒂∗ + 𝑘𝑘𝒃𝒃∗ + 𝑙𝑙𝒄𝒄∗

(2.3)

The reciprocal vector 𝑮𝑮ℎ𝑘𝑘𝑘𝑘 is perpendicular to the lattice plane denoted as (ℎ𝑘𝑘𝑘𝑘). The set of

integers (ℎ𝑘𝑘𝑘𝑘) in (2.3) specifies the lattice planes and their orientation, and the numbers

h, k, l are called Miller indices. The Miller indices are the reciprocal values of the intercepts

𝑎𝑎1 , 𝑎𝑎2 , and 𝑎𝑎3 of the lattice plane with the direct basis vectors 𝒂𝒂, 𝒃𝒃, and 𝒄𝒄, respectively. They
are the smallest integers proportional to the inverses of the intercepts, such that: ℎ ∝ 1/𝑎𝑎1 ,

𝑘𝑘 ∝ 1/𝑎𝑎2 , and 𝑙𝑙 ∝ 1/𝑎𝑎3. A class of planes parallel to (ℎ𝑘𝑘𝑘𝑘) is denoted by {ℎ𝑘𝑘𝑙𝑙} and the

related notation [ℎ𝑘𝑘𝑘𝑘] describes the direction of the planes. By convention, and as it is the
case in this work, the notation (ℎ𝑘𝑘𝑘𝑘) is adopted to also specify the set of planes parallel to
(ℎ𝑘𝑘𝑘𝑘) with the same lattice spacing 𝑑𝑑ℎ𝑘𝑘𝑘𝑘 = 1/|𝑮𝑮ℎ𝑘𝑘𝑘𝑘 |.

The Wigner-Seitz cell in the reciprocal 𝒌𝒌-space is called the first Brillouin zone. This zone is

characterized by high symmetry points and is essential for visualizing the dispersion relation
𝐸𝐸 (𝒌𝒌) in 𝒌𝒌-space. The high symmetry point Γ refers to the (0,0,0) point in the Brillouin zone

and the band structure is often represented along the direction from this Γ point to other high
symmetry points on the surface of the Brillouin zone.
Crystal Diffraction
The periodic structure of a crystal solid leads to the establishment of a band structure of the
solid, as will be shown in the next subsection 2.1.2. In order to determine the crystal structure,
one makes use of the scattering of light by the crystal. The present section offers a brief
introduction to the fundamentals of X-ray diffraction by crystals, which is necessary to
understand the results of this thesis.
A crystal can be viewed as parallel planes of atoms or molecules separated by a distance 𝑑𝑑ℎ𝑘𝑘𝑘𝑘

as shown in Figure 2.1. In an X-ray diffraction process, incoming waves interact with the
atoms, more precisely with the electrons surrounding the nucleus, and are scattered. All of the
scattered waves interfere constructively if Bragg’s law in equation (2.4) is satisfied; where 𝑛𝑛λ
corresponds to the path difference ∆𝐿𝐿 between two scattered waves from two successive

planes, 𝑛𝑛 is an integer and represents the diffraction order, and Θ is the scattering angle

(Figure 2.1).

𝑛𝑛λ = 2𝑑𝑑ℎ𝑘𝑘𝑘𝑘 sin Θ

(2.4)
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This constructive interference results in intense peaks, also known as Bragg peaks.
Therefrom, for each set of planes (ℎ𝑘𝑘𝑘𝑘) and for a certain value of Θ, an intense diffraction

peak will arise.

Figure

2.1

Schematic

representation of Bragg’s law,
representing the incoming beam k,
the diffracted beam k’ at scattering
angle Θ with regard to the plane

(ℎ𝑘𝑘𝑘𝑘), and the scattering vector q.
𝑑𝑑ℎ𝑘𝑘𝑘𝑘 denotes the lattice spacing.

The incident wave vector 𝒌𝒌 and scattered wave vector 𝒌𝒌′ have the same amplitude
|𝒌𝒌| = |𝒌𝒌′ | = k =

2𝜋𝜋

λ

, since the scattering process is based on elastic scattering. A change in

direction from 𝒌𝒌 to 𝒌𝒌′ is given by the equation (2.5), such that the scattering vector 𝒒𝒒 is a

vector of the reciprocal lattice that bisects the angle between 𝒌𝒌 and 𝒌𝒌′ (Figure 2.1). One can
deduce that the amplitude of the vector 𝒒𝒒 is given by equation (2.6). For a diffraction peak –
also called Bragg reflection – to arise, the considered set of planes must always be normal to
the scattering vector 𝒒𝒒.

(2.5)

𝒒𝒒 = 𝒌𝒌′ − 𝒌𝒌
|𝒒𝒒| = 2𝑘𝑘 sin Θ =

4𝜋𝜋

λ

sin Θ

(2.6)

Hitherto, the condition for wave scattering at a fixed lattice position has been presented. In
order to obtain the diffraction intensity from the whole crystal, additional interference effects
originating from multiple atoms must be taken into account.
The amplitude of a wave scattered by an atom at a fixed position 𝒓𝒓𝑗𝑗 in the unit cell will be
proportional to 𝑒𝑒 𝑖𝑖𝒒𝒒∙𝒓𝒓𝒋 [49]. In the case that the crystal has a polyatomic basis, the interference

between the waves scattered from n atoms in one unit cell is described by the structure factor:
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𝑛𝑛

𝐹𝐹(𝒒𝒒) = � 𝑓𝑓𝑗𝑗 (𝒒𝒒)𝑒𝑒 𝑖𝑖𝒒𝒒∙𝒓𝒓𝑗

(2.7)

𝑗𝑗=1

where 𝑓𝑓𝑗𝑗 (𝒒𝒒) is the atomic form factor that describes the scattering amplitude by the electron
density of the 𝑗𝑗-th atom in the unit cell. This quantity is specific to each chemical element and

is a tabulated value that can also be calculated [50, 51]. Besides 𝒒𝒒, 𝑓𝑓𝑗𝑗 (𝒒𝒒) depends on the
nuclear charge Z, and more specifically 𝑓𝑓𝑗𝑗 (𝒒𝒒) corresponds to the Fourier transform of the

atomic electron density ρ𝑗𝑗 (𝒓𝒓):

𝑓𝑓𝑗𝑗 (𝒒𝒒) = � ρ𝑗𝑗 (𝒓𝒓)𝑒𝑒 𝑖𝑖𝒒𝒒∙𝒓𝒓 𝑑𝑑𝒓𝒓

(2.8)

Hence, the structure factor involves both the positions of the atoms within the cell and the
electron distribution for each atom. The structure factor 𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝒒𝒒) of a non-infinite crystal
with 𝑁𝑁 unit cells and defined by a translational vector 𝑹𝑹𝑛𝑛 = 𝑛𝑛1 𝒂𝒂 + 𝑛𝑛2 𝒃𝒃 + 𝑛𝑛3 𝒄𝒄 [c.f. equation
(2.1)] consists of the unit cell structure factor 𝐹𝐹(𝒒𝒒) and the lattice sum as given by equation
(2.9) [52, 53].

𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝒒𝒒) = 𝐹𝐹(𝒒𝒒) � 𝑒𝑒 𝑖𝑖𝒒𝒒∙𝑹𝑹𝑛
𝑛𝑛

(2.9)

In X-ray diffraction experiments, the observed intensity of diffraction 𝐼𝐼(𝒒𝒒) is proportional to
the square of the amplitude, which, in turn, is proportional to the square of the structure
factor:

𝐼𝐼(𝒒𝒒) ∝ |A|2 ∝ |𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝒒𝒒)|2

(2.10)

𝒒𝒒 ∙ 𝑹𝑹𝑛𝑛 = 2𝜋𝜋𝜋𝜋,

(2.11)

It is noteworthy that the lattice sum in equation (2.9), and thus 𝐼𝐼(𝒒𝒒), is maximum for:

where 𝑚𝑚 is an integer. This is the Laue condition. Equivalently to equation (2.5) and as
previously deduced from equations (2.2) and (2.3), the condition (2.11) is fulfilled only if

𝒒𝒒 = 𝑮𝑮ℎ𝑘𝑘𝑘𝑘 , which is the reciprocal lattice vector associated to the lattice plane (ℎ𝑘𝑘𝑘𝑘).

| 11

Chapter 2. Fundamentals
2.1.2 Electronic States
Perovskite materials exhibit a definite crystalline structure. Since their electronic structure is
generally determined in the same fashion as for inorganic semiconductors, in the present
description of the electronic states, the case of inorganic semiconductors which have a
periodic lattice will be essentially considered. One valence electron in such periodic system is
described by the Schrödinger equation (2.12) [54, 55]:
ℏ2 2
𝐻𝐻Ψ(𝒓𝒓) = �
𝛻𝛻 + 𝑈𝑈 (𝒓𝒓)� Ψ(𝒓𝒓) = 𝐸𝐸Ψ(𝒓𝒓)
2𝑚𝑚

(2.12)

where 𝐻𝐻 is the Hamiltonian associated with the kinetic and potential energies for the particle,

𝑈𝑈(𝒓𝒓) = 𝑈𝑈(𝒓𝒓 + 𝑹𝑹) is the periodic potential and 𝑹𝑹 is a lattice vector. Based on Bloch’s

theorem, the solution of the Schrödinger equation for a system in such a translationally
invariant potential is a wave function Ψ(𝒓𝒓) known as Bloch function with the form:

Ψ𝑛𝑛,𝑘𝑘 (𝒓𝒓) = 𝑒𝑒 𝑖𝑖𝒌𝒌𝒌𝒌 𝑢𝑢𝑛𝑛,𝑘𝑘 (𝒓𝒓),

(2.13)

where 𝑢𝑢𝑛𝑛,𝑘𝑘 (𝒓𝒓) = 𝑢𝑢𝑛𝑛,𝑘𝑘 (𝒓𝒓 + 𝑹𝑹) is a lattice periodic function, n is the band index to differentiate

the different Bloch functions with the same 𝒌𝒌, and 𝒌𝒌 is an arbitrary wave vector which is here
an index to differentiate the wave functions corresponding to the eigenvalue 𝐸𝐸𝑛𝑛 (𝒌𝒌). The

reciprocal lattice vector 𝑮𝑮 is defined through 𝑮𝑮 ∙ 𝑹𝑹 = 2𝜋𝜋𝜋𝜋, hence 𝑒𝑒 𝑖𝑖𝑮𝑮𝑮𝑮 = 1, where m is an
integer. By replacing 𝒌𝒌 with G, one can see that the Bloch function fulfills Ψ𝒌𝒌+𝑮𝑮 (𝒓𝒓) = Ψ𝒌𝒌 (𝒓𝒓).
Consequently, wave vectors that differ by the reciprocal lattice vector 𝑮𝑮 represent similar

Bloch functions. Thus, it is sufficient to reduce 𝒌𝒌 to its equivalent wave vector closest to the
origin of the reciprocal lattice, that is, inside the Brillouin zone (the Brillouin zone being the

primitive cell in the reciprocal space). The energy eigenvalues 𝐸𝐸𝑛𝑛 (𝒌𝒌) are a periodic function

of the wave vector of the Bloch wave, such that:

𝐸𝐸𝑛𝑛 (𝒌𝒌) = 𝐸𝐸𝑛𝑛 (𝒌𝒌 + 𝑮𝑮)

(2.14)

The energy eigenvalues 𝐸𝐸𝑛𝑛 (𝒌𝒌) describe the dispersion relation, and, taken together they form

the electronic band structure of the solid. In the simplest approximation of a free electron,
where the valence electron is considered free and electron-electron interactions are neglected
such that U=0, the dispersion relation is given by equation (2.15).
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𝐸𝐸 (𝒌𝒌) =

ℏ2 2
𝒌𝒌
2𝑚𝑚

(2.15)

There exist several methods to calculate the band structure of semiconductors [55]. In the
simple, one-dimensional Kronig-Penney model, the electrons in the crystal are assumed to be
subject to a periodic potential in the form of equidistant rectangular barriers [56]. More
elaborate methods such as the orthogonalized plane-wave method and pseudo-potential have
been used to determine the band structure of semiconductors; where a pseudo-potential
accounts for the complicated effect of core electrons that are assumed to be tightly bound to
the nucleus [55, 57, 58]. In the tight-binding model, the electron is considered tightly bound
to the atom. This model is related to the linear combination of atomic orbitals (LCAO), which
is usually adopted to construct the band structure of organic semiconductors. In the following,
the discussion is restricted to the cases of the weakly binding model, also called nearly-freeelectron model, and the tight-binding model, which are two standard methods used to describe
the band structure of inorganic semiconductors.
Nearly-Free-Electron Approximation
In the nearly-free-electron model, the interaction between electrons is not taken into account
and a perturbation accounts for the presence of a weak periodic potential [59]. Since the
potential 𝑈𝑈 (𝒓𝒓) is periodic, it can be expanded in a Fourier series:
𝑈𝑈 (𝒓𝒓) = � 𝑈𝑈𝑮𝑮 𝑒𝑒 𝑖𝑖𝑮𝑮𝑮𝑮

(2.16)

𝑮𝑮

where G is the reciprocal lattice vector and in the one-dimensional case G = 2πm/a, m being
an integer. The wave function can be expressed as a Fourier series as well:

Ψ(𝐫𝐫) = � 𝐶𝐶𝒌𝒌𝑒𝑒 𝑖𝑖𝒌𝒌𝒌𝒌
𝒌𝒌

(2.17)

By substitution of the expressions (2.16) and (2.17) into the Schrödinger equation in (2.12),
and upon translation by a reciprocal vector, one obtains a set of algebraic equations of the
form [60]:
�

ℏ2
|𝒌𝒌 − 𝑮𝑮|2 − 𝐸𝐸� 𝐶𝐶𝒌𝒌−𝑮𝑮 + � 𝑈𝑈𝑮𝑮′−𝑮𝑮 𝐶𝐶𝒌𝒌−𝑮𝑮′ = 0
2𝑚𝑚

(2.18)

𝐺𝐺′
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In order to determine the solutions for 𝐸𝐸 in equation (2.18) at the zone boundaries, one has to
determine the Fourier coefficients 𝐶𝐶𝒌𝒌−𝑮𝑮 and 𝐶𝐶𝒌𝒌 first. For a weak potential, it is assumed that

only the first terms of the Fourier expansion are non-zero. Thus, by taking only the Fourier

coefficients at G’=0 to be non-vanishing, one obtains a secular equation corresponding to
𝐶𝐶𝒌𝒌−𝑮𝑮 and 𝐶𝐶𝒌𝒌 for the energy value which results in [60]:

1

2
1 0
1 0
2
𝐸𝐸 ± = �𝐸𝐸𝒌𝒌−𝑮𝑮
+ 𝐸𝐸𝒌𝒌0 � ± � �𝐸𝐸𝒌𝒌−𝑮𝑮
− 𝐸𝐸𝒌𝒌0 � + |U𝑮𝑮 |2 �
2
4

(2.19)

where 𝐸𝐸 0 represents the energy of the free electron model [see equation (2.20)].
𝐸𝐸𝒌𝒌0 =

ℏ2 𝒌𝒌2
,
2𝑚𝑚

0
𝐸𝐸𝒌𝒌−𝑮𝑮
=

ℏ2 (𝒌𝒌 − 𝑮𝑮)2
2𝑚𝑚

(2.20)

Therefore, there exist two solutions 𝐸𝐸 + and 𝐸𝐸 − , i.e. two branches of the dispersion relation.

By

restricting

to

the

first

Brillouin

zone,

which

is

limited

by

+G/2 = π/a and -G/2 = -π/a in the one-dimensional case, it can be deduced that if the
potential is neglected (U𝑮𝑮 = 0), the dispersion relation resembles that of the free electron case

[see equation (2.20)]. At the zone boundaries, i.e. where 𝑘𝑘 = 𝐺𝐺/2, the difference in energy
between 𝐸𝐸 + and 𝐸𝐸 − in equation (2.19) is given by ∆𝐸𝐸 = 𝐸𝐸 + − 𝐸𝐸 − = 2|U𝑮𝑮 |, which

corresponds to the splitting of the band parabola of the free electron case at the Brillouin zone

boundary. Such energy splitting is called band gap or forbidden gap and represents a range of
energy that is not covered by any band. The most relevant band gap in semiconductor physics
is the one that separates occupied (valence band) from unoccupied (conduction band) states,
since usually the Fermi level falls somewhere inside. The presence of this band gap is the
primary condition for a solid to be denominated as a semiconductor. The equivalents of the
valence and conduction bands in organic semiconductors are the highest occupied molecular
orbital (HOMO), and the lowest unoccupied molecular orbital (LUMO), respectively. A
semiconductor has a direct band gap if the conduction band minimum and valence band
maximum occur at the same k, otherwise, if they occur at different k the semiconductor is
called indirect.
Tight-Binding Electron Model
The tight-binding electron model consists in the description of the electrons of the crystal by
the linear superposition of the atomic orbitals. In contrast to the previously described nearlyfree electron model, the electron of an isolated atom is considered tightly bound to the ionic
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core, that is, the electron is localized in the atomic orbital of the free atom to which it belongs.
The electron in the crystal at position 𝒓𝒓 is described by a linear combination of the wave

functions of the isolated atoms before they are brought together to form the crystal. The
Hamiltonian is in the form:
𝐻𝐻 = −

ℏ2 2
𝛻𝛻 + 𝑈𝑈at (𝒓𝒓 − 𝒓𝒓𝑚𝑚 ) + � 𝑈𝑈at �𝒓𝒓 − 𝒓𝒓p �
2𝑚𝑚
p≠m

= 𝐻𝐻at + � 𝑈𝑈at �𝒓𝒓 − 𝒓𝒓p �

(2.21)
(2.22)

p≠m

Here, 𝐻𝐻𝑎𝑎𝑎𝑎 is the Hamiltonian of a single atom at position 𝒓𝒓𝑚𝑚 and the second term in (2.22)
accounts for the potentials of all the atoms in the crystal except for the one at 𝒓𝒓𝑚𝑚 . The

solutions of the corresponding Schrödinger equation (2.23) for a single atom are assumed to
be known.

𝐻𝐻at (𝒓𝒓 − 𝒓𝒓m )φi (𝒓𝒓 − 𝒓𝒓m ) = 𝐸𝐸i φi (𝒓𝒓 − 𝒓𝒓m )

(2.23)

In equation (2.23), φi (𝒓𝒓 − 𝒓𝒓m ) is the atomic orbital corresponding to the wave function of the

electron in the atomic energy level 𝐸𝐸𝑖𝑖 . In order to calculate the electronic band structure, the

Schrödinger equation (2.24) for the electron in the entire lattice has to be solved.
𝐻𝐻 Ψ𝒌𝒌 (𝒓𝒓) = 𝐸𝐸 (𝒌𝒌)Ψ𝒌𝒌 (𝒓𝒓)

(2.24)

The wave function Ψ𝒌𝒌 is a Bloch function assumed to be a linear combination of the atomic

orbitals φ𝑖𝑖 (𝒓𝒓 − 𝒓𝒓𝑚𝑚 ), each orbital being localized at 𝒓𝒓𝑚𝑚 , as expressed in equation (2.25).

Ψ𝒌𝒌(𝒓𝒓) =

1

√𝑁𝑁

� 𝑒𝑒 𝑖𝑖𝒌𝒌𝒓𝒓𝑚 φi (𝒓𝒓 − 𝒓𝒓m )

(2.25)

m

N is the number of atoms in the crystal. The energy eigenvalue is obtained from the diagonal

elements of the Hamiltonian matrix:

𝐸𝐸 = 𝐸𝐸 (𝒌𝒌) =

with:
〈Ψ𝒌𝒌 |𝐻𝐻|Ψ𝒌𝒌 〉 =

〈Ψ𝒌𝒌 |𝐻𝐻|Ψ𝒌𝒌 〉
〈Ψ𝒌𝒌 |Ψ𝒌𝒌 〉

1
� � 𝑒𝑒 𝑖𝑖𝒌𝒌(𝒓𝒓p−𝒓𝒓m ) � 𝑑𝑑 3 𝑟𝑟 φ∗i (𝒓𝒓 − 𝒓𝒓m )𝐻𝐻φi �𝒓𝒓 − 𝒓𝒓p �
𝑁𝑁
m

(2.26)

(2.27)

p
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As mentioned before, the solutions of (2.23) have been assumed to be known; the energy
eigenvalue of the isolated atom is 𝐸𝐸n0 . Now, by considering only the integrals related to the
isolated atom and by restricting the interaction to the nearest neighbors, the dispersion relation
is in the form (cf. ref. [60]):

𝐸𝐸 (𝒌𝒌) ≈ 𝐸𝐸i − α − β � 𝑒𝑒 𝑖𝑖𝒌𝒌(𝒓𝒓m−𝒓𝒓p)
p

(2.28)

The summation in equation (2.28) runs over the nearest neighbors. The terms α and β are
expressed by:

α = − � φ∗i (𝒓𝒓 − 𝒓𝒓m ) � 𝑈𝑈at �𝒓𝒓 − 𝒓𝒓p � φi (𝒓𝒓 − 𝒓𝒓m ) 𝑑𝑑𝒓𝒓
p≠m

β = − � φ∗i �𝒓𝒓 − 𝒓𝒓p � � 𝑈𝑈at �𝒓𝒓 − 𝒓𝒓p � φi (𝒓𝒓 − 𝒓𝒓m ) 𝑑𝑑𝒓𝒓
p≠m

(2.29)
(2.30)

A simple application of the model is the case of a primitive cubic lattice with lattice parameter
𝑎𝑎 and one atomic s-state per atomic site. By only taking the next nearest neighbors into
account the energy dispersion based on (2.28) becomes:

𝐸𝐸 (𝒌𝒌) ≈ 𝐸𝐸i − α − 2β (cos 𝑘𝑘x 𝑎𝑎 + cos 𝑘𝑘y 𝑎𝑎 + 𝑐𝑐𝑐𝑐𝑐𝑐𝑘𝑘z 𝑎𝑎)

(2.31)

2.1.3 Density of States
It was seen that, provided some approximations, the band structure can be derived from the
states of weakly bound valence electrons interacting with the atomic core and with the other
valence electrons in the solid. The band structure provides information about the bands and
illustrates the dependence of the energy states 𝐸𝐸 (𝒌𝒌) on the wave vector 𝒌𝒌. The band structure
largely contributes to the understanding of the electronic and optical properties of a solid.

However, the actual distribution and transport of charges directly depends on how many

empty or filled states are available at a given energy. This quantity is called density of states
(DOS) and is the number of states within an energy interval [E, E+δE] denoted D(E).

For an electron moving in a three-dimensional solid with a volume V (V=L3, supposing the
volume is that of a cube of edge L), the components of the wave vector 𝒌𝒌 satisfy: 𝑘𝑘i =

2π
𝐿𝐿

𝑛𝑛,

(𝑛𝑛 is an integer, 𝑖𝑖 = 𝑥𝑥, 𝑦𝑦, 𝑧𝑧 ). Each allowed wave vector, hence each possible state, in 𝒌𝒌-space
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occupies a volume of

(2π)3
𝑉𝑉

. For a known dispersion relation E(𝒌𝒌), the density of states is given

by the 𝒌𝒌-space volume between the energy isosurfaces E(𝒌𝒌) and E(𝒌𝒌)+δE divided by the 𝒌𝒌space volume per allowed state [59]:

𝐸𝐸+δ𝐸𝐸

𝑉𝑉
� 𝑑𝑑𝒌𝒌
𝐷𝐷(𝐸𝐸)𝑑𝑑𝑑𝑑 =
(2π)3

(2.32)

𝐸𝐸

The volume element 𝑑𝑑𝒌𝒌 can be separated into an element of surface area 𝑑𝑑𝑓𝑓𝐸𝐸 of constant

energy E and a component normal to this area, such that 𝑑𝑑𝒌𝒌 = 𝑑𝑑𝑓𝑓𝐸𝐸 𝑑𝑑𝑘𝑘⊥. Additionally,
since 𝑑𝑑𝑑𝑑 = |grad𝒌𝒌 𝐸𝐸 (𝐤𝐤)| 𝑑𝑑𝑘𝑘⊥ , the DOS related to the volume V is given by:
𝐷𝐷(𝐸𝐸) =

�

𝐸𝐸(𝒌𝒌)=E

2
𝑑𝑑𝑓𝑓𝐸𝐸
(2π)3 |grad𝒌𝒌 𝐸𝐸 (𝐤𝐤)|

(2.33)

The integrand in equation (2.33) diverges at critical points in 𝒌𝒌-space corresponding

to |grad𝒌𝒌 𝐸𝐸 (𝐤𝐤)| = 0, i.e. where E(k) has extrema. These critical points are called van Hove

singularities. Although the integrand diverges at these points, the integral itself, i.e. D(E), does

not necessarily and can result in a finite value. The main structures of D(E) originate from
these critical points. The two most important critical points are the valence band and the

conduction band edges. From equation (2.33), the DOS at these band edges is given by
equations (2.34) for the conduction band [𝐷𝐷C (𝐸𝐸 )] and the valence band [𝐷𝐷V (𝐸𝐸 )], where 𝐸𝐸C

and 𝐸𝐸V are the energy offsets corresponding to the conduction band minimum and the valence
band maximum, respectively. 𝑚𝑚e∗ and 𝑚𝑚h∗ are the electron and hole effective mass,

respectively. Indeed, at the vicinity of the band edges the energy dispersion is parabolic and
the particle mass is then replaced by the effective mass 𝑚𝑚∗ . The effective mass is,

mathematically, inverse proportional to the curvature of these parabolic bands 1⁄𝑚𝑚∗ ∝

𝑑𝑑 2 𝐸𝐸 ⁄𝑑𝑑𝑑𝑑 2 ). Therefore, information about the effective mass can be withdrawn already from
the dispersion curve.
𝐷𝐷C (𝐸𝐸 ) =

3

(2𝑚𝑚e∗ )2
2𝜋𝜋2 ℏ3

�𝐸𝐸 − 𝐸𝐸C

𝐷𝐷V (𝐸𝐸 ) =

3

∗ 2
(2𝑚𝑚h
)

2𝜋𝜋2 ℏ3

�𝐸𝐸V − 𝐸𝐸

(2.34)

So far, the band structure and the density of states have been defined and derived. The
importance of the valence band, of the conduction band, and of the forbidden region inbetween has been pointed out. Whereas the band structure E(k) is only defined for crystalline
solids, the concept of the DOS is independent of translational invariance and is, therefore, also
applicable for non-crystalline solids, provided a sufficient homogeneity regarding structure
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and composition exists on a mesoscopic length scale. Due to disorder in amorphous solids, the
band gap is diffuse, the band edge is indistinct, and the DOS is characterized by an
exponential tail that extends into the band gap [61–63]. These band tails correspond to states
classified amongst the “gap states”.
Gap states
In ideal, ordered solids, the forbidden band gap corresponds to the energy region between the
valence and conduction band edges, i.e 𝐸𝐸V < 𝐸𝐸 < 𝐸𝐸C , where there are no states, i.e. the DOS

is expected to be zero. However, in real solids, allowed states can arise in the band gap. These
states are encompassed under the general term “gap states”. The origin of gap states are
various. The most prominent examples are the mere existence of a surface and structural or
chemical defects of the solid. They may also arise, as just mentioned, from disorder. In
contrast to the delocalized band states, gap states are localized in regions of the real space.
These localized states can trap charges, and thus, dramatically interfere in the charge transport
process.

Figure 2.2 Schematic representation of (a) the wave function of a state localized at the surface (z=0)
in one dimension and (b) the band tails (hatched regions) with localized states, which are separated
from the band states by the mobility edges.

Surface states are electronic states that can emerge as states in the band gap of the bulk
semiconductor. The corresponding wave function is localized at the surface (z=0) of the solid
and decays into the bulk and into the vacuum (Figure 2.2a). These states can be due to the
inherent properties of the solid surface itself, such as the abrupt termination of the bulk crystal
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structure, surface reconstruction or dangling bonds. These states can also be of extrinsic
origin, such as imperfections in the stoichiometry, atoms adsorbed at the surface, or new
interface states arising from the interaction of two electronic materials upon interface
formation. Surface states that lay deeper at mid-gap energy positions are called deep states –
in contrast to shallow states which are closer to the band edges – and are particularly efficient
charge recombination centers.
Surface states can be donor-like (or acceptor-like) if positively (negatively) charged when
unoccupied (occupied). Such charged surface states represent a charge imbalance at the
surface of the semiconductor and result in an electric field that is compensated by a charge
rearrangement in the semiconductor by band bending. Thus, surface states can strongly
influence the alignment of the energy levels at an interface. As mentioned, the valence and
conduction bands of semiconductors with disorder exhibit band tails that extend into the band
gap (Figure 2.2b). Since these band tails are localized states, the electrons in these states are
not free to move, unlike electrons in Bloch states. Hopping mechanisms dominate these
conducting states, the latter states are separated from the band states by the mobility
edge [64, 65].
2.1.4 Energy Level Alignment
In the previous subsections 2.1.2 and 2.1.3, the electronic structure of semiconductors has
been elaborated through the concepts of band structure and density of states. It has been noted
that the electronic structure at the surface of a solid generally differs from its bulk properties.
Electronic devices are essentially characterized by adjacent layers of electronic materials,
generally semiconductors but also insulators and/or metals, with a particular relative
alignment of their respective energy levels. For instance, for an optimal charge extraction at a
selective interface in solar cells, the VBM of a hole transport material should lie above that of
the active material and the CBM of the electron transport material should lie below that of the
active material. Besides bulk electronic properties, the properties of the respective surface and
interface between adjacent materials in the device are of high importance. The formation of
the interface between two materials involves a rather complex electronic structure and
underlies a range of possible effects, such as charge density rearrangement, bond formation,
molecular hybridization, interface dipoles, or also molecular distortion [66–70]. These effects
are reflected in the alignment of the energy levels at the interface between the two
components in contact, which generally differs from the situation when the components are
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examined individually (cf. vacuum level alignment at the end of the present subsection).
Although there are insightful models that have been developed to describe the energy level
alignment at metal/organic and organic/organic hetero-interfaces for instance [71, 72],
specific device configurations often still require individual characterization on a case by case
basis. Therefore, elucidating the energy level alignment at interfaces is of fundamental
importance, since it determines the charge transport and accumulation or depletion in the
devices.
This work investigates the surfaces of perovskites, with a particular focus on the modification
of the surfaces’ electronic structures by surface composition and pre-adsorbed species prior to
any interface formation with usual electronic materials as found in devices. In order to grasp
the complex phenomena that underlie the modifications disclosed in this work, several aspects
related to energy level alignment relevant for interface formation will be presented. In the
following, the Fermi level, which is a central parameter for any electronic material, will be
defined first. Afterwards, adsorption on solid surfaces and the related modification of the
surface dipole will be shortly discussed. Finally, the concept of band bending and Fermi level
pinning is briefly introduced.
Fermi level
In the previous subsection 2.1.3, the concept of density of states was introduced, which
defines the number of states in a given energy interval. The next important step is to specify
the electronic charge density, i.e. the occupation of the bands. The probability for a given state
at energy 𝐸𝐸 to be occupied by an electron is given by the Fermi-Dirac distribution function
[54]:

𝑓𝑓(𝐸𝐸 ) =

1

(𝐸𝐸−𝐸𝐸F )
𝑒𝑒 𝑘𝑘B 𝑇𝑇

+1

(2.35)

where 𝑘𝑘B is the Boltzmann constant and 𝑇𝑇 is the absolute temperature in K. 𝐸𝐸F is called Fermi
level and denotes the electron chemical potential µ of a thermodynamic system. The
probability of a state at energy 𝐸𝐸 = 𝐸𝐸F to be occupied is one half. In a metal, 𝐸𝐸F is the highest

filled level that sets the boundaries between occupied and unoccupied states. In a nondegenerate semiconductor, 𝐸𝐸F does not specify a single level and is only defined statistically
as a level lying within the band gap [49]. The Fermi level should not be confused with the

Fermi energy. Whereas the Fermi level 𝐸𝐸F corresponds to the temperature-dependent chemical

potential, i.e. µ = µ( 𝑇𝑇) = 𝐸𝐸F , the Fermi energy corresponds to the chemical potential of the
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electrons at a definite temperature 𝑇𝑇= 0 K, i.e. µ( 𝑇𝑇= 0 K) = 𝐸𝐸F0 . Consequently,

at 𝑇𝑇= 0 K 𝑓𝑓(𝐸𝐸 ) looks like a step function. The Fermi level 𝐸𝐸F is an essential parameter for

any electronic system since it allows determining the electron density 𝑛𝑛(𝐸𝐸 ) = 𝐷𝐷(𝐸𝐸)𝑓𝑓(𝐸𝐸 ) per

unit energy based on (2.35). The total concentration of electrons n, and holes p in the
conduction band, and valence band, respectively, is obtained from:
∞

𝑛𝑛 = � 𝐷𝐷C (𝐸𝐸 ) 𝑓𝑓(𝐸𝐸 )𝑑𝑑𝑑𝑑
𝐸𝐸C

𝐸𝐸V

𝑝𝑝 = � 𝐷𝐷V (𝐸𝐸 ) [1 − 𝑓𝑓 (𝐸𝐸 )]𝑑𝑑𝑑𝑑

(2.36)

−∞

where 𝐷𝐷C (𝐸𝐸 ), and 𝐷𝐷V (𝐸𝐸 ) are the DOS of the conduction, and valence bands, respectively,

approximated by equations (2.34). For semiconductors, assuming |𝐸𝐸 − 𝐸𝐸F | ≫ 2𝑘𝑘B 𝑇𝑇, the

Fermi statistics in equation (2.35) can be approximated by Boltzmann statistics and the
equations (2.36) become [59]:
𝑛𝑛 =

3

�𝐸 −𝐸F �
�
2𝜋𝜋𝜋𝜋e∗ 𝑘𝑘B 𝑇𝑇 2 �− C
𝑘B 𝑇
�
�
𝑒𝑒
2
ℎ

𝑝𝑝 = �

3

∗
2𝜋𝜋𝜋𝜋h
𝑘𝑘B 𝑇𝑇 2

ℎ2

� 𝑒𝑒

�𝐸 −𝐸 �
� V F �
𝑘B 𝑇

(2.37)

Based on the law of mass action, which implies that the product np is fixed and depends only
on temperature, and assuming an intrinsic semiconductor, equation (2.38) is obtained.
1
3
𝑚𝑚ℎ∗
𝐸𝐸F = 𝐸𝐸𝐺𝐺 + 𝑘𝑘𝐵𝐵 𝑇𝑇𝑇𝑇𝑇𝑇 � ∗ �
2
4
𝑚𝑚𝑒𝑒

(2.38)

If the effective masses 𝑚𝑚𝑒𝑒∗ and 𝑚𝑚ℎ∗ are equal, then the Fermi level lies at equal distance from

the conduction and valence band edges, that is, in the middle of the band gap. For an intrinsic

semiconductor at a temperature T > 0 K, the energy level diagram, the DOS 𝐷𝐷(𝐸𝐸), the Fermi

function 𝑓𝑓 (𝐸𝐸 ), as well as the carrier concentration 𝑛𝑛(𝐸𝐸 ) and 𝑝𝑝(𝐸𝐸 ) obtained from the product
𝐷𝐷(𝐸𝐸)𝑓𝑓(𝐸𝐸 ) and 𝐷𝐷(𝐸𝐸)[1 − 𝑓𝑓(𝐸𝐸 )], respectively, are schematically summarized in Figure 2.3a-d.
The integrals giving the number of electrons 𝑛𝑛 and holes 𝑝𝑝 in equations (2.36) correspond to

the shaded areas in Figure 2.3d. In the case of an intrinsic semiconductor 𝑛𝑛 = 𝑝𝑝 = 𝑛𝑛 𝑖𝑖 , where

𝑛𝑛 𝑖𝑖 is the intrinsic charge carrier density. The law of mass action represented by

𝑛𝑛𝑛𝑛 = 𝑛𝑛𝑖𝑖2 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 holds for both intrinsic and extrinsic – doped – semiconductors. The n-

and p-doping of the semiconductor by addition of impurities increases the concentration of
electrons and holes in the conduction, and valence bands, respectively. Correspondingly, 𝐸𝐸F

will adjust its position following the charge density; by shifting up towards the conduction
band or down closer to the valence band, for n- or p-doping, respectively [73, 74]. Therefore,
𝐸𝐸F is an essential parameter to describe the nature of dominant carrier transport and the
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electronic properties of a system. It is important to point out that 𝐸𝐸F , i.e. the chemical
potential, is equal throughout any system electronically in thermodynamic equilibrium. One

important surface parameter directly related to the Fermi level is the work function. The work
function ϕ is defined as the energy required to remove an electron from the Fermi level 𝐸𝐸F
inside the solid to the vacuum level 𝐸𝐸vac as in (2.39) and illustrated in Figure 2.3a.
ϕ = 𝐸𝐸vac − 𝐸𝐸F

IE = 𝐸𝐸vac − 𝐸𝐸V

EA = 𝐸𝐸vac − 𝐸𝐸C

(2.39)

Figure 2.3 Simplified schematic of (a) the band diagram, (b) the density of states, (c) the Fermi
distribution function, and the (d) electron density n(E) and hole density p(E) for an intrinsic
semiconductor.

ϕ consists of a bulk contribution, that is the bulk chemical potential, and a surface
contribution due to electronic charge redistribution at the surface [75, 76]. Further important

parameters are derived from 𝐸𝐸F , 𝐸𝐸V , and 𝐸𝐸C , as illustrated in Figure 2.3a and given in (2.39).

The ionization energy (IE) is the energy difference between the vacuum level and the valence

band maximum (VBM), thus designating the minimum energy required to remove an electron
from the semiconductor; whereas the electron affinity (EA) refers to the energy gained when
adding an electron from the vacuum level to the conduction band minimum (CBM) [75, 77].
It is clear that for a metal, the work function, the IE, and the EA are all equal.
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Adsorption on solid surfaces
The interaction with adsorbed molecules from its surrounding environment generally modifies
the electronic structure of an initially clean surface in many ways. According to the kinetic
theory of gases, the number of particles 𝑁𝑁ads adsorbed onto a surface per unit area and time is
given by the adsorption rate 𝑅𝑅ads :

𝑅𝑅ads = 𝑆𝑆

𝑑𝑑𝑁𝑁ads
𝑝𝑝
= 𝑆𝑆
𝑑𝑑𝑑𝑑
√2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋

(2.40)

where 𝑆𝑆 is the sticking coefficient and defines the probability that a particle impinging on a

surface actually sticks on it. 𝑝𝑝 denotes the gas pressure, 𝑘𝑘 is the Boltzmann constant, 𝑚𝑚 is the
mass of the particle, and 𝑇𝑇 is the temperature. Depending on the forces involved during the

interaction of the adsorbed molecule with the surface, one differentiates between
physisorption and chemisorption. The adsorption process is defined as physisorption when the
interaction is weak and the electronic structure of both the adsorbed molecule and the solid
substrate is not, or only slightly, affected. The interaction underlying this process is the vander-Waals (vdW) bonding. By contrast, the adsorption is called chemisorption when the
interaction between the surface and the adsorbed molecule is stronger and involves a chemical
reaction, hence chemical bonding. For instance, the interaction of a molecular adsorbate with
a metal surface can result in the hybridization of their orbitals into bonding and antibonding
states [78]. Qualitatively, the potential energy curve, representing the energy of an adsorbed
molecule as a function of its distance z from the solid surface can describe whether the
adsorption process is physisorption or chemisorption. Simplistic one-dimensional potential
energy curves are shown in Figure 2.4. From a large distance, the molecule experiences an
attractive potential as it comes closer to the surface (z=0), until it reaches an equilibrium
distance zp. Then, the potential energy increases with decreasing z due to the repulsion of the
electrons from the molecule and the solid surface.
This potential energy curve represents the physisorption process with the equilibrium energy
Ephys. In contrast, the chemisorption potential energy curve is characterized by a larger
potential well Echem, corresponding to the strength of the molecule bonding to the surface, at a
shorter equilibrium distance zc. Note that at a large distance away from the surface, the
chemisorption potential of a diatomic molecule A2 differs from that of dissociated adatoms 2A
by the dissociation energy Ediss, as in the case of hydrogen molecules on metal
surfaces [78, 79]. Furthermore, to undergo a chemisorption, i.e. to form a chemical bond with
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the solid surface, the adsorbing molecule must overcome the activation energy Eact at the
crossing point above the reference zero energy of the physisorption and chemisorption curves.

Figure 2.4 Simplified one-dimensional potential energy diagram illustrating the energetics of the
adsorption process for the system formed by the adsorbed molecule and the solid surface (z=0). The
adsorption potential energy curve (solid line) describes both the physisorption and the chemisorption
and is characterized by a crossing point that corresponds to the activation energy Eact, a barrier the
adsorbed molecule has to overcome in order to chemisorb on the surface. The case of dissociative
adsorption is also depicted.

Upon adsorption, the electronic structure of the adsorbates and that of the surface can both be
modified due to a rearrangement of the charge density. Two important examples of possible
modifications of the surface are a work function change Δϕ or a change of the band bending

(see following section about band bending). The work function change can be due to either a
dipole induced by a charge transfer between the adsorbate and the surface, or to a permanent

dipole of the adsorbates. An example for the latter case is the decrease of the work function
upon adsorption of molecular water on different metal surfaces that has been the topic of
several case studies [80–83]. In both aforementioned cases, the interface dipole can be
represented with a simple model similar to a parallel plate capacitor. The change of the
potential in the vertical z direction (note that usually for symmetry reasons the x-ycomponents are zero) can be obtained from the Helmholtz-equation:
𝛥𝛥𝛥𝛥 =

𝑒𝑒𝑛𝑛𝐷𝐷𝐷𝐷𝐷𝐷 µ⊥
𝜀𝜀𝜀𝜀0

(2.41)

where 𝑛𝑛𝐷𝐷𝐷𝐷𝐷𝐷 is the surface density of the dipoles, µ⊥ is the dipole moment component in the

direction perpendicular to the surface. 𝜀𝜀, 𝜀𝜀0 , and 𝑒𝑒 are the relative, and vacuum dielectric
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constant, and the elementary charge, respectively. It is noteworthy that in the case of
monolayers formed by molecular dipoles, 𝜀𝜀 represents an effective factor that takes into

account the depolarization of each molecule induced by the neighboring molecules [84, 85].
This effective factor depends on the lateral coverage n and can largely deviate from the
macroscopic dielectric constant at higher coverage [84, 86].

It is also important to note that a change of the work function of a surface upon molecules
adsorption can also originate from a modification of the surface dipole due to the
phenomenon called “push back” effect. The wave functions of electrons in a material decay
exponentially in the vacuum above the surface. This is particularly strong for metals, since
electrons are highly delocalized; consequently, the spilled out electrons give rise to the
formation of a surface dipole since electron density is accordingly missing inside the metal for
charge neutrality. Adsorbing molecules on the surface induce a charge rearrangement due to
Pauli repulsion, and thus “push” the spilled out electrons back into the material. Consequently
the initial surface dipole is reduced and the work function decreases.
The present section underlines the role of adsorbates in the physics of solid surfaces. Solid
surfaces are therefore investigated in ultrahigh vacuum (UHV) in order to prevent, or at least
reduce, the effects of adsorbates or other contaminants for a more accurate description of their
electronic properties. In this context, the impact of exposure to gases on the electronic
structure of perovskite surfaces is the subject of section 5.2.
Band bending and Fermi level pinning
For a better overview, it is worth noting that in the extreme case of very weak or no
interaction at the interface, the interfacial energy level alignment can be described by a simple
“vacuum level alignment” (Schottky-Mott-limit), where both systems forming the interface
share a common vacuum level. This simple model allows evaluating the energy level
alignment at the interface directly from the energy levels of the separate systems before
interface formation. Although this model can be applied, for instance, to several organicorganic interfaces [87, 88], it is not valid in most systems, particularly in the case of metalorganic interfaces [66, 67]. The primary reason for the invalidity of the vacuum level
alignment is the occurrence of an interfacial interaction strong enough to induce a charge
rearrangement or charge transfer at the interface, resulting in an interface dipole or band
bending.
The concept of band bending was first introduced by Schottky and Mott [89–91] to describe
the contact rectification at a semiconductor-metal interface due to the formation of a space| 25
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charge region, which results in a bending of the energy bands. Upon contact, electrons are
transferred from the semiconductor surface to the metal, or vice versa, which leads to a
depletion or accumulation region at the semiconductor surface relative to the bulk. This local
charge density imbalance induces an electric field at the very interface. As a result of the
charge imbalance, the energy bands in the space-charge region at the semiconductor surface
will bend until equilibrium is reached. The extent of the band bending can be determined
based on the Poisson equation (2.42):
𝛥𝛥𝛥𝛥(𝑧𝑧) =

ρ(𝑧𝑧)
𝜀𝜀𝜀𝜀0

(2.42)

where z is the direction from the surface into the bulk, ρ(𝑧𝑧) is the charge density, and 𝜀𝜀 and 𝜀𝜀0
are the relative, and vacuum dielectric constant, respectively.

Band bending, therefore, originates from a variation of charge concentration. An elementary
example is the band bending observed at a p-n junction in equilibrium (see also Figure 2.10 in
subsection 2.3.2), in which case the different carrier densities at both sides of the junction
result in the formation of the space-charge region, and hence in the bending of the bands [49].
Estimating the extent of band bending at semiconductor interfaces can be done by means of
photoelectron spectroscopy, by monitoring the energy position of the valence band and core
levels upon atomic layer by atomic layer deposition of a metal or semiconductor layer on top
of another semiconductor.
Also, for bare semiconductor surfaces, a surface band bending can be induced by the presence
of surface defects or surface states in the semiconductor band gap. The donor- or acceptor-like
surface states can have either a positive or a negative charge 𝑄𝑄ss . These charges are

compensated by charges of different polarity provided by the semiconductor bulk or more
precisely, the subsurfacial region, giving rise to a space charge region there. Such
compensation ensures the charge neutrality such that the amount of charge in the space charge
region 𝑄𝑄SC and the amount of charges from the surface states obeys equation (2.43) [79].
𝑄𝑄ss + 𝑄𝑄SC = 0

(2.43)

With increasing density of surface states, the bands will bend further until the density of
surface states is so high that the energy position of the surface states is close to the Fermi
level, at which stage the change of band bending is negligible or inexistent. This effect is
termed Fermi level pinning; in other words, the surface states pin the Fermi level at a fixed
energy position relative to the band edges.
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2.2

Hybrid Organic-Inorganic Perovskite

The term perovskite was first used in 1839 to denominate a mineral identified as calcium
titanium oxide CaTiO3, which was discovered by the mineralogist Gustav Rose and named
after the mineralogist Lev Perovski [92]. The CaTiO3 mineral is characterized by a specific
crystal structure, which has since then been referred to as the perovskite crystal structure. By
extension, all materials that exhibit this particular structure are called perovskites. One
differentiates between the inorganic oxide perovskites and the halide perovskites. Nowadays,
the most investigated perovskite materials in the field of photovoltaics are the hybrid organicinorganic perovskites (HOIPs), which belong to the latter group. It is noteworthy that this
pronounced interest developed only within the past 9 years, although several studies focused
on the investigation of these materials have been going on for decades already. Notably, the
structure of HOIP methyl ammonium metal halide perovskites was firstly characterized in
1978 by Weber [93, 94], and the tunable conducting behavior of organic-based tin halide
perovskites reported in 1994 by Mitzi et.al. [95]. It was not until 2009 that HOIP was applied
in the field of photovoltaics, namely with the introduction of methyl ammonium lead bromide
(CH3NH3PbBr3) and methyl ammonium lead iodide (CH3NH3PbI3) as light sensitizers in dyesensitized solar cells (DSSCs), which reached a power conversion efficiency (PCE) up to
3.8% [6]. A few years later in 2012, methyl ammonium lead halides were used as the absorber
in solid-state solar cells based on solution-processed thin films [96, 97]. Since then, this class
of materials has attracted tremendous attention in the research field of photovoltaics and a
strong focus has been put on the improvement of the PCE of perovskite-based solar cells,
which evolved up to over 22% in 2017 [98], and even exceeded 23% in all-perovskite tandem
solar cells in 2018 [99]. Despite this indisputable outstanding technological evolution, the
understanding of the fundamental processes behind device efficiency has not kept pace with
device development and still needs to be thoroughly deepened in order to establish reliable
property-device functional relationships for a durable efficient material. In the present section,
the perovskite structure and some important properties characterizing HOIPs are presented in
subsection 2.2.1. An introduction to the electronic structure of these materials is given in
subsection 2.2.2. The particular versatilities of HOIPs and the challenges faced in
comprehending and improving these materials are shortly addressed in subsection 2.2.3.
Although the field of photovoltaics has also recently seen the emergence of all-inorganic
perovskites (e.g. CsPbrBr3) [12], the present section 2.2 mainly focuses on the case of hybrid
organic-inorganic perovskites (HOIPs) in general. Importantly, the main HOIP system
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investigated in the sections 5.1, 5.2, and 5.4 is the methyl ammonium (MA) lead iodidechloride CH3NH3PbI3-xClx (MAPbI3-xClx). As will be discussed in section 5.1 the latter system
appears to predominantly consist of the MAPbI3.
2.2.1 Perovskite Structural Properties
Perovskite structure
Perovskites have a cubic crystal structure and are characterized by the general formula ABX3,
in which A is an organic or inorganic cation positioned at the corners of the lattice; B is an
inorganic cation positioned in the center of the lattice; and X is an inorganic anion or polyanion centered on the faces of the cubic lattice (Figure 2.5a).

Figure 2.5 a) Schematic representation of
a cubic perovskite unit cell with the
general formula ABX3. The B and X
atoms are connected by grey lines to
better visualize the octahedron formed by
BX6. b) Similar schematic representation
of MAPbI3 perovskite, adapted from ref.
[100].

Equivalently, the cubic perovskite structure can be viewed as BX6 octahedrons with the A
cation located in the interstice. In order to form the perovskite structure, the radii of the
different ions have to fulfill the condition set by the Goldschmidt tolerance factor 𝑡𝑡 [101]:
𝑡𝑡 =

𝑟𝑟A + 𝑟𝑟X
√2(𝑟𝑟B + 𝑟𝑟X )

(2.44)

such that 𝑡𝑡 is between 0.8 and 1, and where 𝑟𝑟A , 𝑟𝑟X, and 𝑟𝑟B are the radius of the respective

anions. In the simplest form of a HOIP, A is an organic monovalent anion, B a divalent metal
cation (Pb2+, or Sn2+), and X a halide anion (I-, Br-, Cl-). One typical example with this simple
configuration is the state-of-the art methyl ammonium (MA) lead iodide (referred to as
MAPbI3), which is built by the molecular A site methyl ammonium cation CH3NH3+, the B
site lead cation Pb2+, and the X site iodide I- (Figure 2.5b). In an effort to improve the stability
of HOIP and to simultaneously enhance the performance of HOIP-based solar cells,
alternative materials based on various combinations of different organic cations and halides,
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with the final stoichiometry conforming to ABX3, have been developed in the past few years.
Of particular note are the formamidinium (FA) cation [CH(NH2)2]+, and guanidinium (Gua)
cation (CH6N3+) for the A site, and chloride (Cl-), and bromide (Br-) for the X site.
For a clearer overview, except for general considerations on HOIPs and unless otherwise
specified, most of the properties described in this section refers to the state-of-the-art MAPbI3
perovskite. The crystal structure of the solid, three-dimensional MAPbI3 is characterized by
three different temperature-dependent phases, as summarized in Table 2.1 [102, 103]. At room
temperature, the perovskite structure is expected to be in the tetragonal phase and undergoes a
transition to a cubic perovskite phase at T>327 K (54 °C), and to the perovskite orthorhombic
phase at a much lower T<165 K.

Table 2.1 The three different temperature-dependent structural phases of MAPbI3 perovskite.

Temperature range (K)

T<165

165<T<327

T>327

Structural phase

γ-phase

β-phase

α-phase

orthorhombic

tetragonal

pseudo-cubic

MAPbI3 crystal structure

These temperature-dependent phase transitions have been shown to result from the positional
disorder of the MA cation relative to the orientation of the C-N axis.[104] MAPbI3 is
characterized by the strong orientational disorder of the MA cations due to thermal motion at
high temperatures for the tetragonal and cubic phases, whereas at low temperatures, – as in
the orthorhombic phase – the MA cations are ordered with a fixed orientation [102, 104–106].
HOIP as an absorber material for photovoltaic application
HOIPs are built up with organic and inorganic subunits – and therefore called hybrid –, they
also feature several attractive properties that are comparable to, or even more advantageous
than, those of either organic or inorganic semiconductors. A few of these properties are listed
in Table 2.2; for instance, HOIPs have larger carrier mobility than organic semiconductors
while exhibiting higher intrinsic carrier concentration and longer carrier lifetime in
comparison to their inorganic counterparts. Two important properties of HOIP as a light
absorber in a solar cell are its high absorption coefficient estimated to be 15000 cm-1 at 550
nm, and the tunable band gap. The optical band gap of MAPbI3 is estimated to be in the range
of 1.5 eV to 1.6 eV [103, 107–109], whereas the transport gap determined by means of

| 29

Chapter 2. Fundamentals
photoelectron spectroscopy is 1.7 eV for MAPbI3 [110, 111]. As will also be discussed in
subsection 2.2.3, the band gap of HOIP can vary depending on its composition. Perovskite
materials are characterized by Wannier-type excitons, 1 which are delocalized over several
lattice points, with reported low exciton binding energy (EB) for MAPbI3 ranging from 2 meV
to 75 meV [112–114]. The high absorption coefficient of MAPbI3 is generally attributed to the
observation that MAPbI3 behaves like a direct band gap semiconductor [97, 115, 116], in
contrast to semiconductors with an indirect band gap – such as silicon. However, recent
studies point towards the band gap of MAPbI3 having an indirect-direct character [117, 118]
This has been attributed to the Rashba-splitting of the conduction band due to strong spinorbit coupling, which is related to the breaking of inversion symmetry, notably around the Pb
site [119–121].

Table 2.2 Overview of a few properties of HOIPs – different materials taken together – and
approximate reference values of solar cell parameters based on perovskite, organic, and inorganic
materials. Collected and adapted from ref. [54, 107, 122–126].

Material

Perovskite

Organic material

Si

GaAs

1.2 – 3.7

0–4

1.1

1.4

104-105

~ 105

103

104-105

8 – 2000

~1

1500

8500

1011-1016

~ 1017

1010

106

Carrier lifetime (ns)

> 108

~ 103

~ 106

~ 102

Solar cell – PCE (%)

~ 20

~ 10

~ 25

~ 30

~ 3×102

(1-2)×102

(1-2)×105

~4×103

Band gap (eV)
Absorption coefficient
-1

(cm )
Carrier mobility
(cm2/Vs)
Intrinsic carrier
-3

concentration (cm )

Film thickness in solar
cells (nm)

1

An exciton is a bound state formed by an electron-hole pair (see also subsection 2.3.2). In the case of Wannier
excitons, the electron-hole interaction is weak due to the screening of the Coulomb interaction by the large
dielectric constant of the semiconductor.
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One particularity of HOIPs is their ambipolar character, i.e. they can transport both electrons
and holes [127–129]. Nevertheless, HOIPs are still commonly used in solar cells in
combination with additional hole and electron transport materials for enhancing chargetransfer and reducing electron-hole recombination at the contacts [130, 131]. HOIPs are
characterized by high charge carrier diffusion lengths that can exceed 1 µm [16], which is
larger than the optimal thickness of a few hundred nanometers of the perovskite layer in
PSCs.
HOIP materials processing
From the perspective of large-scale application, HOIPs are particularly attractive due to their
solution-processability. To obtain thin films for application in prototypical solar cells, HOIPs
can be deposited following a large spectrum of possible methods [132]. The four most
frequently applied methods are (i) deposition by spin-coating from a perovskite precursor
solution (see also section 4.1) [96, 97]; (ii) two-step sequential deposition, consisting of
deposition of the lead halide solution by spin-coating followed by dipping of the obtained lead
halide substrate into a methyl ammonium halide solution [133]; (iii) co-evaporation of both
lead halide and methyl ammonium halide materials [134]; and (iv) vapor-assisted processing
consisting of exposure of a spin-coated lead halide film to a methyl ammonium halide vapor
for perovskite formation [135]. The main deposition method adopted in this work is the
deposition from precursor solution by spin-coating. After the spin-coating of the perovskite
precursor solution, the as-deposited yellow films are thermally annealed in order to obtain
crystallized films with a dark color.
The deposition process can strongly influence the morphology of the HOIP films since it
impacts the crystallization of the film, the size of the grains, and the film homogeneity. The
film morphology in turn has an impact on the optoelectronic properties of the film and
ultimately on device performance [134, 136–140]. Therefore, efforts have been concentrated
on improving film morphology, for instance via solvent engineering, also known as antisolvent method, as developed by Jeon et al.[141]. This developed preparation method is
based on the use of two mixed solvents, namely γ-butyrolactone (GBL) and dimethyl
sulfoxide (DMSO) for the perovskite solution. The additional and decisive step is the dropcasting of a non-dissolving solvent, in this case toluene, during the final stage of the spinning
step. It has been asserted that GBL evaporates already in the early stage of spinning. Upon
toluene drop-casting, excess of DMSO is removed and the rest of DMSO forms the MAIPbI2-DMSO phase, thereby slowing down the reaction between MAI and PbI2, and hence the
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formation of the final MAPbI3. This freezing of the constituents has been affirmed to allow
the formation of a uniform crystalline perovskite film [141]. This method is applied for thin
films preparation in subsection 5.4.2.
2.2.2 Electronic Structure of Hybrid Organic-Inorganic Perovskites
Determining the electronic band structure of MAPbBr3 and MAPbI3 has been the object of
experimental [142–145] and theoretical studies [119, 146, 147]. Band structure calculations
for MAPbI3 estimated that the top of the valence band consists of the antibonding state
formed by the Pb 6s and I 5p atomic orbitals, whereas the conduction band minimum mainly
consists of the antibonding state formed by the Pb 6p and I 5p orbitals (Figure 2.6a-b) [119,
147, 148]. The strong coupling between these orbitals yields large band dispersions for the
valence and conduction band edges with particularly low DOS near/at the VBM [149, 150].
The possible presence of such a low DOS has to be taken into account while analyzing
valence band spectra obtained from photoelectron spectroscopy (PES), see subsection 3.1.2.

Figure 2.6 a) Calculated band structure of cubic phase MAPbI3, zero on the energy scale corresponds
to the valence band maximum. The M, R, and Γ points correspond to (1/2,1/2,0), (1/2,1/2,1/2), and
(0,0,0). The color coding indicates a stronger contribution of I 5p (green) than Pb 6s (blue) to the
VBM, and a stronger contribution from Pb 6p (red) than the other orbitals to the CBM. Bands in light
grey dotted lines are calculated based on the local-density approximation, see ref. [119]. b) Bonding
diagram of the [PbI6]-4 cluster to represent MAPbI3. c) Valence band spectrum of a MAPbI3 film
measured by UPS. The first three peaks (grey dotted lines) closest to the Fermi level EF correspond to
states originating from the hybridizations of Pb and I orbitals, the contribution from the organic cation
MA+ are deeper in the valence band (green dotted line). a) is reprinted with permission from Brivio et
al., Phys. Rev. B, 89, 155204, 2014 (ref. [119]). Copyright (2014) by the American Physical Society.
b) is reprinted with permission from Umebayashi et al., Phys. Rev. B, 67, 155405, 2003 (ref. [147]).
Copyright (2003) by the American Physical society.
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So, the valence band features close to the band edge originate from states formed by the Pb
and I orbitals and the frontier energy levels can be described by the bonding diagram of the
[PbI6]- cluster as in Figure 2.6b. In contrast, the states originating from the MA+ cations lie
energetically further in the valence band (Figure 2.6a and Figure 2.6c) and the conduction
band, and therefore do not contribute to the frontier bands. Thus, the electronic properties of
MAPbI3 mainly depend on the inorganic lead-halide. The role of the organic cation, MA+ in
the case of MAPbI3, is the subject of discussion in the field of HOIPs. The organic cation has
been suggested to merely ensure charge balance and formation of the perovskite structure as
long as its effective radius fulfills the Goldschmidt tolerance factor in (2.44) [119, 151]. In
support of this assertion, it was shown that substituting the organic MA+ with the inorganic
Cs+ in MAPbBr3 leads to CsPbBr3-based devices with performance comparable to that of
MAPbBr3-based devices [152]. However, a more recent resonant X-ray photoelectron
spectroscopy (resPES) study reported the direct contribution of nitrogen in the organic MA to
the electronic structure of MAPbI3, particularly through the interaction of iodine and nitrogen
valence states [153]. Moreover, it is noteworthy that the size and symmetry of the organic
cation, as well as the nature of its hydrogen bond to the iodine atom can lead to the
modification of the lattice parameters and thus, impact the electronic structure of the
perovskite material [118, 154, 155]. A representative example of a result of such effects is the
band gap narrowing by the substitution of MA+ in MAPbI3 with the formamidinium cation
FA+ [32, 156].
The electronic structure of HOIPs can be affected by the presence of defects. Earlier density
functional theory (DFT) calculations proposed that donor-like or acceptor-like defects with
low formation energies such as a missing I or Pb (i.e. I- or Pb-vacancy), can result in shallow
donor and acceptor levels near the CBM, or VBM, respectively [157, 158]. In contrast, deep
level states in perovskites can only be created by defects that have high formation energies
[151]. The doping of HOIPs has been suggested to mainly consist of doping induced by native
defects. It was experimentally found that the stoichiometry of MAPbI3 films influences their
electronic properties.[159] Films with excess of PbI2 exhibit n-type character, whereas films
with excess of MAI are p-type. This has been suggested to originate from MA+ and Ideficiency (i.e. MA+ and I- vacancies), and Pb2+ deficiency (i.e. Pb2+ vacancy), respectively
[159]. It was also observed that perovskite surfaces can be n-doped by elemental Pb (Pb0),
which acts as electron donor [160]. Furthermore, the ionization energy of HOIPs depends not
only on the composition but also on the preparation method [161].
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Regarding the electronic structure of HOIP surfaces in particular, DFT calculations have
shown that the surface termination can also impact the surface electronic properties [162,
163]. PbI-terminated MAPbI3 surfaces exhibit valence and conduction band edges positioned
at 1 eV energy lower, with respect to the vacuum level, than MAI-terminated surfaces, thus
significantly impacting the energy level alignment at the interface between the perovskite and
the charge transport material [163]. In order to assess the degradation of MAPbI3 surfaces
upon interaction with water, Mosconi et al. concluded from ab initio calculations that whilst
hydration with a monolayer of water does not significantly affect the electronic structure of
MAI-terminated

surfaces,

the

band

gap

of

PbI2 -terminated

surfaces

widens

by 0.3 eV [164].
2.2.3 Material Versatility and Fundamental Challenges
A very important feature of HOIPs is their versatility, illustrated by the numerous physical and
chemical properties that can result from the modification of their composition and
preparation. This versatility offers great potential as it allows the properties of the material to
be tuned. However, it also represents a critical drawback since it results in pronounced
variations and large reproducibility issues from sample to sample and from laboratory to
laboratory. A non-exhaustive list of these tunable properties of HOIPs, including those
mentioned in subsection 2.2.1, and of the challenges in the field is given in the following:
•

HOIP is obtained from a mixture of lead halides and organic cations with the condition
that the Goldschmidt tolerance factor is respected. Combinations of several cations or two
different halides result in different material properties, as demonstrated by the band gap
tuning of the mixed halide perovskite MAPb(I1-xBrx)3 (0<x<1) films, where the band gap
of the films increases with increasing stoichiometric Br content x (Figure 2.7) [165].
Another example is the change in ionization energy upon halide substitution [166].

•

The modification and optimization of the deposition method, as well as the tuning of the
annealing parameters (temperature, environment or duration) in the case of solutionprocessed perovskite films, can improve the crystallization process and the corresponding
film morphologies, which then lead to higher solar cell efficiencies (see subsection 2.2.1).

•

The self-doping process in HOIPs facilitates the tuning of their electronic properties by
modifying the stoichiometry of the material.
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•

Recently, low-dimensional (<3D) perovskites have attracted increasing attention. In
particular 2D and quasi-2D (a mixture of 2D and 3D) perovskites grown from solution are
promising candidates for applications in the field of nanotechnology and photovoltaics
[167].

•

One critical issue that has been observed in HOIP-based devices is photocurrent-voltage
hysteresis, which has been suggested to be possibly related to the phenomenon of ion
migration; this latter phenomenon has been and still is the focus of intense investigations
[168].

•

One critical disadvantage of HOIPs is the sustainability issue arising from the presence of
lead in the most efficient HOIPs. Tin (Sn) was the first suggested potential, and in theory,
less toxic substitute to lead. However, Sn is a harmful element and one that can lead to
serious intoxication issues [169]. Although alternative solutions such as the recycling of
perovskite solar cells are valuable for avoiding lead waste [170], the development of
optimal lead-free perovskite materials still remains an inevitable challenge.

Figure 2.7 a) UV-Vis spectra of
MAPb(I1-xBrx)3-based solar cells, which
highlight the shift of the absorption onset,
hence the optical gap widening with
increasing x amount of Br. Accordingly,
b) the color of the MAPb(I1-xBrx)3
nanocomposites is tuned from dark
opaque to red to yellow with increasing x.
a) and b) reprinted from Noh et al., Nano
Lett. 2013, 13, 1764−1769. Copyright
(2013) American Chemical Society.

One of the most critical challenges in the development of efficient HOIPs remains their
stability, which still hinders their long-term application and commercialization. The
degradation of CH3NH3PbI3 (MAPbI3) in particular is characterized by its segregation into
MAI-related products and by the emergence of PbI2 [24, 171, 172]. The latter can further
segregate into Pb0 and iodine, notably through photolysis [173–175]. Elemental lead Pb0 in
HOIPs acts as a defect that n-dopes the material and eventually pins the Fermi level close to
the conduction band [160, 176]. Tremendous efforts have been made to expand the
understanding of the HOIP degradation pathways, especially by addressing the effects of
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different factors such as oxygen, water, light, and temperature, as will be summarized in the
following. It is worth noting that a consistent description on the microscopic level of the
actual processes that activate the degradation of HOIPs through the aforementioned factors
often remains elusive.
Nevertheless, detailed insights have been provided in the case of oxygen [177–179]. Aristidou
et al. highlighted that in dry air, oxygen rapidly diffuses through ca. 500 nm thick MAPbI3
and MAPbI3-xClx films within 10 minutes [177]. Their work also reported that the oxygen
uptake is particularly eased by the presence of iodide vacancies which provide a suitable
volume for the implantation of oxygen into the perovskite structure [177]. The actual oxygeninduced degradation is tightly related to the presence of light. Upon illumination,
photoexcited electrons in MAPbI3 are transferred to molecular oxygen, resulting in the
formation of superoxide (O2-) [178, 179]. The superoxide species reacts with the
methylammonium cation CH3NH3+ and deprotonates this latter, resulting in the generation of
methylamine CH3NH2, PbI2, and iodine [178, 179]. The photo-induced degradation (1 sun
illumination) of MAPbI3 in presence of oxygen at level as low as 1% has been shown to start
at the grain boundaries and at the surface [180]. This was suggested to be possibly due to the
higher density of defects (such as iodine vacancies) [181, 182] observed at these areas [180].
Exposure to light has been also reported to induce iodide migration away from the illuminated
region [183]. The driving force for this ion migration was and still is at the center of a vivid
debate; it has been recently suggested that the presence of charged oxygen species, such as
O2-, at the MAPbI3 surface upon illumination can result in an electrostatic repulsion of iodide
away from the surface towards the bulk before O2- reacts with the perovskite and eventually
induces irreversible degradation [184]. These light-related issues are crucial for the reliable
application of MAPbI3 as light-harvester.
Whereas

massive

water

exposure

instantly

dissolves

the

perovskite

layer

(see subsection 5.4.1), more moderate water vapor exposure (higher than 50% relative
humidity RH) induces two significant structural changes of MAPbI3 perovskite [40, 42].
Namely the reversible formation of the monohydrate phase CH3NH3PbI3⋅H2O, and the
irreversible formation of the dihydrate (CH3NH3)4PbI6⋅2H2O at higher RH and/or longer
exposure [see equation (2.45)][42]. The irreversibility is conditioned by the generation of an
excess of water and the formation of PbI2 [42], i.e. the second arrow in equation (2.45) will
point solely towards the right direction.
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4(CH3 CH3 )PbI3 + 4H2 O ⇌ 4[CH3 NH3 PbI3 ∙ H2 O]

⇌ (CH3 NH3 )4 PbI6 ∙ 2H2 O + 3PbI2 + 2H2 O

(2.45)

Therefore, independent of the degradation factors and processes, MAPbI3 ultimately degrades
when some of the primary MAI-related degradation products are irreversibly dissolved or
sublimed, leaving PbI2 behind. This is also the case for MAPbI3 films which degrade into
CH3I, NH3, and PbI2 when exposed to heat stress [173, 185–187]. A structural investigation
even suggests that such degradation of MAPbI3 films can occur already at exposure to 80 °C
for about one hour [188]. Such thermal instability seriously impedes the long-term application
of perovskite-based solar cells, which are expected to withstand temperature up to 65 °C
during their lifetime [189].
Thus, it emerges from these stability investigations that the MAPbI3 structure must be
stabilized in order to avoid its degradation. The main approach that has been explored is the
complete or partial substitution of the organic cations and/or the halides, as mentioned in
subsection 2.2.1. In the extreme case, all-inorganic perovskites such as caesium metal halide
perovskites have been investigated. Whilst the inorganic iodide-based perovskites appear to
be confronted with crystal phase stability issues, bromide-based CsPbBr3 was reported to
exhibit enhanced structural stability in comparison to its HOIP counterparts [12, 190, 191].
MAPbI3-xBrx-based solar cells (with x up to 0.3) exhibited enhanced stability in comparison to
MAPbI3 -based ones [33]. This was attributed to the substitution of I by smaller Br, which
leads to the shrinking of the perovskite unit cell and to the formation of a more stable cubic
structure for x>0.2 [33]. The stronger hydrogen bonding between the NH3+ group of the
organic cation and the halide ions in MAPbI3-xBrx was suggested to play an essential role in
triggering the enhanced structural stability in this case [192, 193]. However, these mixed
halide MAPbI3-xBrx perovskites undergo a reversible photo-induced halide phase segregation
into a major bromide-rich phase and a iodide-rich phase upon illumination, where the latter
constitutes a domain where carriers are trapped [194]. In an analog fashion to the halide
substitution, strategies based on mixing cations have been explored in order to improve the
structural and thermal stability of perovskite; these materials include the FA1-xMAxPb(I1yBry)3

(0<x<1 and 0<y<1) [195, 196], and the triple cation perovskite, in which case cesium is

added to the former FA/MA mixed cations perovskite [197]. It can be seen that the rich
versatility of HOIPs potentially offers a large room for stability improvement. However, the
innumerable possibilities can also increase the materials complexity and generate additional
issues, as shown in the example of the aforementioned phase segregation in mixed halide
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perovskite. In subsection 5.3.1, newly developed MA1-xGuaxPbI3 perovskites which are
obtained by the partial substitution of MA by Gua will be presented. The insertion of the large
Guanidinium cation into the MAPbI3 structure for x up to 0.25 resulted in a more stable
structure, and hence in solar cells with enhanced stability in comparison to the pure MAPbI3.

2.3

Basic Principles of Solar Cells

2.3.1 The Solar Spectrum
Photovoltaic cells are devices that convert electromagnetic radiation from the sun into
electrical energy. The solar spectrum striking the Earth’s surface spans a wavelength range
from high energy X-rays to long radio waves, although the peak of emission lies in the visible
region. Since the temperature T at the surface of the sun is around 5 800 K, its spectral
radiance can be approximated by the frequency-, and hence wavelength-dependent spectral
radiance 𝐵𝐵λ of a black body radiation, as described by Planck’s law (2.46).
𝐵𝐵λ (𝑇𝑇) =

2ℎ𝑐𝑐 2

λ

5

1

ℎ𝑐𝑐
𝑒𝑒 λ𝑘𝑘𝐵𝑇𝑇

−1

(2.46)

where ℎ is the Planck constant, 𝑐𝑐 is the speed of light, and 𝑘𝑘𝐵𝐵 the Boltzmann constant. Based

on Planck’s law in (2.46), the total power radiated by a black body per time and per surface
area A is obtained by integrating 𝐵𝐵λ over all wavelengths, thus resulting in the StefanBoltzmann law:

𝑃𝑃
= 𝜎𝜎𝑇𝑇 4 ,
𝐴𝐴

𝜎𝜎 =

2𝑘𝑘𝐵𝐵4 𝜋𝜋 5
15𝑐𝑐 2 ℎ3

(2.47)

where 𝜎𝜎 is the Stefan-Boltzmann constant. The spectral irradiance of the solar radiation
reaching the Earth surface depends on the environmental conditions along the path between
the sun and the Earth, and on the geographical position of the terrestrial surface considered.

To account for these factors and ensure comparable results, the solar irradiance is defined
according to the American Society for Testing and Materials (ASTM) in terms of Air Mass
coefficient (AM), which defines the path length of the solar radiation through the atmosphere
of the earth. Thus, AM0 corresponds to the solar spectrum outside the Earth atmosphere,
which slightly deviates from that of the perfect black body spectrum due to the wavelengthdependent absorption by the sun atmosphere (Figure 2.8). When passing the Earth’s
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atmosphere, solar radiation is attenuated due to scattering and absorption processes, thus
resulting in absorption bands in the solar irradiance. The attenuation in the infrared range is
namely ascribed to water vapor and carbon dioxide, whereas oxygen contributes to the
attenuation in the visible range and ozone filters out the radiation in the ultraviolet (UV)
region.

Figure 2.8 Solar spectrum
outside the atmosphere (AM0,
orange), global spectrum
AM1.5 G (green) on Earth’s
surface, which consists of both
direct and diffuse radiations,
and the direct spectrum
AM1.5 (red). Plot based on
data
retrieved
from
www.nrel.gov (ref. [198]).

The standard coefficient AM1.5 defines the solar radiation impinging at a zenith angle of
48.2° through 1.5 times the atmosphere thickness. The AM1.5 G, where G stands for global,
defines the solar spectrum consisting of both direct and diffuse light reflected from the ground
on a south facing surface tilted at 37° from horizontal and is shown in Figure 2.8. The
corresponding total integrated irradiance is 100 mW/cm2, which is the commonly chosen
standard condition adopted in solar simulators for photovoltaic testing.
2.3.2 Physics of Solar Cells
In the following, the basic physics of solar cells is briefly summarized. A detailed derivation
of the formulae shown in this section is beyond the scope of this work and can be found in the
literature [54, 199–201]. The conversion of the solar radiation into electrical energy by solar
cells requires three important steps to take place (Figure 2.9):
1. the light absorption and following charge generation
2. the charge separation
3. the charge transport and extraction
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The first step for light conversion is obviously its absorption by the absorber material. The
most important property of the selected semiconductor in this regard is an appropriate band
gap to enable the optical excitation of the electrons from a low energy level, usually the
valence band, to a higher energy level, usually the conduction band, and hence generate free
electrons and holes that can move within the semiconductor. However, the excited electron
can also still interact with the generated hole due to electrostatic Coulomb force. In that case,
the electron-hole pair forms a bound state called “exciton”, which corresponds to the lowest
excited state of the electronic system. The exciton is characterized by the exciton binding
energy (EB) which is the energy necessary to dissociate the bound electron-hole pair into free
charge carriers that can be collected. Materials with low EB are therefore desirable for solar
cell applications in order to generate a high number of free charge carriers. In inorganic
semiconductors, the exciton binding energy is usually in the range of a few meV
(EB =15 meV for Si [202]), i.e. lower than the thermal energy 𝑘𝑘𝐵𝐵 𝑇𝑇 at room temperature,

whereas organic semiconductors are generally characterized by Frenkel excitons, i.e. the
electron-hole pair is tightly bound and localized on the same molecule, with a higher exciton
binding energy that can exceed 1 eV [203]. As mentioned in subsection 2.2.1, HOIPs are
characterized by delocalized Wannier-type excitons with a few tens of meV EB. Although the
discussion about the excitonic properties of perovskite materials is still on-going, it has been
conventionally agreed upon that the dominating energy conversion process in these materials
is the direct free charge carrier generation [125].

Figure 2.9 The three steps for solar radiation
conversion into electrical energy in a solar
cell. 1) Light absorption and charge
generation. The dotted ellipse illustrates the
case of exciton generation. In the present
example of a perovskite-based solar cell, free
charge carrier generation pre-dominates,
since the perovskite exciton binding energy
is low [204]. 2) Charge separation. 3) Charge
transport and extraction. LUMO and HOMO
designate the lowest unoccupied molecular
orbital and the highest occupied molecular
orbital, respectively of the adjacent organic
materials.
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The second step is the charge separation, which, as is also the case for charge extraction,
depends on the optimal alignment of the energy levels at the respective junctions, as seen in
subsection 2.1.4. This second condition implies that the free charge carriers move in two
opposite directions, across the interfaces and towards the respective electrodes without
recombining. In the example shown in Figure 2.9, this would mean that the electron (hole)
moves from the absorber layer towards the electron transport layer, ETL (hole transport layer,
HTL).
The third step, which is tightly related to the charge separation and finalized with the charge
extraction at the electrodes, consists of the charge transport inside the material. The transport
of the charges depends on the charge carrier diffusion lengths and the electron-hole
recombination that can significantly reduce the number of available free charge carriers.
Solar cells consist of several interfacial layers, thus stressing the importance of energy level
alignment at the interfaces with regard to the above last two conditions. In order to further
illustrate the basic physics of solar cells, the simple example of conventional solar cells based
on the p-n junction is described. A p-n junction is an interface formed by a p-type
semiconductor with holes as majority carriers, and n-type semiconductor with electrons as
majority carriers, as shown in the one-dimensional representation in Figure 2.10.

Figure 2.10 p-type and n-type semiconductors (a) before contact, (b) upon formation of the p-n
junction at thermal equilibrium, and (c) at non-equilibrium under illumination; the red dot represents
a hole and the blue dot represents an electron.
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One simple example is the conventional silicon p-n junction that is formed by p- and n-doped
silicon. The formation of the junction will induce carrier diffusion due to the gradient of the
charge carrier concentration at the junction. Therefore, at thermal equilibrium electrons from
the n-type region diffuse into the p-type region and holes from the p-type region diffuse into
the n-type region. Due to these diffusion processes, the donors at the junction that contributed
electrons, as well as the acceptors at the junction that contributed holes to diffusion are
ionized. These ionized donors 𝑁𝑁𝐷𝐷+ and ionized acceptors 𝑁𝑁𝐴𝐴− are fixed in the semiconductor

lattice and lead to the formation of a space charge region at the junction, thus creating an
electric field (Figure 2.10b). The electrostatic potential difference across the p-n junction is

the built-in potential noted Vbi. At thermal equilibrium, the Fermi level is constant across the
junction and on both sides of the junction. Assuming a homogeneous system in the yz-plane,
one can obtain the expression of the total electron current density 𝐽𝐽𝑛𝑛 in the one-dimensional
case along the x-axis normal to the surface in equation (2.48). 𝐽𝐽𝑛𝑛 is the sum of the drift current

(first term), due to the flow of charge carriers initiated by the created electric field, and the
diffusion current (second term), due to diffusion of the charge carriers. In equation (2.48), 𝜇𝜇𝑛𝑛

represents the electron mobility, 𝑛𝑛 is the electron concentration as previously given in
equation (2.36), and 𝐷𝐷𝑛𝑛 = 𝑘𝑘B 𝑇𝑇𝜇𝜇𝑛𝑛 ⁄𝑞𝑞 is the Einstein relation.
𝐽𝐽𝑛𝑛 = 𝑞𝑞𝑞𝑞𝑛𝑛 𝑛𝑛

𝑑𝑑𝐸𝐸C
𝑑𝑑𝑑𝑑
+ 𝐷𝐷𝑛𝑛
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(2.48)

The hole current density 𝐽𝐽𝑝𝑝 can be analogously defined. In the steady-state, the total current 𝐽𝐽

in a device based on such p-n junction, as is the case of a diode or a solar cell, is constant
throughout the device and can be obtained from the sum of 𝐽𝐽𝑛𝑛 and 𝐽𝐽𝑝𝑝 , which finally results in:
𝑞𝑞𝑞𝑞

𝐽𝐽 = 𝐽𝐽S �𝑒𝑒 𝑘𝑘B 𝑇𝑇 − 1�

where 𝐽𝐽S represents the saturation current density obtained by:
𝐽𝐽S =

𝑞𝑞Dp 𝑝𝑝𝑛𝑛0 𝑞𝑞𝐷𝐷𝑛𝑛 𝑛𝑛𝑝𝑝0
+
𝐿𝐿𝑝𝑝
𝐿𝐿𝑛𝑛

(2.49)

(2.50)

where 𝐷𝐷𝑝𝑝 , and 𝐷𝐷𝑛𝑛 are the diffusion coefficients of holes and electrons, respectively. 𝑝𝑝𝑛𝑛0 is the

equilibrium hole density in the n-region, and 𝑛𝑛𝑝𝑝0 is the equilibrium electron density in the pregion. 𝐿𝐿𝑝𝑝 and 𝐿𝐿𝑛𝑛 are the hole, and electron diffusion lengths, respectively. In the dark, the

current density described in equation (2.48) is also the dark current density. Upon
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illumination, electrons in the valence band are excited into the conduction band; hence
electron-hole pairs are generated. The electric field at the junction separates the electron-hole
pairs and drives the separated carriers across the junction; accordingly, the system is no longer
in equilibrium (Figure 2.10c). Due to the change of charge carrier concentration, a constant
Fermi level cannot be defined anymore and the non-equilibrium condition is conceptually
described by the splitting of the hole and electron quasi-Fermi levels (EF,p, and EF,n,
respectively) in the semiconductor. The current-voltage characteristics of a solar cell can now
be defined by:
𝑞𝑞𝑞𝑞

𝐽𝐽 = 𝐽𝐽S �𝑒𝑒 𝑘𝑘𝐵𝑇𝑇 − 1� − 𝐽𝐽Ph

(2.51)

where 𝐽𝐽S is the saturation current density. 𝐽𝐽Ph is the photocurrent density generated by the
excess carriers upon illumination and is related to the spectral photon flux. The current

density-voltage characteristic (𝐽𝐽-𝑉𝑉 curve) of a solar cell is schematically represented in
Figure 2.11 and depicts the important parameters that constitute the figures of merit of a solar

JSC
MPP

Jm

light
0

Current density (mA cm-2)

cell, and which will be described in the following.

Vm
Voltage (V)

Figure 2.11 Typical 𝐽𝐽-𝑉𝑉 curves of a
solar cell in dark and under
illumination. The shaded rectangle
represents the maximum power
reached at the maximum power point
(MPP) by the cell during operation.

VOC
dark

The short-circuit current density 𝐽𝐽SC corresponds to the current that flows through the cell

upon illumination when no bias voltage is applied, in which case it approximately equals the
photocurrent density 𝐽𝐽SC ≈ −𝐽𝐽Ph as deduced from equation (2.51) for well-performing solar

cells. The open-circuit voltage 𝑉𝑉OC corresponds to the voltage across the solar cell when the

contacts are electrically isolated and no net current flow is available, i.e. when the dark
current and photocurrent cancel out. The maximal output power of a solar cell is reached at

the maximum power point (MPP) with the corresponding 𝐽𝐽m and 𝑉𝑉m , the product of which
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corresponds to the maximum power rectangle represented in Figure 2.11. The power density
rectangle representing the product 𝑉𝑉OC 𝐽𝐽SC is also drawn in Figure 2.11. The ratio between
both rectangles results in the fill factor 𝐹𝐹𝐹𝐹, such that 𝐹𝐹𝐹𝐹 = 𝑉𝑉m 𝐽𝐽m ⁄𝑉𝑉OC 𝐽𝐽SC . Finally, the power
conversion efficiency (PCE) of a solar cell is given by:
η=

𝐹𝐹𝐹𝐹 𝑉𝑉OC 𝐽𝐽SC
𝑃𝑃in

(2.52)

where 𝑃𝑃in is the solar input power. η, 𝐽𝐽SC , 𝑉𝑉OC , and 𝐹𝐹𝐹𝐹 are the figures of merit of a solar cell.

The optimization of the three latter parameters is the key for increasing the PCE of a solar
cell. For instance, in organic solar cells, the 𝑉𝑉OC of the donor-acceptor (D-A) heterojunction

mainly depends on the energy level alignment between the LUMO level of the acceptor (𝐸𝐸𝐿𝐿𝐴𝐴 )
and the HOMO level of the donor (𝐸𝐸HD ) and can be determined by:
𝑒𝑒𝑒𝑒OC = 𝐸𝐸L𝐴𝐴 − 𝐸𝐸𝐻𝐻𝐷𝐷 − 𝑘𝑘𝑘𝑘 ln �

𝑁𝑁𝐿𝐿 𝑁𝑁𝐻𝐻
�
𝑛𝑛𝑛𝑛

(2.53)

where 𝑁𝑁𝐿𝐿 , and 𝑁𝑁𝐻𝐻 are the DOS in the LUMO of the acceptor, and HOMO level donor,
respectively; 𝑛𝑛 is the electron density of the acceptor, and 𝑝𝑝 the hole density of the donor. The

last term in the right hand side of equation (2.53) has been estimated to lie in the range of
0.3…0.7 eV [205, 206].

2.3.3 Perovskite Solar Cells
The basics of solar cells has been illustrated with the standard example of a solar cell based on
a p-n junction formed by two differently doped layers of the same material, hence defined as a
homojunction. This standard junction can be extended to a heterojunction formed by two
differently doped materials. Furthermore, a solar cell can also consist of a combination of
several layers of more than two different materials with different doping character (see
Figure 2.9 in previous subsection 2.3.2). A perovskite-based solar cell (PSC) mostly consists
of the perovskite absorber layer sandwiched between two different carrier transport materials
with differentiating p-type and n-type character. The light is absorbed in the perovskite layer
and free charges carriers, instead of excitons, are dominantly created. These free charge
carriers are transported through the perovskite layer and collected at the respective interface
towards the corresponding charge transport layer, and finally to the respective electrode. The
three most common architectures for PSCs are depicted in Figure 2.12.
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In all cases, the device is constructed based on a glass substrate coated with transparent
conductive oxide (TCO) which acts as a bottom electrode. The typical TCOs are fluorinedoped tin oxide (FTO), and indium-doped tin oxide (ITO). As shown in Figure 2.12a, the
mesoporous structure (glass-FTO/c-TiO2/m-TiO2/perovskite/HTL/electrode) includes a
compact layer of titania (c-TiO2) and a mesoporous TiO2 (m-TiO2) layer. The TiO2 layer acts
as an electron transport layer, which is transparent to visible light thanks to its wide bandgap
of ca. 3.2 eV. The perovskite is deposited onto the TiO2 mesoporous scaffold and the device is
completed with the deposition of an HTL, and the top metal electrode. The most widely used
HTL in the solar cells having this structure is the organic material 2,2′,7,7′-tetrakis(N,N′-di-pmethoxyphenylamine)-9,9′-spirobifluorene, usually known as spiro-OMeTAD. In the regular
planar structure (glass-FTO/ETL/perovskite/HTL/electrode), the structure differs from the
mesoporous case by the absence of the mesoporous TiO2 layer (Figure 2.12b). Often the
compact TiO2 layer is still used as an ETL. Inversely, the perovskite material in the inverted
planar

heterojunction

structure,

as

in

Figure

2.12c

(glass-

FTO/HTL/perovskite/ETL/electrode), is sandwiched between the HTL on the side of the ITO
pre-coated glass substrate and the ETL on top. With the exception of the results part in section
5.3, the base structure adopted in this work is essentially the inverted structure, i.e. the
investigated perovskite films have been deposited on an organic HTL, the poly(3,4ethylenedioxythiophene)/poly(styrenesulfonate) or PEDOT:PSS, on top of an ITO-glass
substrate.

Figure 2.12 Typical device architectures of perovskite-based solar cells: (a) in the mesoporous
structure the perovskite is embedded into a mesoporous scaffold. The planar structures can be
classified into (b) regular, and (c) inverted planar heterojunctions.
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The choice of the charge transport material strongly depends on the optimal position of its
energy levels that must energetically match those of the perovskite layer for efficient charge
transport throughout the solar cell. Moreover, charge collection and charge recombination at
the respective interface tremendously depend on the defects at surfaces and interfaces, such as
broken periodicities, under-coordinated lead ions or iodide, points defects, to name only a few
[107, 151]. PSCs are characterized by a discrepancy between forward and reverse scan during
current density-voltage characterization [207]. The origin of this hysteretic behavior is not
clarified yet; the suggested explanation includes ion migration inducing band bending, charge
trapping and de-trapping due to defects [168, 207, 208].
Although the classical physics of semiconductors certainly underlie the working principles of
PSCs, a complete and unified picture describing the working principles of these PSCs is not
well-established yet. Analogous to their inorganic and organic counterparts, the performance
of perovskite-based solar cells strongly depends on the carrier transport materials and the
respective interfaces formed with them. Moreover, it is important to stress that the interactions
and possible chemical reactions upon formation of the interfaces between the perovskite layer
and its adjacent charge transport layers can also potentially initiate degradation within the
respective layers. However, the renouncement of carrier transport layers altogether can be
conceivable in perovskite-based solar cells. Indeed, since perovskite has an ambipolar
character, it does not behave exclusively as an n- or a p-type semiconductor but instead
depends on the properties of the adjacent layers, and can conduct both electrons and holes.
Without lessening the importance of HTL and ETL, it is nonetheless fair to say that the central
challenge in perovskite solar cells starts with the understanding and optimization of the
perovskite material itself, which ineluctably will impact on the interfaces to be formed.
Indeed, variations in the perovskite surface properties – related, for instance, to chemical
composition or surface termination – are inevitably to lead to variations in the abovementioned interactions and chemical reactions occurring upon formation of the interface with
the adjacent charge transport layers.
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3

Experimental Methods

This chapter presents the experimental techniques employed in the scope of this thesis. The
focus will be on photoelectron spectroscopy (PES), which is the main experimental tool used.
Therefore, the first section 3.1 of this chapter is dedicated to the fundamentals of PES as a
technique to determine the electronic structure of materials. The second section 3.2 introduces
time-of-flight secondary ions mass spectrometry (ToF-SIMS), which is used in the first result
part of the present thesis to elucidate the materials composition in section 5.1. Thereafter, a
brief introduction to the basic principles of grazing incidence X-ray diffraction (GIXRD) as a
tool for structural characterization is given in section 3.3. Ultraviolet-Visible (UV-Vis)
spectroscopy, atomic force microscopy (AFM), Kelvin probe (KP), and photoelectron yield
spectroscopy (PYS) are shortly introduced. These methods have been used as complementary
tools and were employed to a lesser extent than PES. The actual experimental setups used are
given in chapter 4.

3.1

Photoelectron Spectroscopy (PES)

Photoelectron spectroscopy (PES) is the most important experimental technique to investigate
the electronic structure of materials. Based on the recorded energy distribution of electrons
photoemitted from a sample, this technique allows accessing information about the band
structure, the electronic states, and the chemical composition of the sample.
The working principle of PES is based on the external photoelectric effect [209, 210], which
describes the emission of electrons from a sample if the sample is irradiated by an incident
light with a photon energy ℎ𝜈𝜈 higher than the sample work function 𝜙𝜙. The excess of energy
left corresponds to the kinetic energy of the emitted electron. In earlier experiments, the work

function of a metal was determined by measuring the retarding voltage 𝑈𝑈 needed to suppress
the photoelectrons liberated from the metal sample upon irradiation. Thus, the corresponding

potential energy 𝑒𝑒𝑈𝑈 – where e is the elementary charge – coincides with the maximum kinetic
energy 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,𝑚𝑚𝑚𝑚𝑚𝑚 of the photoelectrons, such that:
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𝑒𝑒𝑒𝑒 = 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,𝑚𝑚𝑚𝑚𝑚𝑚 = ℎ𝜈𝜈 − 𝜙𝜙

(3.1)

Obviously, the photoelectrons with the maximum kinetic energy determined in such
experiments are only those originating from the Fermi level 𝐸𝐸𝐹𝐹 in the metal. Yet gaining

information from electrons originating from all other occupied states is essential in order to
get an extendedinsight into the electronic structure of any electronic material. In present-day
PES experiments, if the photon energy and the sample work function are known, the detected
kinetic energy of the photoelectrons is directly related to the binding energy of the electrons in
the material sample following equation (3.2), and a corresponding kinetic energy distribution
can be derived as schematically illustrated in Figure 3.1.
𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 = ℎ𝜈𝜈 − 𝐸𝐸𝐵𝐵 − 𝜙𝜙

(3.2)

The electron energy distribution offers a valuable qualitative representation of the density of
occupied states in the sample and allows the determination of important parameters that
describe its electronic structure.

Figure 3.1 Illustration of the relation
between the energy levels in a material
sample and the corresponding energy
distribution of the photoelectrons emitted
upon excitation with photons of energy
ℎ𝜈𝜈. The natural abscissa for the
photoelectrons is the kinetic energy with
its zero at the vacuum level of the sample.
EB is the binding energy of the electrons
in the solid at a certain energy level and is
referenced to the Fermi level EF.
Illustration inspired by ref. [211].

The intensity of the photoemitted electrons per energy interval integrated over the whole
Brillouin zone is directly proportional to the DOS in the sample at the corresponding binding
energy, such that I(Ekin) ∝ N(E). By varying the angle of detection, one can obtain
information on the momentum distribution and therefrom resolve the electronic
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dispersion 𝐸𝐸 (𝒌𝒌), as mentioned at the end of subsection 3.1.1. At this point, it is important to

underline that the relation established in equation (3.2) holds only for primary electrons, that
is, electrons that did not undergo any inelastic scattering while traveling to the sample surface.

Thus, only these primary electrons retain information about their initial state in terms of
energy and momentum. In fact, since the inelastic mean free path of electrons in solids is
extremely short, the primary electrons are only collected from the top surface layers.
Consequently, PES has high surface sensitivity in the order of 10 Å - 50 Å (see subsection
3.1.1). These primary electrons can have kinetic energy up to the maximum energy 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,𝑚𝑚𝑚𝑚𝑚𝑚

detectable in a photoemission (PE) experiment, in which case they originate from the highest
occupied state [cf. equation (3.2)].
In contrast, secondary electrons are originally primary electrons, which have lost varying
amounts of their kinetic energy due to inelastic scattering. These secondary electrons form an
intensity background tail in the photoemission spectra with their lowest kinetic energy being
as low as the minimum kinetic energy detected in a photoemission experiment; this minimum
corresponds to the secondary electrons that had just enough energy to escape the solid and be
detected. In other words, these latter electrons have just enough energy to overcome the
sample work function and result in the secondary electron cutoff (SECO) energy. Therefore,
the SECO can be used to determine the work function of the sample (see Figure 3.2).
The process underlying a PES experiment from electron excitation to kinetic energy detection
can be explained more concretely based on the schematic representation in Figure 3.2a. The
sample is irradiated either by ultraviolet light (5-100 eV) to measure the valence region
(ultraviolet photoelectron spectroscopy, UPS), or by X-ray (>100 eV) to measure the core
levels (X-ray photoelectron spectroscopy, XPS). Upon excitation, the photoelectron emitted
from an energy level at a certain binding energy 𝐸𝐸𝐵𝐵 has a kinetic energy 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 as defined in

equation (3.2). In PES experiments, the sample and the electron detector are in electronic
equilibrium, i.e. the Fermi levels are aligned. However, the work functions of the sample and

the detector are often different, which results in a variation of the vacuum level Evac along the
electron path from the sample to the spectrometer, through vacuum. In order to reach the
spectrometer, the kinetic energy of the photoelectrons has to be higher than the work function
difference �𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 > 𝜙𝜙 − 𝜙𝜙𝑠𝑠𝑠𝑠 �. Particularly, in order for SECO electrons to overcome this

possible potential barrier, a negative bias 𝑉𝑉𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 is generally applied to the sample such

that 𝜙𝜙 + 𝑒𝑒𝑒𝑒𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 > 𝜙𝜙𝑠𝑠𝑠𝑠 .
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Figure 3.2 a) Schematic illustration of the photoemission process featuring the energy level diagram
of the sample and the electron spectrometer in equilibrium. φ and φsp correspond to the sample, and
the spectrometer work function, respectively. EB denotes the binding energy referred to the Fermi
level 𝐸𝐸𝐹𝐹 , 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 denotes the kinetic energy of the photoemitted electron, and 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,𝑚𝑚𝑚𝑚𝑚𝑚 corresponds to
the maximum kinetic energy of the photoelectrons originating from the highest occupied state
′
(valence band maximum VBM) of a semiconductor. In actual PES experiments, 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
is the measured
kinetic energy and depends only on the potential difference 𝜙𝜙 − 𝜙𝜙𝑠𝑠𝑠𝑠 . The resulting hypothetical
energy distribution curve (EDC) displayed on the right is described in more detail in b). b) Schematic
of an EDC, consisting of the intensity of the emitted photoelectrons against the kinetic energy. The
kinetic energy position of the SECO is determined by the secondary electron cutoff, and the VBM
energy position is defined relative to EF. b) is inspired by ref. [201, 212].

′
In addition, the measured kinetic energy 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
is also influenced by this work function
′
difference, such that 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
only depends on the spectrometer work function 𝜙𝜙𝑠𝑠𝑠𝑠 as deduced

from Figure 3.2a and explicitly expressed in equation (3.3), where 𝐸𝐸𝐵𝐵 denotes the binding

energy referred to the Fermi level EF of the electron in the sample. 𝜙𝜙𝑠𝑠𝑠𝑠 can be determined by
𝐸𝐸

F
(Figure 3.2b) and mathematically calculated from (3.4).
the Fermi edge of a metal 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘

′
𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
= ℎ𝜈𝜈 − 𝐸𝐸𝐵𝐵 − 𝜙𝜙𝑠𝑠𝑠𝑠

(3.3)

F
𝜙𝜙𝑠𝑠𝑠𝑠 = ℎ𝜐𝜐 − 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘

(3.4)

𝐸𝐸

The energy distribution curve (EDC) resulting from the PES experiment is shown in
Figure 3.2b and consists of the number of emitted photoelectrons against their kinetic energy.
The main features of this typical photoemission spectrum, such as the SECO, the core level
region with the electrons strongly bound to the nucleus, and the valence region are indicated.
The EDC yields important parameters such as the sample work function 𝜙𝜙 (3.5), the valence
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band maximum VBM (3.6),2 and the ionization energy IE (3.7). These parameters are used to
assess the electronic structure of the sample and their determination is a prerequisite for the
establishment of the energy level alignment at interfaces. Importantly, these parameters are
sensitive to changes in the sample properties such as changes in structure and in composition,
as well as to the modification of the sample surface due for example to the presence of
adsorbates.
𝐸𝐸

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
F
� − 𝑒𝑒𝑒𝑒𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
− 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
− 𝑉𝑉𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 + 𝜙𝜙𝑠𝑠𝑠𝑠
𝜙𝜙 = ℎ𝜐𝜐 − �𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘

(3.5)

𝐸𝐸

(3.6)

IE = 𝐸𝐸𝑉𝑉𝑉𝑉𝑉𝑉 + 𝜙𝜙

(3.7)

𝑉𝑉𝑉𝑉𝑉𝑉
F
𝐸𝐸𝑉𝑉𝑉𝑉𝑉𝑉 = 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
− 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘

As previously mentioned, to first order approximation, the photoemission spectrum provides
information about the density of states in a material. However, this should be handled with
great care when analyzing photoemission spectra, since these spectra can be strongly
influenced by many effects such as final state effects, photoionization cross-section or
selection rules for transitions between initial and final states, to name but a few. To account
for the induced spectral features and/or changes in a photoemission spectrum, the
photoemission process is commonly described by the phenomenological three step model as
explained in the subsequent section 3.1.1. It should be noted, though, that more advanced (and
complex) treatments of the photoemission (PE) process exist (e.g. the one-step model). All the
experimental results presented in this work can be evaluated based on the intuitive three-step
model.
3.1.1 The Three-Step model
The PE process can be considered as a one-step process in which an electron is excited from
an initial occupied state into a free electron like state in vacuum where it is detected. Although
this theoretical approach coherently and accurately describes the PE process, it requires
rigorous calculations [211, 213]. A less accurate but simpler and acceptable theoretical
approach of PE experiments is conceptually based on the three-step model restricted to the
2

Note that the equation (3.6) for 𝐸𝐸𝑉𝑉𝐵𝐵𝑉𝑉 can be generalized to the case of 𝐸𝐸𝐵𝐵 , i.e. any energy level at the binding
energy 𝐸𝐸𝐵𝐵 .
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one-electron picture. In this model, the PE experiment is artificially divided into three
separate steps, which are considered to be independent from each other. This approach is
illustrated in Figure 3.3 and consists of the following three steps:
1. The photoexcitation of an electron in the solid.
2. The travel of the electron (at this stage called photoelectron) up to the surface during
which it can experience inelastic scattering.
3. The penetration of the photoelectron through the surface to escape into the vacuum
where it is detected.
In the following, each step will be described separately.

Figure 3.3 The three-step model to
describe the PES process: (1)
excitation of the electrons by the
incoming photon, (2) travel of the
photoelectron to the surface, while
at the same time electrons which
had lost energy due to inelastic
scattering form the secondary
electron
background,
(3)
penetration of the photoelectron
through the surface and travel into
the vacuum. Illustration inspired by
ref. [211].

Optical photoexcitation of an electron in the solid
In the first step, a photon is absorbed by the material and excites the electron. More
specifically, the electron is considered as being in a system described by a potential 𝑈𝑈 (𝒓𝒓) with

the application of an external electromagnetic field, thereby resulting in the electron
Hamiltonian described in equation (3.8) [213]. The first two terms in equation (3.8)
correspond to the undisturbed Hamiltonian 𝐻𝐻0 , the second and third terms describe the

� 0 is the momentum operator
excitation corresponding to the perturbation operator 𝑈𝑈𝐼𝐼 , where 𝒑𝒑

� (𝒓𝒓) is the vector potential associated with the field. By taking only firstof the electron, and 𝑨𝑨

� (𝐫𝐫)�2 can be neglected and the
order perturbation into account, the last term of order ~�𝑨𝑨
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interaction operator then consists of the third term in equation (3.8), which can be rewritten as
in equation (3.9).
� (𝐫𝐫)�2
𝒑𝒑20
𝑒𝑒
𝑒𝑒 2 �𝑨𝑨
� (𝒓𝒓) ∙ 𝒑𝒑
� (𝒓𝒓)� +
�𝑨𝑨
� 0 + 𝒑𝒑
� 0 ∙ 𝑨𝑨
𝐻𝐻 =
+ 𝑈𝑈 (𝒓𝒓) +
2𝑚𝑚
2𝑚𝑚𝑚𝑚
2𝑚𝑚𝑐𝑐 2
𝑈𝑈𝐼𝐼 ≈ −

𝑒𝑒
𝑒𝑒
� (𝒓𝒓) ∙ 𝒑𝒑
� (𝒓𝒓) ∙ 𝒑𝒑
� (𝒓𝒓)� ≈ −
�𝑨𝑨
� 0 + 𝒑𝒑
�𝑨𝑨
�0�
� 0 ∙ 𝑨𝑨
2𝑚𝑚𝑚𝑚
2𝑚𝑚𝑚𝑚

(3.8)
(3.9)

The transition probability based on Fermi’s Golden Rule for optical excitation from an initial
state 𝜓𝜓𝑖𝑖 with N electrons to a final state 𝜓𝜓𝑓𝑓 with one photoexcited electron and N-1 remaining

electrons is given by equation (3.10). This transition probability is established in the dipolar

approximation, i.e. a dipole that oscillates has a dependence on the distance and it is assumed
that the radiation wavelength is large compared to the excitation volume. As a result, the
� (𝒓𝒓) can be reduced to the lowest order term of its Taylor expansion [213].
external field 𝑨𝑨
𝑤𝑤 ∝

2𝜋𝜋
2
��𝜓𝜓𝑓𝑓 �𝑈𝑈𝐼𝐼 �𝜓𝜓𝑖𝑖 �� 𝛿𝛿�𝐸𝐸𝑓𝑓 − 𝐸𝐸𝑖𝑖 − ℎ𝜈𝜈�
ℏ

(3.10)

𝝍𝝍𝒊𝒊 and 𝝍𝝍𝒇𝒇 in the matrix element ��𝝍𝝍𝒇𝒇�𝑼𝑼𝑰�𝝍𝝍𝒊𝒊�� in equation (3.10) are eigenstates of the

undisturbed Hamiltonian 𝑯𝑯𝟎𝟎 with the corresponding energy 𝑬𝑬𝒊𝒊 and 𝑬𝑬𝒇𝒇 , respectively. Energy

conservation from the initial to the final states is guaranteed by the delta function.
Photoelectron travel through the sample to the surface

After photoexcitation, the excited electron – now called photoelectron – travels through the
sample, where it can lose part of or all its energy to inelastic scattering processes, towards the
surface. Consequently, secondary electrons with reduced kinetic energy, which however is
still enough to reach the surface and escape it, do not yield any information about their initial
state anymore and only contribute to the background in the PE spectrum (Figure 3.3).
The dominating scattering process is electron-electron scattering with the corresponding
cross-section 𝜎𝜎 given by:

𝑑𝑑 2 𝜎𝜎
ℏ2
1
1
�
�
=
𝐼𝐼𝐼𝐼
𝑑𝑑Ω𝑑𝑑𝑑𝑑 (𝜋𝜋𝜋𝜋𝑎𝑎0 )2 𝑞𝑞 2
𝜖𝜖(𝒒𝒒, 𝜔𝜔)

(3.11)

where ℏ𝑞𝑞 is the momentum transfer, 𝐸𝐸 is the energy transfer, 𝑎𝑎0 = 0.529 Å is the Bohr radius,
Ω is the solid angle into which the electrons are scattered, and 𝜖𝜖 (𝒒𝒒, 𝜔𝜔) represents the dielectric

constant of the material. By integrating over all momentum and energy transfers, one obtains
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the inverse 𝜆𝜆−1 of the inelastic mean free path (IMFP) 𝜆𝜆 of the electron which is defined as
the average distance a photoelectron with a given kinetic energy can travel before

experiencing inelastic scattering. From equation (3.11), the IMFP is material-specific due to
its dependence on the dielectric constant 𝜖𝜖. However, in the energies of interest here (see

Figure 3.4), the IMFP data points of different materials can be described by a “universal
curve”. This universal curve is obtained by approximating the electrons in the solids using the
free electron gas model, such that 𝜆𝜆−1 is given by equation (3.12), where R is the Rydberg
constant, and 𝑟𝑟𝑆𝑆 is the electron-electron distance. Since 𝑟𝑟𝑆𝑆 is roughly equal for all materials,

the IMFP 𝜆𝜆 for different materials results in a universal curve and thus, is materialindependent (Figure 3.4).
𝜆𝜆

−1

𝑎𝑎0 𝑅𝑅 −3/2
4 2⁄3 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 2
= √3
𝑟𝑟
ln �� �
𝑟𝑟 �
𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 𝑆𝑆
9𝜋𝜋
𝑅𝑅 𝑠𝑠

(3.12)

In the kinetic energy range of a few tens of eV (up to 100 eV) in the universal curve (see
Figure 3.4) the IMFP λ presents a minimum that corresponds to an escape depth3 of a few Å
(up to ~1 nm). In spite of the scattering of the IMFP λ data points for different materials, the
universal curve clearly indicates that in the aforementioned energy range only photoelectrons
from the top few Å of the solid are able to escape without experiencing any scattering.

Figure 3.4 Universal curve of the
inelastic mean free path IMFP λ of
electrons as a function of their kinetic
energy, obtained from the empirical fit
of the data points, which have been
compiled from several studies on
different materials. Adapted from
ref. [215].

3

The escape depth is often used interchangeably with the IMFP and the information depth. Strictly speaking,
according to the standard E-673 of the American Society for Testing Materials (ASTM), the electron depth
designates “the distance normal to the surface at which the probability of an electron escaping without
significant energy loss due to inelastic scattering processes drops to e-1 (36.8%) of its original value”.[214]

54 |

3.1. Photoelectron Spectroscopy (PES)
Therefore, PES is a very surface sensitive technique. There are nevertheless strategies to
probe the sample surface at different depths. Especially when running an XPS experiment,
information from the top surface and deeper can be differentiated by varying the photon
energy, and hence increasing the kinetic energy range, or by varying the electron emission
angle. In the latter case, a measurement at near-grazing emission, i.e. at small emission angle
(< 90 °) relative to the surface, is more surface-sensitive and yields information more related
to the top surface than a measurement at normal emission.
As already discussed, electrons which experience inelastic scattering while traveling through
the sample contribute to the secondary electron background in the PE spectrum. In order to
reconstitute the primary spectrum, i.e. intensities from primary electrons, this background
needs to be subtracted. Considering that the photoemission intensity 𝐼𝐼(𝐸𝐸 ) measured at energy
𝐸𝐸 consists of the contribution from primary or secondary electrons originally from 𝐸𝐸 ′ , the

background 𝐵𝐵𝑔𝑔 (𝐸𝐸 ) can be expressed by [216, 217]:
∞

𝐵𝐵𝑔𝑔 (𝐸𝐸 ) ∝ 𝜆𝜆(𝐸𝐸 ) ∙ � 𝐾𝐾 (𝐸𝐸 ′ − 𝐸𝐸 ) 𝐼𝐼 (𝐸𝐸 ′ )𝑑𝑑𝐸𝐸 ′

(3.13)

𝐸𝐸

where 𝐾𝐾(𝐸𝐸 − 𝐸𝐸 ) is the inelastic energy loss cross-section function. In a first approximation,
′

the latter scattering function 𝐾𝐾(𝐸𝐸 ′ − 𝐸𝐸 ) is constant. This first approximation background
correction is called Shirley background and it is the background correction used the most
throughout this thesis.

Escape of the electron from the sample into the vacuum
Photoelectrons that possess enough energy to overcome the sample work function can escape
from the sample surface and thereafter be detected. The final kinetic energy of the outgoing
electron (outside the sample) is given by:
𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 =

ℏ
𝟐𝟐
𝑜𝑜𝑜𝑜𝑜𝑜 𝟐𝟐
��𝒌𝒌𝑜𝑜𝑜𝑜𝑜𝑜
∥ � + (𝑘𝑘⊥ ) �
2𝑚𝑚

(3.14)

Because the potential at the surface changes along the direction of the surface normal, the
component of the wave vector of the excited electron 𝑘𝑘⊥𝑜𝑜𝑜𝑜𝑜𝑜 , which is perpendicular to the

surface, also changes during transmission through the surface. However, due to translational
symmetry in the plane of the surface, the wave vector component parallel to the surface is
conserved, i.e.:
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𝒌𝒌𝑜𝑜𝑜𝑜𝑜𝑜
= 𝒌𝒌𝑖𝑖𝑖𝑖
∥
∥ + 𝑮𝑮∥

(3.15)

From energy conservation, if 𝜃𝜃 is the angle between the surface normal and the electron
energy analyzer, then 𝑘𝑘∥𝑜𝑜𝑜𝑜𝑜𝑜 and 𝑘𝑘⊥𝑜𝑜𝑜𝑜𝑜𝑜 can be written as in (3.16) and (3.17), respectively.

𝐸𝐸0 represents the potential inside the solid, and 𝜙𝜙 the work function.
2𝑚𝑚𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
𝑘𝑘∥𝑜𝑜𝑜𝑜𝑜𝑜 = �
sin 𝜃𝜃
ℎ2

2𝑚𝑚
𝑘𝑘⊥𝑜𝑜𝑜𝑜𝑜𝑜 = � 2 (𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 cos 𝜃𝜃 2 + 𝐸𝐸0 + 𝜙𝜙)
ℎ

(3.16)
(3.17)

Therefore, by varying the angle of emission, the associated energy distribution reflects the
states indexed by 𝒌𝒌𝑜𝑜𝑜𝑜𝑜𝑜
and 𝑘𝑘⊥𝑜𝑜𝑜𝑜𝑜𝑜 . This forms the basis of angle-resolved photoemission
∥
spectroscopy (ARPES) for determining the dispersion of the electronic bands.
Final state effects in PES
In a frozen-orbital approximation, it is assumed that upon subtraction of one electron from the
N-particle ground state in the PE process, the orbitals of the N-1 electrons are “frozen” in
their initial state, that is, the N-1 electrons do not rearrange to screen the created photohole
and their states remain the original ground states. In this approximation, the binding energy
coincides with the Koopmans’ binding energy 𝜖𝜖𝑘𝑘 , which is calculated by using the Hartree-

Fock wavefunctions. By taking into account the relaxation process, i.e. electron
rearrangement, the binding energy in the frozen-orbital approximation is corrected by the final
state relaxation energy 𝐸𝐸𝑅𝑅 , yielding equation (3.18).
𝐸𝐸𝐵𝐵 = −𝜖𝜖𝑘𝑘 − 𝐸𝐸𝑅𝑅

(3.18)

More generally, it is important to stress that final state effects resulting from the excitation of
the N-1 remaining electrons upon photoexcitation are particularly relevant in the
interpretation of PE spectra, since these effects can give rise to additional features in the
spectra [216]. Two examples of such effects worth mentioning here are the Auger process and
the shake-up process (Figure 3.5), which result in satellite features appearing in the PE
spectrum.
In the Auger process, a core hole (usually a photohole left behind by the just departing
photoelectron in a PES experiment) can be filled by an electron from a higher energy state.
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This relaxation results in the emission of energy in the form of a photon, which is transferred
to another electron – the Auger electron – that is then released from the atom. The resulting
Auger line is identified by three indices that correspond to the initial vacant level
corresponding to the core hole level, then the level from which the de-excited electron
originates, and finally the level from which the Auger electron is released. Auger electrons
have kinetic energies that are independent of the energy of the radiation used for
photoexcitation, since they only depend on the energy difference between the described
transitions, i.e. on the energy levels involved in the transition. These energy levels in turn are
specific to a particular atom and its chemical environment.

Figure 3.5 Simple schematic of
the photoelectron process (left),
the Auger process (middle), and
the shake-up process (right).

A shake-up process is a multi-electron process characterized by the simultaneous excitation
by the photoelectron of another valence electron to an unoccupied state located a few eV
higher than the ground state during the photoelectron process. As a result, the kinetic energy
of the photoelectron is reduced and a satellite peak is observed at higher binding energy
(lower kinetic energy) than the main peak; the energy offset corresponds to the energy
difference between ground and excited states.
In short, the PE spectrum is affected by a pronounced secondary electrons background
resulting from inelastic scattering in the solid and final state effects. The PE spectrum is,
accurately speaking, proportional to the complex matrix element in equation (3.10), which
complicates the interpretation of the spectrum. The PE process is more appropriately
considered in the context of a many-body system which takes relaxation processes upon
photoemission and photohole creation into account. Thus, a PES experiment measures the
final state energies, whereas the initial state can only be estimated theoretically.
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Awareness of the electronic top surface and subsurface properties should also be raised due to
the energy-dependence of the electron mean free path. Additionally, PE spectra are generally
affected by the instrumental broadening originating from the excitation source or from the
contribution of the analyzer. In the following section, a few specific considerations in the
analysis of UPS and XPS spectra are shortly discussed.
3.1.2 Valence Band Spectra
Ultraviolet photoelectron spectroscopy (UPS)
Analyzing the valence band spectrum using an ultraviolet photon source in the energy range
of 5-100 eV (higher than the sample work function) is called UPS. Consequently, UPS is a
highly surface sensitive technique (5-10 Å) due to the short electron mean free path in this
energy range – see Figure 3.4. Moreover, the cross-section of the valence band at these
energies is large in comparison to higher photon energies in the X-ray range. The typical
laboratory line source used for UPS is HeI radiation with a linewidth of 3 meV, which is two
orders of magnitude smaller than the typical Al or Mg X-ray sources [216, 218]. This results
in less spectral peak broadening due to the excitation source in UPS than in XPS. Important
parameters describing the electronic structure of a material which can be extracted from a
valence band spectrum have been given in equations (3.5), (3.6), and (3.7). The SECO, which
gives the work function, is determined by the intersection of the base line and the linear slope
of the SECO spectrum (Figure 3.6a). The VBM is determined by the intersection of the base
line corresponding to the background intensity and the linear slope of the valence band edge
from the photoemission spectra. Additional considerations for the determination of VBM for
perovskites can be found at the end of the present subsection.
Care with regard to sample charging must be taken during PES experiments. Indeed, the
emission of photoelectrons implies the creation of photoholes which can lead to a positive
charge built-up at the surface that eventually shift the whole PE spectra or eventually damages
the investigated sample [219]. This is particularly relevant for poorly conductive samples such
as organic samples or insulators. One way to overcome charging or degradation effects is for
example the use of a filter to reduce the intensity of the light source. Additionally, charging
can be reduced by employing white light in order to excite charge carriers into the conduction
band and thus increase the conductivity of the sample.
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Difference spectra
One focus of this work is the study of the effect of gas exposure on the electronic properties
of perovskite surfaces. In this regard, it is important to assess the actual adsorption of the gas
molecules on the surface. The valence band of a substrate can be altered by the presence of
adsorbates on its surface, but the induced changes can be relatively small. One method to
assess more in details structures related to the adsorbates by UPS is the difference
spectroscopy, which simply consists of subtracting the spectrum on a pristine substrate from
the spectrum of the substrate covered with adsorbates [220–222]. The resulting difference
spectrum can be compared to the reference valence spectrum of a free molecule or atom of the
adsorbate in order to assess the presence of the latter. However, the resulting difference
spectrum must be interpreted with care since the observed structures might, for instance, also
reflect changes of the electronic structure of the substrate only, originate from interference
effects between substrate and adsorbate emission [223], or might be artifact due to poor
normalization of the spectra before subtraction. In this context, the substrate spectrum and the
spectrum of the adsorbate on substrate are generally aligned to an appropriate level, usually
the vacuum level, before subtraction. The calculation of difference spectra in this work has
been carried out this way. Additionally, the selected spectra have been normalized to a
common, well-distinguishable, feature before subtraction.
Determination of the valence band edge for perovskites
It is important to point out a peculiarity in the determination of the VBM from perovskite
valence bands (Figure 3.6b-c). It is common practice to determine the VBM from the onset of
the valence band by taking the intersection of the background intensity with the linear slope at
the band edge in a representation of the photoemission intensity on a linear scale (Figure
3.6b). This standard method of determination is commonly used for inorganic and organic
semiconductors and is adopted in this work. However, it has been shown that such
determination from a linear scale can overestimate the VBM due to an overlooked low DOS
at the VBM that originates from strong band dispersion of MAPbI3, and hence the existence
of non-parabolic band edges [150]. Therefore, the determination of VBM from a logarithmic
plot is claimed to provide the actual value of the VBM position (Figure 3.6c) by taking into
account the aforementioned low DOS. The contrast between both linear and logarithmic
extraction of the VBM can be seen in the Appendix B for all perovskite spectra in the present
thesis.
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Figure 3.6 Determination of a) the work function φ from the secondary electron cutoff (SECO)
spectrum; and b-c) of the valence band maximum VBM from a valence band spectrum plotted on b) a
linear and c) a logarithmic intensity scale for a CH3NH3PbI3 film. The φ and VBM values correspond
to the intersection of the intensity slope of the respective spectrum with the background intensity
(magenta dotted lines).

The VBM values extracted from the logarithmic scale are effectively lower than from the
linear scale. However, except for this offset in the respective value, the logarithmic
extrapolation does not affect the qualitative interpretation of results since the trends in the
VBM shifts observed in the different experiments, for instance upon different exposure
(Appendix B), are still observable. For consistency in the representation of the UPS data
throughout this thesis, the valence band spectra are shown on a linear intensity scale.
3.1.3 Core Level Analysis
XPS allows determining the chemical composition and the electronic properties of solid
surfaces. The interpretation of an XPS spectrum can be a complex process and great care
should be taken during its analysis. XPS core level spectra are characterized by the main lines
corresponding to the respective elements, the satellites peaks, the presence of features related
to final states effects such as Auger or shake-up processes (see subsection 3.1.1), and the
secondaries background. The spectral width of a core level in XPS is generally influenced by
photohole lifetime, material quality and experimental broadening.
Binding energy shifts and XPS spectra shape
XPS is an efficient tool to investigate the chemical and electronic properties of solids. The
electronic core levels are localized states that do not perceive the periodic potential in the
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solid, in contrast to the dispersive valence states. Besides, since core electrons are in closed
shells and tightly bound to the nucleus they are chemically inert. Nevertheless, when the
charge state of a given chemical element differs due to a change of chemical bond or as a
result of a coordination change, the electrons can be more or less bound to their nucleus,
leading to a binding energy shift of the core level. This energy shift is called the chemical
shift and is used to determine the chemical state of the material. Core level shifts can also give
information about changes in band bending or charging of the sample.
Due to the spin-orbit coupling, the XPS spectra of the orbital levels other than the s-orbital are
also characterized by two separate peaks forming a doublet. This spin-orbit splitting gives rise
to two levels of total angular momentum 𝑗𝑗 = |𝑙𝑙 ± 𝑠𝑠|, where 𝑙𝑙 and 𝑠𝑠 are the orbital angular

momentum and spin angular momentum, respectively. While analyzing XPS spectra, the area
ratio between the two peaks resulting from the spin-orbit splitting is proportional to the ratio

of the respective degeneracy (2𝑗𝑗 + 1) of the spin states. The doublets are characterized by a

well-documented specific energy separation between the two peak components [224], the
magnitude of which increases with the atomic number Z.

The core level peak initially has a Lorentzian shape due to the core hole state lifetime
broadening. From the lifetime-energy uncertainty relation ∆τ ∆E ~ ℏ [225], the lifetime τ of
the core hole is related to the core-hole lifetime broadening Γ by τ = ℏ/Γ. The natural line

width Δ𝐸𝐸𝑜𝑜 = 2Γ corresponds to the full width at half maximum (FWHM) of the Lorentzian

lifetime broadening. The experimental broadening from the contributions of the excitation
source and the energy analyzer has a Gaussian shape. Hence, the shape of the measured XPS

spectra is a convolution of Gaussian and Lorentzian functions and is characterized by a
FWHM.

For

a

Gaussian

line

width,

FWHM

can

be

approximated

2 )
by 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = �(Δ𝐸𝐸02 + Δ𝐸𝐸𝐴𝐴2 + Δ𝐸𝐸ℎ𝜈𝜈
, where Δ𝐸𝐸𝑜𝑜 , Δ𝐸𝐸𝐴𝐴 , and Δ𝐸𝐸ℎ𝜈𝜈 represent the natural

line width of the atomic core level, the analyzer resolution, and the natural line width of the

radiation, respectively. The FWHM, the binding energy position and the peak intensity, more
precisely the peak area, are the three important parameters for peak fitting.

Quantitative analysis of XPS spectra
The relative concentration of the different elemental species present in the sample can be
quantitatively analyzed by means of XPS. For a homogeneous sample, the XP intensity
representing the number of photoelectrons per second in the analysis volume is obtained by
[224]:
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𝐼𝐼 = 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

(3.19)

where 𝑛𝑛 represents the number of atoms per cm3 of the considered element, 𝑓𝑓 is the incident

photon flux in photons/cm2/s, 𝜎𝜎 is the photoelectric cross-section given in cm2 for the

considered atomic orbital, 𝜃𝜃 is a factor that takes into account the angle at which the electron
is detected with regard to the path of the incident photon, 𝑦𝑦 is the efficiency for formation of
photoelectrons of the normal photoelectron energy, 𝜆𝜆 is the mean free path of the
photoelectrons in the sample, 𝐴𝐴 is the sample area from which the photoelectrons are detected,

and 𝑇𝑇 is the detection efficiency of the emitted electrons. Most of the factors in equation
(3.19) can be represented by one single factor, the atomic sensitivity factor (ASF), such that
ASF = 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓. It follows that 𝑛𝑛 in equation (3.19) for one considered element 𝑖𝑖 becomes:
𝑛𝑛𝑖𝑖 =

𝐼𝐼𝑖𝑖
𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖

(3.20)

Accordingly, a set of ASFs for all atomic orbitals of all elements can be developed for any
spectrometer and is usually given by the manufacturer. The atomic fraction of any constituent
in the sample can be obtained by:
𝐼𝐼𝑥𝑥
𝐴𝐴𝐴𝐴𝐴𝐴𝑥𝑥
𝐶𝐶𝑥𝑥 =
𝐼𝐼
∑ 𝑖𝑖
𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖

(3.21)

The accuracy of XPS quantification can be in the range of 10-30% [215, 224, 226]. However,
XPS quantification should be handled with care as it depends on several factors such as the
accuracies of the factors included in the ASF, the accurate determination of the appropriate
photoelectron intensity (influenced by peculiar features like satellites or background), or
importantly the sample homogeneity.

3.2

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)

Secondary ion mass spectrometry (SIMS) is a highly sensitive technique used to obtain
information about the chemical composition of a solid surface. For the analysis, the sample
surface is bombarded with a focused beam of primary ions in the energy range of several keV
which interact with the target atoms of the solid by transferring energy through elastic
collisions [227, 228]. In this process, molecular and atomic ions are emitted at the site of
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impact from the outer layers. These emitted secondary ions are collected and identified by
separating their respective mass, more precisely their mass-to-charge ratio 𝑚𝑚/𝑞𝑞. In the case of

a time-of-flight (ToF) mass analyzer, before entering a flight path to the detector, the emitted
secondary ions are first accelerated by applying a definite accelerating voltage, which
corresponds to the electric potential difference 𝑈𝑈. Thus, if one neglects the initially small
energy of the secondary ions, ions having the same charge 𝑞𝑞 will also have the same kinetic

energy as given in equation (3.22). However, secondary ions that have left the sample at the
same time can have different velocities, depending on their respective mass, as deduced from
(3.23). Since velocity 𝑣𝑣 =

𝐿𝐿

𝑇𝑇

depends on the time of flight 𝑇𝑇 and the ions need to travel the

path of fixed length 𝐿𝐿 in order to reach the detector, it can be deduced from the rearrangement
of (3.23) that the mass-to-charge ratio only depends on the time of flight (3.24) [228].
𝐸𝐸𝑘𝑘 = 𝑞𝑞𝑞𝑞
𝑞𝑞𝑞𝑞 =

1
𝐿𝐿 2
𝑚𝑚 � �
2
𝑇𝑇

𝑚𝑚 2𝑈𝑈𝑡𝑡 2
= 2
𝐿𝐿
𝑞𝑞

(3.22)
(3.23)
(3.24)

Therefore, the mass of the respective ion can be derived from its time of impact t at the
detector. During one acquisition; the secondary ions intensity measured can be separated into
their specific mass-to-charge 𝑚𝑚/𝑞𝑞 ratio, thus yielding a secondary ions spectrum (Figure 3.7).

ToF-SIMS is a highly sensitive technique (up to 1 ppm) that can detect all elements [228].
Although ToF-SIMS provides valuable qualitative information about the composition of a
material, this technique is limited with regard to quantitative analysis due particularly to the
matrix effect. Indeed, the secondary ion yield strongly depends on the chemical matrix
environment surrounding the secondary ion. Nevertheless, semi-quantitative analysis can be
done by comparing relative changes between chemically similar samples, for instance.
Furthermore, a depth-profiling by means of ToF-SIMS enables the 3D spatial resolution of a
sample volume composition. The depth-profiling consists of the alternation of an analysis step
and a sputtering step, as illustrated in Figure 3.7b and Figure 3.7c. The erosion of the top
surface during the sputtering step allows the analysis of layers initially located deeper in the
bulk.
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In the scope of this thesis, this technique is used in order to resolve the bulk composition of
perovskite samples. ToF-SIMS can provide valuable information about the depth distribution
of the different compounds in single and multicomponent perovskites, provided potential
artifacts originating from, for instance, sample surface morphology, possible beam damage, or
the aforementioned matrix effect, are taken into account during the data analysis and
interpretation [229].

Figure 3.7 a) Simplified schematic illustration of the principles of ToF-SIMS representing the
incoming primary ion that induces the generation and emission of secondary ions, which are identified
by their respective mass-to-charge ratio 𝑚𝑚/𝑞𝑞, as shown in the secondary ion spectrum on top.
Extended representations of the ToF-SIMS measurement process for 3D spatial analysis of a sample
consisting of several layers, as is the case in this work, are shown in b) and c) in the instance of two
hypothetical ions D3- and A-. b) The first step is the analysis of the sample’s outermost layer with a
Bi3+ primary ion beam which allows not only mapping a selected 2D surface but also obtaining the
total intensity of a particular ion over this 2D surface. The second step is the sputtering of this top
surface with a low energy Cs+ ion beam for a specific sputter time t(s). c) The alternation of the
analysis and sputtering steps in b) allows obtaining information about the composition of surfaces
which were originally deeper-lying layers. Thereby, 2D depth-integrated XY map, 2D cross-section
YZ map, as well as intensity depth profiles of the ions in the sample can be reconstructed. b) and c) are
adapted from author’s publication in ref. [230] – Published by the PCCP Owner Societies.
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3.3

Grazing Incidence X-Ray Diffraction (GIXRD)

The basics of crystal diffraction have been introduced in subsection 2.1.1. In a specular Θ/2Θ
X-ray diffraction experiment, the incident angle 𝛼𝛼 and the exit angle 𝛼𝛼′ of the mirror-like

diffracted X-ray are equal. An X-ray diffraction pattern is obtained by varying the length of
the scattering vector 𝒒𝒒, i.e. by varying 𝛼𝛼, along the surface normal 𝑞𝑞𝑧𝑧 , i.e. out-of-plane, and a
Bragg peak is observed whenever a set of planes is perpendicular to 𝒒𝒒 such that Bragg’s law

as formulated in equation (2.6) is fulfilled. In the scope of this thesis, the main diffraction
method applied is grazing incidence X-ray diffraction (GIXRD). In GIXRD the incident X-

ray beam impinges at a grazing angle below the critical angle of total external reflection 𝛼𝛼𝑐𝑐 ,

i.e. 𝛼𝛼𝑖𝑖 < 𝛼𝛼𝑐𝑐 . Most of the incident intensity is reflected and importantly, a so-called

evanescent wave propagates parallel to the surface and is made use of in a GIXRD

experiment. The electric field corresponding to this evanescent wave is damped away from
the surface, such that [231]:
𝐸𝐸 ∝ 𝑒𝑒

𝑘𝑘𝑡,𝑧 𝑧𝑧

= 𝑒𝑒

1

−𝑧𝑧𝑧𝑧�𝛼𝛼𝑐2 −𝛼𝛼𝑖2 �2

= 𝑒𝑒 −𝑧𝑧/𝛬𝛬

(3.25)

where 𝑘𝑘𝑡𝑡,𝑧𝑧 is the transmitted wave vector with 𝑧𝑧 being the sample depth, 𝛬𝛬 represents the

penetration depth at which the field and, by extension the amplitude of the wave, decreased by
a factor of 1/𝑒𝑒. The penetration depth is given by [52, 232]:
𝛬𝛬 =

λ

4𝜋𝜋(α2𝑐𝑐

− α2𝑖𝑖 )1/2

sin Θ

(3.26)

Consequently, in comparison to specular Θ/2Θ X-ray diffraction, in which case the wave
penetration depth is of several micrometers, GIXRD is a more surface sensitive method since
the penetration depth is much reduced – in the range of a few nanometers – due to the
evanescent wave [233]. Due to this enhanced surface sensitivity, GIXRD enables the
investigation of thin films while reducing contributions from the underlying substrate.
The GIXRD geometry is represented in a simplified sketch in Figure 3.8. The threedimensional (3D) scattering vector 𝒒𝒒(𝑞𝑞𝑥𝑥 , 𝑞𝑞𝑦𝑦 , 𝑞𝑞𝑧𝑧 ) is specified by two particular directions: the

vertical direction 𝑞𝑞⊥ = 𝑞𝑞𝑧𝑧 , which is the direction perpendicular to the sample surface; and the

direction in the surface plane 𝑞𝑞‖ = 𝑞𝑞𝑥𝑥𝑥𝑥 = �𝑞𝑞𝑥𝑥𝟐𝟐 + 𝑞𝑞𝒚𝒚𝟐𝟐 . In comparison to the specular X-ray

diffraction method, information about the in-plane structure can be gained in a GIXRD
experiment. Therefore, the reciprocal space can be mapped in terms of the two scattering
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vector direction 𝑞𝑞𝑥𝑥𝑥𝑥 and 𝑞𝑞𝑧𝑧 . The resulting two-dimensional (2D) diffraction pattern can

consist of diffraction rings, also referred to as Debye-Scherrer rings, centered around the
beam axis. In a polycrystalline film with randomly oriented crystallites, i.e. for any set of
planes there exists a number of crystallites with the proper orientation such that Bragg’s law is
fulfilled, the diffraction pattern is characterized by continuous Debye-Scherrer rings.

Figure 3.8 Simplified representation of the grazing incidence X-ray diffraction geometry in the
sample reference system. Note that the 2D map shown in this figure has been acquired with a fixed
primary beam (i.e. relative to the setup reference system), and is used here as mere representation.

However, if the crystallites present a preferred orientation along a particular direction, as it is
the case for most perovskite films characterized by GIXRD in the scope of this thesis, the
diffraction pattern depends on the preferred orientation and is characterized by discrete
regions with enhanced intensities, since Bragg’s law in this case is only fulfilled for a
particular orientation.

3.4

Complementary Experimental Methods

Ultraviolet-visible-near-infrared absorption spectroscopy
Ultraviolet-visible-near-infrared (UV-vis-NIR) spectroscopy (Figure 3.9a) is a tool that yields
information about the electronic transitions within a material by using light in the UV, visible,
and near-infrared range. Light of definite wavelength 𝜆𝜆 is absorbed by an electronic system if
the corresponding photon energy matches an electronic transition from a ground to an excited
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state inside the system. As a result, absorption in the material varies over a photon energy
range and the intensity I of the light transmitted through the sample is photon energydependent. The absorption can be evaluated by the absorbance, which measures the
attenuation of the incident light intensity 𝐼𝐼0 (𝜆𝜆) following (3.27). It is noteworthy that in such
case the attenuation is not caused by absorption only but also by possible light reflection or

other light scattering processes.

𝐴𝐴(𝜆𝜆) = − log

𝐼𝐼(𝜆𝜆)
𝐼𝐼0 (𝜆𝜆)

(3.27)

Figure 3.9 a) Simplified schematic of UV-Vis absorption spectroscopy. b) Typical absorption
spectrum of methyl ammonium lead mixed halide CH3NH3PbI3-xClx perovskite with the optical gap
Eopt determined from the onset. c) Representation of an exciton as a bound electron-hole pair (left) and
simplified energy state diagram (right) illustrating the difference between the optical gap Eopt and the
transport gap Egap. For a non-excitonic material (i.e. directly separated electron and hole), the exciton
binding energy EB is zero and Eopt and Egap are equal.

For a material of uniform concentration 𝑐𝑐, the absorbance is defined based on the Lambert-

Beer law:

𝐴𝐴(𝜆𝜆) = 𝜀𝜀 (𝜆𝜆) 𝑐𝑐 𝐿𝐿

(3.28)

where 𝜀𝜀(𝜆𝜆) is the wavelength-dependent absorption coefficient and 𝐿𝐿 is optical path length.

The optical gap Eopt is determined from the onset of the absorption spectrum (Figure 3.9b) and
corresponds to the absorbed photon energy required for the transition with lowest energy to
occur, i.e. from the ground state S0 to the first excited state S1. If the material is excitonic, the
lowest excited state corresponds to a state where the electron and hole are still attracted to
each other by the electrostatic Coulomb force and are in a bound state (exciton). In this case,
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the energy difference between the electronic transport gap Egap and the optical gap gives the
exciton binding energy EB (Figure 3.9c). In a non-excitonic material, upon excitation the hole
and electron are directly separated into the valence (or HOMO) and conduction band (or
LUMO), respectively, and the optical gap reflects the transport gap.
Atomic force microscopy
Atomic force microscopy (AFM) is a type of surface probe microscopy (SPM) that renders an
image of the surface topography by using a physical probe that scans the surface of the
sample [234]. The probe used in an AFM experiment is a tip fixed at the end of a cantilever.
The interaction between the tip and the sample on an atomic scale consists of an attraction due
to Van-der-Waals forces when they are further apart, and of repulsion due to Pauli principles
and to the repulsive Coulomb force between the atomic nuclei when the tip further approaches
the sample surface. The overlap of both interactions can be described by the Lennard-Jones
potential in (3.29), where the first term represents the short range repulsion and the second
term the long range attraction; 𝜀𝜀, 𝑟𝑟, and 𝑟𝑟𝑚𝑚 are the depth of the potential well, the tip-sample

distance, and the distance corresponding to the potential minimum.
𝑉𝑉 (𝑟𝑟) = 𝜀𝜀 ��

𝑟𝑟𝑚𝑚 12
𝑟𝑟𝑚𝑚 6
� − 2� � �
𝑟𝑟
𝑟𝑟

(3.29)

The tip bends depending on these interactions between the tip and the sample surface and so
this displacement of the tip depends on the surface roughness. A laser which is focused on the
cantilever is deflected depending on the tip displacement, and its deflection can be measured
by a photodiode, as shown in Figure 3.10

Figure 3.10 Schematic
representation of the
principle of AFM.

68 |

3.4. Complementary Experimental Methods
The interatomic forces are reflected in the laser deflection, which can be imaged for each
definite lateral position of the sample surface. Scanning the sample surface thus results in an
image that gives information about its morphology. The roughness of a selected area in an
AFM image is evaluated by the mean square root (rms) parameter Rq that describes the
standard deviation of the distribution of surface heights and is given by (3.30) [235].
𝑛𝑛

1
𝑅𝑅𝑞𝑞 = � � 𝑦𝑦𝑖𝑖2
𝑛𝑛

(3.30)

𝑖𝑖=1

Kelvin Probe
Kelvin Probe is a contactless and non-destructive method to measure the contact potential
difference (CPD) between a probe tip and the surface of an electronic material. The CPD
yields the work function difference between the tip (𝜙𝜙𝑡𝑡𝑡𝑡𝑡𝑡 ) and the sample (𝜙𝜙𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) as given
in (3.31). The work function of the sample can be determined if the tip work function is
known.
𝐶𝐶𝐶𝐶𝐶𝐶 =

�𝜙𝜙𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝𝑙𝑙𝑙𝑙 − 𝜙𝜙𝑡𝑡𝑡𝑡𝑡𝑡 �
𝑒𝑒

(3.31)

In a KP experiment, electrical contact is established between the tip and the sample with the
respective work function 𝜙𝜙𝑡𝑡𝑡𝑡𝑡𝑡 and 𝜙𝜙𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (Figure 3.11a-b). Upon contact, electrons from the

material with lower work function, in the case of Figure 3.11 the sample, will flow to the
material with higher work function, in this case the tip, in order to align their Fermi levels.
This charge redistribution results in a contact potential difference which can be nullified by
applying an external bias voltage Vbi to eliminate the surface charge (Figure 3.11c). This
applied voltage thus corresponds to the work function difference in (3.31). The tip and sample
surfaces are considered as the two plates of a plate capacitor separated by a distance d. For a
KP measurement, the above basic principle of CPD determination is repeated several times by
vibrating the tip close to the surface – still without any mechanical contact. The vibration
corresponds to a periodic change of the tip-sample distance with time, and consequently to a
variation of the capacitance with time. In parallel, the charge distribution 𝑄𝑄 will vary with
time and the corresponding current variation 𝑖𝑖(𝑡𝑡) is given by (3.32). Hence, by measuring the

change of current over a range of 𝑉𝑉𝑏𝑏𝑏𝑏 , the CPD will correspond to the applied voltage 𝑉𝑉𝑏𝑏𝑏𝑏
when the current 𝑖𝑖(𝑡𝑡) disappears.
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Figure 3.11 Energy and charge diagrams of a sample and Kelvin Probe tip representing the KP
principle. (a) Sample and tip are not electrically connected and have the Fermi levels EF,s and EF,tip, and
the work function φs and φtip, respectively. (b) The sample and tip are electrically connected which
results in electrons flowing from the sample with lower work function to the tip with higher work
function, a contact potential difference (CPD) then exists between the sample and the tip. (c) An
external bias (Vbi) is applied between the sample and the tip to nullify the CPD.

𝑖𝑖 (𝑡𝑡) =

𝑑𝑑𝑑𝑑 (𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑉𝑉𝑏𝑏𝑏𝑏 )𝐶𝐶𝐶𝐶𝐶𝐶 𝑑𝑑𝑑𝑑
=
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(3.32)

Photoelectron Yield Spectroscopy
With photoelectron yield spectroscopy (PYS) it is possible to determine the position of the
highest occupied energy levels with regard to the vacuum level, in other words one can obtain
the work function for a metal and the ionization energy for a semiconductor. The principle of
PYS is based on the photoelectric effect similarly to the case of PES (section 3.1). But in
contrast to PES, a PYS experiment is carried out in air and does not require vacuum
conditions. When leaving the sample surface, the photoelectron attaches to an oxygen
molecule in air and is accelerated by a system of grids (Figure 3.12a). Before reaching the
anode the photoelectron detaches from the O2- ion and is collected there. A PYS experiment
consists in collecting the electrons emitted from a sample upon exposure to UV-light over a
range of photon energy usually between 3 and 6 eV. When the photon energy ℎ𝜈𝜈 becomes
higher than the work function (ionization energy) of the metal (semiconductor) sample,
photoelectrons can be and are photoemitted from the surface of the sample (Figure 3.12a-b).
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Figure 3.12 a) Simplified schematic representation of the working principle of photoelectron yield
spectroscopy (PYS). b) Typical photoemission spectrum obtained from a PYS experiment. The
photoemission threshold energy obtained from Yield1/3 gives the ionization potential for a
semiconductor. In case of a metal, the threshold energy determined from Yield1/2 gives the metal work
function. Illustration with PYS instrument from Riken Keiki CO., LTD.

Therefore, the resulting PYS spectrum is given by the sum of all emitted photoelectrons
(photoelectron yield) as a function of the energy of the incident light. In fact, the yield 𝑌𝑌 is
related to the incident photon energy following (3.33) [236], where 𝐼𝐼 represents either the
work function or the ionization energy for a metal or a semiconductor, respectively.
1

𝑌𝑌 𝑛𝑛 ∝ (ℎ𝜈𝜈 − 𝐼𝐼 )

(3.33)

PYS spectra are usually represented following the square-root law (𝑛𝑛=2) for a metal, and the
cube-root law (𝑛𝑛=3) for a semiconductor [236–238], yielding a linear relationship at the onset
1

of 𝑌𝑌 𝑛 (Figure 3.12b). This photoemission threshold is obtained by a linear extrapolation to the

baseline as shown in Figure 3.12b.

| 71

4

Materials and Experimental Setups

The present chapter details the materials investigated in the scope of this thesis and the setups
employed to carry out the investigations.

4.1

Perovskite Samples and Hole Transport Materials Preparation

The samples investigated in the scope of this thesis are almost exclusively solution-processed.
The main perovskite system investigated, namely in the sections 5.1, 5.2, and 5.4, is the
methyl ammonium lead mixed halide CH3 NH3PbI3-xClx (MAPbI3-xClx) perovskite.
Additionally, “single” (in contrast to “mixed” halide) methyl ammonium lead iodide
(CH3NH3PbI3, MAPbI3) perovskites are investigated in subsection 5.4.2. New HOIPs based
on the inclusion of guanidinium cations (CH6N3+, Gua) into MAPbI3 are the subject of
subsection 5.3.1. The latter as well as the methyl ammonium (MA)-formamidinium (FA)
mixed perovskite (FAPbI3)0.85(MAPbBr3)0.15 and the titanium disulfide TiS2 used as HTL in
subsection 5.3.2 were developed and provided by the Group for Molecular Engineering of
Functional Materials (GMF) of Prof. Nazeeruddin (Ecole Polytechnique Fédérale de
Lausanne, EPFL, Sion, Switzerland).
Spin-coating is the main deposition method applied for the preparation of thin films from
solution in this work. Here, a certain quantity of solution is dispensed onto a substrate; the
substrate is then spun at high speed around an axis normal to the substrate surface. The
spinning results in the removal of most of the solution towards and off the substrate sides due
to centrifugal forces, and in the evaporation of a partial amount of solvent due to the
intensified air flow. In this manner, thin film with easily achieved thickness of several
hundreds of nanometers remains on the substrate surface. The film thickness d is directly
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related to the angular spin velocity 𝜔𝜔 and the solution concentration 𝑐𝑐 by the proportionality
relationship [239]:

𝑑𝑑 ∝

𝑐𝑐

2

−
3
1 𝜔𝜔

(1 − 𝑐𝑐)3

(4.1)

In some cases, the spin coated films are annealed to further remove the solvent and/or induce
crystallization, as in the case of perovskite films.
4.1.1 Methyl Ammonium Lead Mixed Halide Perovskite MAPbI3-xClx
The MAPbI3-xClx samples consist of films obtained by spin coating of MAPbI3-xClx precursor
solution on poly(3,4.ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS) precovered indium tin oxide (ITO) coated glass substrates. PEDOT:PSS is a conductive polymer
usually used as HTL in organic and perovskite-based solar cells. In fact, the sample
configuration (ITO/PEDOT:PSS/perovskite) was adopted in order to transpose the structure of
inverted planar devices as already described in subsection 2.3.3. To obtain the crystalline
perovskite structure, the film was subsequently annealed. Both spin-coating and annealing
steps were performed in a nitrogen N2-filled glove box with base water and oxygen partial
pressures below 0.1 ppm.
PEDOT:PSS pre-covered ITO substrates
The indium tin oxide (ITO) substrates (10 mm × 10 mm) which act as electrodes were first
cleaned with a detergent. This step was followed by the sonication of the substrates
successively in de-ionized water, acetone, and isopropanol for 15 min each. Subsequently, the
ITO substrates were either dried by a N2 flow or by heating in an oven at 70 °C and, if needs
be, stored there before later use. Before use, the ITO substrates were UV ozone cleaned in
order to remove any solvent residues and other surface contaminants, and thus to obtain a
better surface quality for PEDOT:PSS deposition.
The conducting polymer PEDOT:PSS (Figure 4.1a) consists of a mixture of two polymers
(PEDOT and PSS) and is characterized by a high conductivity and a good transparency, which
makes it an attractive material for application in organic devices. It has been suggested that
PEDOT:PSS presents a grain-like structure with the p-doped PEDOT represented as a core
surrounded by a shell of charge-compensating PSS [240]. PEDOT:PSS is usually dispersed in
water and is filtered before its deposition by spin-coating to remove macroscopic aggregates.
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The deposition of PEDOT:PSS on ITO generally results in an improved surface roughness
which can be exemplarily derived from the smoother appearance of the PEDOT:PSS covered
ITO in comparison to the bare ITO as shown in Figure 4.2a-b.

Figure 4.1 a) Chemical
structure
of
PEDOT:PSS
and
b) UPS spectra of a
PEDOT:PSS thin film.

This yields a slight reduction in rms roughness from 3.46 nm (ITO) to 1.14 nm
(ITO/PEDOT:PSS). Additionally, as a reference data for comparison, the GIXRD pattern of a
PEDOT:PSS covered ITO substrate is shown in Figure 4.2c, mainly exhibiting signals from
the ITO substrate below the thin PEDOT:PSS layer, as derived from simulation performed by
Ingo Salzmann (formerly HU Berlin). As for the electronic properties of PEDOT:PSS, note
that UPS valence region spectra of PEDOT:PSS films suggest a finite density of states up to
the Fermi level [201, 241].

Figure 4.2 AFM micrographs of a) ITO-coated glass substrate, b) PEDOT:PSS on ITO substrate, and
c) 2D GIXRD pattern of a PEDOT:PSS film spin-coated on a ITO glass substrate. The simulated
diffraction rings (black) corresponding to the ITO are also shown. c) is adapted from author’s
publication in ref. [230]. c) is produced by Ingo Salzmann (formerly HU Berlin).

| 75

Chapter 4. Materials and Experimental Setups
In fact, PEDOT:PSS has been also used as electrode owing to its high work function (~ 5 eV)
[242]; as also observed for a typical PEDOT:PSS thin film used in this work, which exhibit a
work function of 4.92 eV (Figure 4.1b). The PEDOT:PSS layers in this work were deposited
from a filtered PEDOT:PSS (Ai4083, from Heraeus) dispersion in water, spin-coated
at 40 rounds per second (rps) for 30 s under ambient conditions. To remove residual water, the
PEDOT:PSS films were annealed at 180 °C for 10 min in the glove box and stored there
before perovskite solution deposition.
Methyl Ammonium Lead Mixed Halide perovskite
The starting materials methyl ammonium iodide (MAI) and lead chloride (PbCl2) were
purchased from Lumtec. The MAPbI3-xClx precursor solution with a material mass fraction of
40 wt% was obtained by dissolving MAI and PbCl2 in a molar ratio of 3:1 in N’Ndimethylformamide (DMF) (Merck, formerly Sigma-Aldrich). Instead of designating a
definite fraction of Cl, x is mostly used to stress the presence and role of chlorine in the
preparation of MAPbI3-xClx and to differentiate this perovskite from the MAPbI3 obtained
from a chlorine-free solution (see results section 5.1). The obtained solution was stirred at
60 °C overnight in a glove box. The precursor solution was deposited onto the PEDOT:PSS
covered substrate at room temperature by spin-coating at 57 rps for 45 s before annealing at
100 °C on a hot plate for 100 min unless otherwise stated. The spin-coating and annealing
steps are summarized in Figure 4.3. Note that the film properties are tightly related to its
preparation, particularly to the annealing duration, a characterization in this regard will be the
subject of the section 5.2.

Figure 4.3 Schematic summarizing
the preparation of a MAPbI3-xClx
perovskite film.
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Methyl Ammonium Lead Iodide MAPbI3 perovskite
MAPbI3 solutions of different concentration 0.01 M, 0.05 M, 0.15 M, and 0.75 M (M=mol/L)
used in subsection 5.4.2 were obtained by dissolving MAI and PbI2 in a 1:1 ratio in a solvents
mixture of γ-butyrolactone (GBL) and dimethyl sulfoxide (DMSO) in a volume (v) ratio of
7:3 v/v. The solutions were provided by Oleksandra Shargaieva from Helmholtz-Zentrum
Berlin (HZB). In a glove box (HU Berlin), these solutions were deposited on PEDOT:PSS
pre-covered ITO substrates by spin-coating. 5 s before the end of the spin coating process,
toluene (Wako Chemicals GmbH) was dripped onto the substrate following the anti-solvent
method (see subsection 2.2.1). The obtained thin films were then annealed in the glove box at
100 °C for 10 min.
4.1.2 Mixed Methyl Ammonium Guanidinium Lead Iodide Perovskite
The methyl ammonium-guanidinium lead iodide MA1-xGuaxPbI3 perovskite films investigated
in subsection 5.3.1 contained different ratios of MA:Gua (1-x:x, x is the percentage of Gua in
decimal form). These samples were prepared by Alexander D. Jodlowski in the group of
Prof. Nazeeruddin (EPFL, Sion, Switzerland). Details concerning the experimental techniques
applied therein, except for PES (subsection 4.2.1), as well as about the device fabrication and
film preparation can be found in ref. [243]. Here, only a brief summary of the film preparation
is given in the following.
Fluorine-doped tin oxide (SnO2) substrates were solvent-cleaned and subsequently UV ozone
treated for 15 min. First, a compact hole blocking layer of TiO2 (bl-TiO2) was deposited by
spray pyrolisis; second, a mesoporous TiO2 (mp-TiO2) layer was deposited on top by spincoating, and third, tris(bis(trifluoromethylsulfonyl)imide) (Li-TFS) in acetronitrile was spincoated onto the mp-TiO2. A sintering step at up to 500 °C for 30 min followed each of these
three steps. Stoichiometric perovskite precursor solutions were prepared by mixing MAI,
GuaI, and PbI2 in N,N’-dimethylsulfoxide (DMSO) and by varying MAI:GuaI ratio from 1:0
to 0:1 with a constant PbI2 molarity of 1.25. The perovskite films fabrication is based on the
two-steps spin-coating method developed by Seok et al. [20], consisting of a first step at 1,000
rpm for 10 s, and a second step at 4,000 rpm for 30 s, followed by the dripping of 100 µL of
chlorobenzene onto the films 15 s before the end of the program. Afterwards, the substrates
were annealed at 100 °C for 45 min. For solar cell fabrication, the preparation is extended to
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the deposition of spiro-OMeTAD via spin-coating from a chlorobenzene solution, and the
evaporation of a 70 nm thick gold electrode.
4.1.3 Titanium Disulfide Nanoparticles as Hole Transport Material
Details about the experimental techniques used to investigate the TiS2 films used as HTM in
subsection 5.4.2, except for PES (subsection 4.2.1), as well as about the TiS2 synthesis and the
corresponding devices can be found in ref. [244]. Only a short summary of the synthesis of
TiS2 powder done by Aron J. Huckaba in the GMF group of Prof. Nazeeruddin (EPFL, Sion,
Switzerland) is given here. For the synthesis of the TiS2 nanoparticles, elemental sulfur in
pure oleylamine was slowly added to a preparation composed of TiCl4 solution and
oleylamine. The oleylamine molecules stabilize the nanoparticles [245]. The reaction that
takes place was quenched by placing the flask in water. Ethanol was added to the dark
suspension and the final precipitate was centrifuged. The obtained powder was dried under
strong N2 flow and stored in dark before being dispersed in toluene for solution-deposition by
spin-coating. Thin TiS2 films as used in the perovskite-based devices and thick TiS2 films
were measured by PES. Thick TiS2 film was prepared at HU Berlin from a dispersion of 40
mg/mL of the TiS2 powder in toluene. 50 µL of this TiS2 dispersion was drop-casted on a UV
ozone treated FTO glass substrate of ca. 1 mm × 1mm before letting it dry in a N2-filled glove
box for 45 min. The black film obtained therefrom was thicker than the spin-coated TiS2 films
used in devices. This film was transferred to the PES system without air exposure. The thin
TiS2 films were fabricated by Saba Gharibzadeh (Tarbiat Modares University, Theran) in the
GMF group of Prof. Nazeeruddin (EPFL, Sion, Switzerland) and were obtained by spincoating two and three layers of TiS2 dispersion at 10 mg/mL in toluene on perovskite and FTO
glass substrates, respectively.
The perovskite substrate the TiS2 film was deposited on consists of (FAPbI3)0.85(MAPbBr3)0.15
layer on FTO/c-TiO2/m-TiO2. The fabrication of the FTO/c-TiO2/m-TiO2 substrates followed
steps similar to those described in subsection 4.1.2 and can be found in detail in ref. [244].
The perovskite solution deposited on top was obtained based on the mixed composition
(FAPbI3)0.85(MAPbBr3)0.15 (FA=formamidinium, MA=methyl ammonium) with 5% of excess
in PbI2, dissolved in DMSO:DMF solvents (1:4 v/v) at 1.25 M. After a two-steps spin-coating
(first at 1000 rpm for 10 s, and second at 5000 rpm for 30 s) with chlorobenzene dripping 15 s
prior to the end, the perovskite films were annealed at 100 °C for 1 h.
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4.2

Experimental Setup

4.2.1 Photoelectron Spectroscopy Setups
Unless otherwise stated, all the samples prepared in the glove box were transferred to the PES
setup without air exposure by using a portable transfer rod at a residual N2
pressure ≤ 10-2 mbar. The main experimental system for PES measurements consist of an
interconnected UHV system (Omicron) at the Humboldt-Universität zu Berlin (see
Figure 4.4). A fast entry load-lock with a separate pumping system for achieving high vacuum
(HV) allows loading samples with the portable transfer rod or at ambient pressure. Thus,
samples can be transferred through a gate valve from the HV load-lock chamber to the
adjacent preparation chamber (base pressure < 10-9 mbar) without venting the latter. The
preparation chamber provides facilities for annealing up to 600 °C. Moreover, the preparation
chamber is equipped with evaporation sources and a quartz crystal microbalance that allow
depositing materials by thermal evaporation and monitoring the nominal thickness deposited
at each deposition step.

Figure 4.4 Schematic of the UHV system used in this work depicting the interconnected load-lock,
preparation, and analysis chamber.
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The preparation and load-lock chambers are each connected with a gas line that enables gas
admission into the respective chamber. The analysis chamber (base pressure 3 × 10-10 mbar)
is connected to the preparation chamber and is equipped with an X-ray source (Specs), a
differentially pumped He gas discharge lamp (HIS 13, Omicron), and a Phoibos 100 (Specs)
hemispherical analyzer. For the water, air, and oxygen exposure series in section 5.2, deionized water in a schlenk flask had been degased following a freeze-pump-thaw process;
after several cycles, the water dosing into the respective chamber was performed via a leak
valve. For low pH2O exposure, the sample was placed in the preparation chamber before
dosing water for exposure at 10-6 mbar for different time. For higher pH2O water exposure as
well as oxygen exposure, and high vacuum storage in the load-lock chamber, the base
pressure used was at 10-6 mbar. For air exposure, the sample was exposed by taking the
sample out of the vacuum system and leaving it at room temperature in the laboratory for the
indicated time. For pure oxygen exposure, pure oxygen at 50 mbar was introduced into the
load-lock chamber through a gas line.
The photoemission measurements were performed using a UHV apparatus (Omicron)
equipped with a dual anode (Al Kα and a Mg Kα) X-ray sources giving photon excitation
energy of 1486.6 eV and 1253.6 eV, respectively, with a line width of 0.85 and 0.7 eV,
respectively, for XPS measurement [220]. In this work, the Al Kα radiation was mostly used.
The analysis chamber is also equipped with a differentially pumped He-discharge UV source
(Omicron) from which the HeI line with an energy of 21.2 eV was used for UPS
investigations; the typical line width of HeI is below 10 meV. The UV light source can be
operated with an Al-filter placed in the beam path to attenuate the light intensity (by a factor
of 20 or 500 depending on the employed filter) when measuring sensitive samples in order to
avoid irradiation damage and/or sample charging. As these X-ray and UV sources are nonmonochromatic, they exhibit minor lines in addition to the respective main line, which are
listed in Appendix A. Consequently, for each main photoemission peak, these minor lines give
rise to satellites peaks or background intensities at definite binding energies and relative
intensities (Table A1, Appendix A). Note that in the case of the UV source, these relative
intensities depend on the pressure in the discharge lamp. For the UPS measurements, change
of the pressure in the discharge lamp was measured only indirectly by the pressure in the main
chamber. In this work, the background related to the HeI satellites is subtracted from the UPS
spectra by subtracting spectra that were first multiplied by the respective relative intensity
factor and then shifted by the corresponding binding energy difference with regard to the main
line.
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The XPS survey scans and core level spectra were recorded at pass energies of 50 and 20 eV,
respectively. For the UPS data, the secondary electron cutoff (SECO) at a pass energy of 2 eV
was recorded by applying a -10 V sample bias and a pass energy of 5 eV was used for the
valence region spectra. The binding energies for all photoemission spectra are referenced to
the Fermi level, which was calibrated by the Fermi edge of a metal.
The instrumental resolution of the UPS measurements is 170 meV. The resolution at a defined
pass energy of the hemispherical electron energy analyzer can be determined by measuring
the Fermi edge of a metal sample, such as polycrystalline gold sample, and by fitting the
Fermi edge with a convolution of a Fermi function at room temperature, i.e. at T = 300 K
(thermal energy of around 25 meV), and a Gaussian function. The width of the Gaussian
function corresponds to the instrumental resolution. The detector work function was
calibrated by measuring the Fermi edge by UPS and the Au 4f7/2 peak by XPS of a cleaned
(annealed or sputtered) polycrystalline gold sample. Accordingly, the position of the Fermi
level for UPS and XPS is corrected to match the 0 eV and 84 eV binding energy position,
respectively, of the above-mentioned levels.
The XPS measurements in subsection 5.4.2 were performed with a JPS-9030 hemispherical
photoelectron spectrometer (Jeol) instrument by using a monochromatic Al Kα X-ray source
in the analysis chamber at a base pressure of 2 × 10-9 mbar. The overall resolution was
1.25 eV, as determined from the full-width half-maximum of the Ag 3d5/2 core level at a pass
energy of 30 eV. The XPS peak fitting was performed according to a mixture of Gaussian and
Lorentzian peak shape, and by subtracting a Shirley-type background.
4.2.2 ToF-SIMS Setup
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) measurements were carried
out with Yan Busby in the Research Center in the Physics of Matter and Radiation (PMR) of
Prof. Pireaux at the University of Namur, Belgium. The measurements were performed using
a dual beam TOF.SIMS IV instrument from IONTOF. The dual beam depth profiling was
operated in non-interlaced mode by using a 25 keV Bi3+ primary beam for the analysis step
followed by the sputtering step with a 500 eV low-energy Cs+ ion beam. The primary ion
beam is from a liquid metal ion source with Bismuth for Bi3+ ions production. The depth
profiles in section 5.1 are built by alternating acquisition and sputtering (for 10 s and 5 s for
S-10 and S-100, respectively) steps on 250 × 250 µm2 and 125 × 125 µm2 analysis areas for
S-10 and S-100, respectively. The lateral resolution is about 1 µm and the in-depth resolution
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is about 1 nm. At each acquisition, the total secondary ions spectrum in the range of mass-tocharge ratio 1 < 𝑚𝑚/𝑞𝑞 < 800 a.u. is collected from the sample’s few topmost atomic layers.

Thereafter, the molecular species present are identified by separating their respective mass-tocharge ratio. Semi-quantitative ToF-SIMS profiles representing the ions intensities as a
function of sputter time (depth) can thus be reconstructed. Besides, 2D color-scaled maps can
be reconstructed to depict the spatial distribution of an ion, as previously described in

Figure 3.7. Thus, a 2D XY map represents the depth-integrated intensity of the ion and a 2D
YZ map allows a cross-sectional visualization of the ion depth distribution along X or Y cuts.
4.2.3 GIXRD Setup
The grazing-incidence X-ray diffraction (GIXRD) measurements in the scope of this thesis
were carried out with Ingo Salzmann (formerly HU Berlin). The GIXRD setup used for
structure characterization was the diffraction endstation of the beamline KMC-2 at the
synchrotron radiation facility BESSY II at the Helmholtz-Zentrum Berlin für Materialien und
Energie GmbH (HZB, Germany). A primary beam wavelength of λ=0.1 nm and a twodimensional Vantec 2000 area detector were used to record the diffraction intensities. The
acquisition was performed under N2 flux to reduce beam damage. The sample to detector
distance was 336 mm. The setup allowed simultaneously covering a range in the reciprocal
space of ca. 2 Å-1 in both qz and q|| direction [246]. The acquisition time for the measurements
in section 5.1 was 900 s. In the case of the in situ GIXRD measurements during water
exposure in section 5.2, the perovskite sample was placed on a sample holder inside a closed,
custom-made container, which has two windows both covered with Kapton foil for the
incident and diffracted beams. A water bath of de-ionized water was around the sample
holder. The change of the relative humidity (RH) over time inside the container was measured
ex-situ by using a humidity sensor (HIH-4021) from Honeywell under similar conditions.
4.2.4 Complementary Experimental Setups
A Kelvin Probe (KP) setup from KP Technology was used for contact potential difference
(CPD) measurements. The CPD between the Kelvin Probe tip and the sample surface is
determined by measuring the current flow induced by the tip vibration, the CPD then
corresponds to the applied voltage needed to nullify this current. The work function of the tip
is calibrated for each measurement with a gold test sample which has a work function of ca.
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4.8 eV as determined by PYS (see following paragraph). For each sample, the reported CPD
value is an average of CPD measurements performed at 2 to 3 different spots of the sample
surface. Note that each measurement actually consists of a measurement of several data points
(over time). The measurements data are gathered in Appendix B and only the extracted CPD
is given in the text.
Photoelectron Yield Spectroscopy (PYS) measurements in air were conducted using an AC-2
photoemission spectrometer by RKI Instruments in the photon energy range between
4 and 6 eV. The selected UV light intensity is between 5 to 50 nW for different measurement.
The work function (ionization energy) of metals (semiconductors) is determined by the onset
of the (photoelectron) yield1/2 (yield1/3) plotted as a function of the photon energy.
An Atomic Force Microscopy (AFM) setup from Bruker was employed to determine the
morphology of film surfaces. The micrographs were acquired by selecting the ScanAsyst
mode. This mode is based on the peak force tapping mode with the additional advantages of
the continuous monitoring of the image quality and, accordingly, the automated adjustments
of the measurement parameters. The corresponding ScanAsyst Air tip has a nominal radius of
2 nm and is integrated to a silicon nitride cantilever. The AFM data were processed by using
Gwyddion 2.39. The AFM measurements corresponding to the data shown in subsection 5.4.1
were performed by Yerila Rodríguez (University of Havana, Cuba).
Optical absorption spectroscopy measurements in air were carried out using a Lambda 950
UV/Vis/NIR spectrophotometer from Perkin Elmer Inc. The optical band gap is determined
from the absorption spectrum onset, which corresponds to the point where the baseline
intersects with the linear part of the feature at the onset. The optical data shown in subsection
5.4.1 were aquired by Yerila Rodríguez (University of Havana, Cuba).
In the frame of collaborative studies, some of the results shown in the section 5.3 were
collected from and in the group of Prof. Nazeeruddin (EPFL, Sion, Switzerland). These
results include measurements data acquired by means of following methods by following
people: Raman and photoluminescence (PL) spectroscopy by Giulia Grancini from EPFL
(Sion, Switzerland), XRD by Gustavo de Miguel from the Universidad de Córdoba (Córdoba,
Spain), Saba Gharibzadeh (Tarbiat Modares University, Theran) and Aron Huckaba from
EPFL (Sion, Switzerland), UV-vis-IR spectroscopy by Gustavo de Miguel, scanning electron
microscope (SEM) by Cristina Roldán-Carmona from EPFL (Sion, Switzerland), energy| 83
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dispersive X-ray (EDX) spectroscopy by Emad Oveisi from EPFL (Sion, Switzerland).
Moreover, device performance was established using a solar simulator. Details about the
corresponding setups used can be found in refs. [243, 244].
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Results and Discussion

As discussed in section 2.2, hybrid organic-inorganic perovskites are a very promising class
of material for application in photovoltaics and related optoelectronic devices, owing to the
versatility of these materials and their optoelectronic properties. These properties are based on
the perovskite structure, and are, therefore, related to the formation of the perovskite material
itself. The viability of perovskites as alternative materials for photovoltaics application is
essentially assessed based on the lifetime of the perovskite-based solar cells. In turn, this
lifetime directly depends on the stability of the perovskites in ambient environment and on the
reproducibility of their properties for reliable property-function assessments. These two
processes, formation and environmental effects, and particularly their impact on the electronic
structure of perovskite films, are the core topic of the thesis. Additionally, the electronic
properties of new perovskite materials with enhanced environmental stability and hole
transport materials newly applied for low-cost application in PSCs, were investigated in the
scope of the thesis.
At this point, it is noteworthy to remind the peculiarity in the determination of the valence
band onset, i.e. the VBM, as already discussed in subsection 3.1.2. Due to a large dispersion
at the top of the valence band, lead-halide based perovskites have been reported to likely
exhibit a low DOS at the VBM [150]. Consequently, it has been suggested that the
extrapolation of the VBM position from a logarithmic intensity scale more accurately reflects
the actual VBM value, instead of the conventionally applied extrapolation from a linear scale.
[150] Note that both methods are applied in the literature. In the present thesis, comparison
between both methods was done and can be found in the Appendix B. Indeed, an offset of the
absolute VBM values up to 300 meV was observed between both methods. For instance, the
valence band spectrum shown in Figure 5.15, which exhibits a VBM of 1.71 eV below EF
from the linear scale – which indicates a strongly n-type property, considering a band gap of
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1.70 eV [111, 247] – exhibits a VBM of 1.51 eV on a logarithmic scale (Figure B3,
Appendix B). Although the absolute VBM values were different depending on the intensity
scale, the trends in their respective shift throughout the different experiments on perovskite –
i.e. film formation, different ambient exposures, composition, and preparation – remain the
same (Appendix B). Therefore, since the present work is more importantly focused on the
relative changes in the electronic properties of perovskite films, the method for valence band
determination (whether linear or logarithmic) does not affect the interpretation of the results.
Thus, the valence band spectra are shown on a linear intensity scale throughout this result
chapter. This is also done for consistency and for optimal readability throughout all sections
of the present chapter since several valence band spectra needed to be shown on a linear scale
to discuss their features (e.g. sections 5.2 and 5.3) or to depict them with other materials
(sections 5.3.2and 5.4). As aforementioned, the logarithmic plot of the valence spectra of all
the investigated perovskite films can be found in the Appendix B.
Section 5.1 of this chapter addresses the formation of methyl ammonium lead mixed halide
perovskite MAPbI3-xClx films obtained from a mixture of MAI and PbCl2 with the emphasis
on the role of chlorine in the film formation. With this aim, different methods were combined
to correlate the film composition with the structural, morphological and electronic properties
of the perovskite films. Section 5.2 deals with the reproducibility and stability issues of
perovskite films by monitoring its electronic properties in different environments, namely
upon water, oxygen, and air exposure. The results are discussed regarding possible occurring
interactions and phenomena at the film surface. Section 5.3 is divided in two subsections,
each focused on the characterization of a new perovskite material – methyl ammonium
guanidinium MA1-xGuaxPbI3 perovskite – in subsection 5.3.1 and a hole transport material –
titanium disulfide TiS2 nanoparticles – in subsection 5.3.2, respectively, for application in
perovskite-based solar cells. Note that in the latter section (section 5.3), the author’s
contribution is restricted to the PES results. The results chapter is completed by the results
from additional experiments in section 5.4 that can prompt further studies. Subsection 5.4.1
investigates the effect of different solvents on perovskite film properties in order to assess
their potential suitability for the deposition of hole transport materials from solution onto
perovskite films. Finally, the subsection 5.4.2 shortly summarizes the results of experiments
conducted to obtain films with decreasing thickness by solution dilution. This strategy was
tested with the eventual aim of investigating the energy level alignment between PEDOT:PSS
and perovskite.
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5.1

Role of Chlorine in the Formation of Methyl Ammonium Lead Mixed Halide
Perovskite

This section is based on the results published in ref. [230]. Additional considerations such as
the results presented in Figure 5.1 and Figure 5.12, have been incorporated into the section.
Moreover, the interpretation of the results has been enriched by more recent literature.
Beyond the high-efficiency of HOIP-based solar cells, the solution processability of HOIPs is
one important feature that makes them viable candidates as active materials for large-scale
application in solar cells. Commonly, in order to obtain a crystallized film, spin-coated films
are thermally annealed at temperatures as low as 100 °C. Both the spin-coating and thermal
annealing steps are decisive for the formation of a crystallized perovskite film with the
attractive properties as enumerated in section 2.2. The standard MAPbI3 is generally obtained
from a mixture of the methyl ammonium iodide (MAI) and lead iodide (PbI2). In 2012, the
substitution of PbI2 with lead chloride (PbCl2) and the excess of MA in a MAI:PbCl2 molar
ratio of 3:1 resulted in the formation of the perovskite absorber denominated methyl
ammonium lead mixed halide perovskite (CH3NH3PbI3-xClx or MAPbI3-xClx) [13]. In
comparison to the single halide MAPbI3 perovskite, the mixed halide perovskite MAPbI3-xClx
films exhibited long-range crystallinity [13], considerably improved charge transport
properties [14], and increased electron-hole diffusion lengths exceeding 1 µm, that is,
differing by one order of magnitude from the electron-hole diffusion lengths of ca. 100 nm of
MAPbI3 in earlier studies [16]. These enhanced properties upon introduction of chlorine in the
preparation also result in enhanced solar cell performance [14, 16]. Importantly, these earlier
studies all point to two striking conclusions, namely that no or a negligible amount of chlorine
was detectable in the final MAPbI3-xClx films [14, 20–22], and that the final films actually
mainly consist of MAPbI3 [13, 19, 20]. One observed pathway for this “chlorine loss” is the
release of Cl through the sublimation of methyl ammonium chloride (MACl) during thermal
annealing, which points out the role of chlorine in the removal of the excess of MA from the
non-stoichiometric precursor solution [15, 26, 27]. Unger et. al. directly observed a white
residue deposited on a petri dish used to cover MAPbI3-xClx samples during the thermal
annealing; the white residue was characterized as MACl [27]. Similarly, an ITO-substrate
fixed inside a petri dish covering MAPbI3-xClx samples during annealing in the glove box was
overlaid with a white film, which has been characterized by PES (Figure 5.1). The work
function deduced from the SECO spectrum, and the valence band spectrum of the film are
distinctly different from those of the underlying ITO-substrate (Figure 5.1a-b), thus
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evidencing the presence of another material on the ITO-substrate, labeled as MACl in Figure
5.1. Since the Sn 3d and In 3d core level peaks from the ITO are still detected (Figure 5.1f),
the white film likely covers the ITO-substrate in a rather inhomogeneous manner. The XPS
core level spectra of Cl 2p, C 1s, and N 1s in Figure 5.1c-e all indicate the presence of MACl
(CH3NH3Cl). It is noteworthy that no iodine signal was detected in the survey spectrum. The
MACl removal from the film during annealing slows down the perovskite film formation and
therefore allows the growth of large crystal domains [15]. However, it has been suggested and
indicated that chlorine is still present not only inside the perovskite film bulk, but also at the
perovskite/substrate interface, and that it modifies the electronic properties there [14, 28, 29,
248]. In short, the key role of chlorine in MAPbI3-xClx is related to its behavior during the
annealing process and to its location within the final film after crystallization. Several studies
focused on the elucidation of the crystallization pathway during the annealing process reveal
the occurrence of an intermediate phase during the crystallization of MAPbI3-xClx and its
impact on film formation [15, 23–25]. The nucleation and growth processes have been
investigated,[30] and the influence of chlorine on the morphology of the MAPbI3-xClx
perovskite films has been analyzed [22]. Despite this, a full description of the critical role of
chlorine has not been established yet. Particularly, the depth profiling of the MAPbI3-xClx
perovskite for characterizing its bulk properties has only been sparsely explored except for a
few studies [249, 250].

Figure 5.1 Photoemission spectra of a reference ITO sample and of a ITO sample placed above a
MAPbI3-xClx sample prepared from solution during annealing; the latter ITO sample was covered with
a white film thereupon and is here designated as MACl. Although no structural characterization was
done to confirm the presence of MACl, comparison with literature and the a) SECO and b) valence
band spectra, as well as the c) Cl 2p, d) C 1s, and e) N 1s core level spectra detected by XPS support
this assumption. f) XPS survey spectra indicate signals from the ITO substrate.
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Monitoring any possible evolution of the bulk composition during annealing would not only
give valuable information about the mechanisms underlying the crystallization process of
MAPbI3-xClx but would also constitute an essential contribution towards the rationalization of
the role of chlorine in chlorine-based perovskites. This first part of the results chapter is
dedicated to the investigation of the MAPbI3-xClx film formation with an emphasis on the
investigation of the bulk composition of the perovskite film after different annealing times,
that is, before and after complete film crystallization. By means of three dimensional (3D)
imaging with time-of-flight secondary ion mass spectrometry (ToF-SIMS), the lateral
composition and the composition throughout the depth of the films are spatially resolved
(subsection 5.1.2). The ToF-SIMS results at different stages of the crystallization process are
correlated with concomitant changes in crystal structure (subsection 5.1.1), morphology
(subsection 5.1.2), and electronic structure (subsection 5.1.3), as investigated by grazing
incidence X-ray diffraction (GIXRD), atomic force microscopy (AFM), and ultraviolet, and
X-ray photoelectron spectroscopy (UPS, and XPS). The correlation between the changes of
the different properties not only reveals the location of the chlorine in the final films but also
corroborates its role during crystallization and in the final film.
5.1.1 Structural Evolution Upon Crystallization
X-ray diffraction is the commonly used method to assess the formation of the perovskite
structure. Perovskite films obtained from a one-step solution deposition and subsequently
thermally annealed at a constant temperature of 100 °C for different times are characterized
by GIXRD. The X-ray diffraction data analysis and simulations in this work have been done
by Ingo Salzmann (previously from HU Berlin).
The two-dimensional (2D) GIXRD maps of a not-annealed sample, here denominated as
pristine (0 min), and three other samples annealed at 100 °C for 10 min, 30 min, and 100 min,
respectively, are shown in Figure 5.2. All four samples exhibit a pronounced fiber texture
growth, as deduced from the discrete regions with increased intensity on the diffraction rings
in the 2D patterns (Figure 5.2a-d). This type of texture means that a well-defined
crystallographic plane, here the (001), of the actual crystal structure is oriented parallel to the
surface of the substrate [251], in other words, the crystallites in the polycrystalline films
exhibit a common plane, which is preferentially oriented along the substrate surface normal,
but their azimuthal orientation is random (see section 3.3). The recorded diffraction rings have
been indexed with both tetragonal and (pseudo-)cubic polymorphs of MAPbI3 [32], as shown
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in the simulated data in Figure 5.2e, and Figure 5.2f. The calculated positions of the (211) and
(202) reflections in a tetragonal structure, as well as the peak positions expected for a
tetragonal polymorph with a (001)-texture are shown in Figure 5.2e. In the case of a cubic
perovskite crystal structure, no diffraction intensity is expected at the position of the observed
(211) reflection [116], thus supporting the presence of a tetragonal perovskite polymorph in
the samples investigated here. However, for a tetragonal perovskite crystal structure, the
calculated structure factor, and hence the intensities, of the (211) and (202) reflections are
identical, which is not the case here. Indeed, for the 2D patterns in Figure 5.2a-d, the
diffraction intensity at the expected (211) reflection position (dotted white circles) is
negligible in comparison to that at the (202) reflection position.

Figure 5.2 2D GIXRD patterns of MAPbI3-xClx perovskite films after: a) perovskite solution
deposition by spin-coating (0 min annealing time), b) 10 min annealing (S-10), c) 30 min annealing,
d) 100 min annealing (S-100) at 100°C. e) Simulated diffraction pattern of tetragonal perovskite
featuring the expected position of the (211) reflection [see also dotted circles in c) and d)], and the
(001) fiber texture (crosses). f) Calculated Debye-Scherrer rings of (pseudo-)cubic perovskite. The
arrows (pre) in a) and b) indicate the features assigned to the “crystalline precursor structure” still
observable at short annealing time. The arrow in d) indicates the diffraction intensity corresponding to
PbI2. 2D maps processed and analyzed by Ingo Salzmann (formerly HU Berlin) and reproduced from
ref. [230] – Published by the PCCP Owner Societies.

90 |

5.1. Role of Chlorine in the Formation of Methyl Ammonium Lead Mixed Halide Perovskite
Therefore, the dominant polymorph in these investigated samples is rather the (pseudo-)cubic
perovskite polymorph with a (001)-texture, which is also supported by the calculated DebyeScherrer rings for (pseudo-)cubic perovskite, that reasonably match the experimental data, as
shown in Figure 5.2f. It is noteworthy that the observed (pseudo-)cubic perovskite structure
here is not the structural phase expected for MAPbI3 at room temperature, since MAPbI3 is
commonly found to be in the tetragonal perovskite phase at room temperature and to undergo
a phase transition to cubic perovskite phase only above 54 °C (see subsection 2.2.1). This
observed cubic structure of MAPbI3-xClx at room temperature has been proposed to be due to
the incorporation of chloride that likely involves a lowering of the tetragonal-to-cubic
transition temperature and stabilizes the cubic phase [252–255]. Further investigations are
required to clarify the underlying processes.
Both the pristine and the 10 min (S-10) annealed samples already feature the MAPbI3 cubic
perovskite diffraction rings (Figure 5.2a-b), thus evidencing the formation of a MAPbI3
perovskite phase already at room temperature, and upon short time annealing. Moreover, after
comparison with the calculated diffraction rings of (pseudo-)cubic perovskite, it is evident
that both samples also exhibit additional diffraction features; which have been referred to as
“crystalline precursor structure” in earlier studies [24, 256]. One of these diffraction features
observed at 𝑞𝑞 = 1.1 Å−1 can actually be assigned to the methyl ammonium lead chloride

(MAPbCl3) perovskite, which is an intermediate phase generally observed during

MAPbI3-xClx film formation [19, 25]. The remaining additional precursor features (referred to
as “pre” in Figure 5.2a-b) cannot be indexed with any of the starting materials, i.e. CH3NH3I
and PbCl2 [257, 258]. In an attempt to resolve the intermediate crystalline structure, a more
recent work independent of the present study estimated the precursor features to correspond to
those of a 2D perovskite structure formed by (CH3NH3)2PbI2Cl2•CH3NH3I (or
MA2PbI2Cl2•MAI) [259]. This 2D perovskite structure is crystallographically aligned along
the substrate surface normal and consists of zigzagged [PbI4Cl2] octahedra and sandwiched
MAI layers.
The samples annealed for 30 min and 100 min (S-100) do not exhibit any further features
related to the crystalline precursor structure and their 2D diffraction patterns mainly consist of
the perovskite structure, thus, indicating the complete crystallization of the film into MAPbI3
perovskite (Figure 5.2c-d). A weak diffraction ring at 𝑞𝑞 = 0.9 Å−1 is observed for S-100,

which corresponds to PbI2 [260]. PbI2 might originate from partial degradation of the
perovskite film upon annealing [24]. It is important to note that all the mixed-halide
MAPbI3-xClx perovskite films investigated in the scope of this thesis have been prepared
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following the same procedure, and films characterized by GIXRD all exhibit similar crystal
structure with a fiber texture.
In the context of film formation during thermal annealing dealt with in the present section 5.1,
the structure of the investigated films undergoes significant changes between 10 min
annealing (S-10 sample) when MAPbI3 perovskite structure and additional crystalline
structures are still observed, and 100 min annealing (S-100 sample), when the MAPbI3
structure is the only structure observed (except for the PbI2 generation) and no further
structural change occurs. Thus, in the following, the spatially-resolved composition, the
morphology, and the electronic structure of S-10 and S100 are comparatively investigated in
order to better understand the processes happening before and after complete film formation.
5.1.2 Depth Composition and Morphology Upon Annealing
In order to determine the 3D chemical composition of perovskite films upon annealing, ToFSIMS depth profiling was performed on perovskite samples before (10 min annealing, sample
S-10), and after (100 min annealing, sample S-100) complete film crystallization. The ToFSIMS measurements were carried out with Yan Busby (University of Namur). As previously
described in section 3.2, the ToF-SIMS depth profiling consists of cycles of two alternating
steps; the analysis of a 2D area, i.e. in-plane resolution, to obtain a 2D mapping of the
elemental composition of this area, and the sputtering for a definite time along the surface
normal of this very area in order to subsequently analyze a deeper lying area, and resolve the
in-depth composition. Therefore, the resulting ToF-SIMS profile consists of data points over
sputter time, where each data point represents the total intensity of the selected secondary ion
over each analyzed 2D area. The sputtering was carried out with a low-energy Cs+ beam
which enables the sputtering of organic and inorganic materials with comparable sputtering
rates [261–263]. Thus, the sputtering rate is assumed to be constant within a probed material
and the sputter time can be directly translated into the sample depth. The absolute intensities
of the secondary ions acquired by ToF-SIMS here are not quantitatively comparable;
however, valuable qualitative and semi-quantitative information can be obtained by this
method. ToF-SIMS profiles of S-10 and S-100 are shown in Figure 5.3. In order to identify
the different layers and other compounds possibly present within the samples, fragment ions
have been selected accordingly while avoiding mass overlaps. For both S-10 and S-100, the
organic CN- and the inorganic PbI3- were selected to identify the MAPbI3 perovskite phase.
CN- can also originate from other methyl ammonium-containing compounds potentially
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present in the samples, such as MAPbCl3 perovskite, MACl, or MAI. C4H4S- and In2O2- were
selected to identify the PEDOT:PSS, and ITO layers, respectively. Additionally, the signal
distribution of PbCl3- was reconstructed to identify any compound that potentially remained
or stemmed from the starting material PbCl2 in S-10. In all cases,

37

Cl- was selected to

identify chlorine.
The ToF-SIMS profile of S-10 in Figure 5.3a reveals fairly constant signal intensities from
PbI3-, PbCl3-,

37

Cl-, and CN- (all assembled under the term “Perovskite” in Figure 5.3 for

simplification) during the entire sputtering process. Hence, the top layer in S-10 is a
precursor/perovskite film which consists of a MAPbI3 perovskite phase, and MA- and PbCl2 related compounds. Interestingly, signal intensity from C4H4S-, i.e. from the underlying
PEDOT:PSS substrate, is also detected already from the beginning of the ToF-SIMS depth
profiling. The same observation was made for S-100 (Figure 5.3b), thus demonstrating the
high sensitivity of ToF-SIMS (up to 1 ppm) in comparison to other surface composition
characterization methods such as XPS. By means of the latter method no appreciable sulfur
signal corresponding to the PEDOT:PSS layer was detected for both samples (see below in
Figure 5.10d). These observations indicate that the PEDOT:PSS layer is not entirely covered
by the perovskite layer, which allows detection of the signal from the underlying PEDOT:PSS
from the beginning. Whereas the C4H4S- intensity in S-10 is flat after an initial increase, and
then drops around 250 s sputter time, inversely, the C4H4S- intensity in S-100 is flat, then
increases around 250 s sputter time.
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Figure 5.3 ToF-SIMS depth profiles of the samples annealed at 100°C for a) 10 min (S-10), and b)
100 min (S-100). The PbI3-, C4H4S-, and In2O2- ions are selected to identify the perovskite,
PEDOT:PSS, and ITO layers, respectively. S-10 in a) additionally features the profile of PbCl3indicating the presence of lead chloride-based compound. In contrast, the profiles in b) allow the
distinction between the layers by setting the interfaces at the region where the intensity of the
respective characteristic ion reaches 80% of its maximum value (vertical lines). Reproduced from ref.
[230] – Published by the PCCP Owner Societies.
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The above observations can be rationalized by analyzing the morphology of S-10 and S-100
samples evaluated with AFM (Figure 5.4). The AFM micrograph of a not-annealed sample is
also shown in Figure 5.4a, which reveals needle-like structures with large voids, thus resulting
in high roughness of RS = 90 nm. It is important to stress that the film morphology and
surface roughness can impact on the ToF-SIMS results through non-uniform intensity
distribution, which can be misleading in the interpretation of the results [229]. Here, the
roughness of the films is significantly reduced with increasing annealing time, that is to RS =
46 nm after 10 min, and to RS = 23 nm after 100 min (Figure 5.4b-c.). The improved surface
roughness allows drawing more reliable information. Furthermore, in comparison to S-100,
the AFM micrograph of S-10 confirms more inhomogeneous film coverage after 10 min
annealing, as deduced from the observed pinholes and cavities (see black circles and squares
in Figure 5.4b). The initial surface corrugation due to such surface irregularities is preserved
throughout the sputtering process. As a result, the C4H4S- signal from the underlying
PEDOT:PSS layer is detected from the beginning and simultaneously with the signal from the
perovskite layer during the whole sputtering process. Accordingly, In2O2- signal from the ITO
under the PEDOT:PSS layer is also detected as soon as the PEDOT:PSS layer has been
sputtered.

Figure 5.4 AFM micrographs of a) not-annealed sample (0 min annealing), and samples annealed at
100°C for b) 10 min (S-10), and c) 100 min (S-100). Squares and circles in b) point out the cavities
and holes at the surface of sample S-10. d) UV-visible absorption spectra of MAPbI3-xClx samples
annealed for different times. a-c) are reproduced from ref. [230] – Published by the PCCP Owner
Societies.

In the case of S-100, although the C4H4S- signal from the PEDOT:PSS is also detected from
the start, the intensity plateau is reached only at ~300 s sputter time (Figure 5.3), which
indicates that the PEDOT:PSS layer can be well discriminated from the perovskite layer due
to the improved morphology after 100 min annealing. Indeed, by setting the respective
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interfaces up to regions where the intensities from the respective layer are higher than 80% of
the respective maximum value, the individual layers in the ToF-SIMS profiles (Figure 5.3b)
can be much better discriminated than in the case of S-10.
It is noteworthy that the perovskite film and morphology evolution can also be perceived in
the UV-Vis absorption spectra of not-annealed (0 min), 10 min, and 100 min samples shown
in Figure 5.4d. The absorption capacity increases with annealing time, i.e. with the perovskite
formation. Particularly at longer wavelength around 780 nm, whereas the band edge is
discernable for the 100 min annealed sample, the spectrum in this wavelength region is almost
flat for both 0 min and 10 min annealed samples; the pronounced non-zero background can be
attributed to light scattering effects and poor surface coverage of the perovskite.
Importantly, the ToF-SIMS measurements allow information to be gleaned about the behavior
of chlorine upon annealing. In the case of S-10 (Figure 5.3a), the 37Cl- signal follows the same
trend as the detected PbCl3- signal, indicating that both ions likely stem from the same
species. In the case of S-100 (Figure 5.3b), the

37

Cl- signal intensity is slightly above the

detection limit in the perovskite region. Such low signal intensity can come either from
minute amount of residual chlorine or, more likely, from contamination, since the ionization
yield of Cl- is very high in ToF-SIMS. However, around 250 s sputter time, the

37

Cl- signal

increases from the perovskite region towards the PEDOT:PSS region, where the signal
reaches its maximum intensity. This

37

Cl- distribution reveals a significant accumulation of

chlorine towards and within the PEDOT:PSS layer, which is supported by the similar trends
of the

37

Cl- and C4H4S- signals. Moreover, it is important to stress that the high chlorine

concentration detected in the PEDOT:PSS layer originates from the precursor/perovskite layer
and is not inherent to the pristine PEDOT:PSS layer itself, which is demonstrated by
exploiting semi-quantitative information obtained by ToF-SIMS. Indeed, the comparison in
Figure 5.5 of the 37Cl-/C4H4S- ratios within a comparably large PEDOT:PSS region in the S100 sample and in a pristine PEDOT:PSS sample results in a 18 times higher ratio in S-100.
Thus, it is confirmed that chlorine originates from the perovskite precursor and accumulates
into the PEDOT:PSS layer during annealing, and finally remains there even after complete
crystallization of the MAPbI3-xClx perovskite film.
The “chlorine loss” in the final MAPbI3-xClx perovskite film has been the focus of several
studies [15, 22, 264]. It has been observed that during the annealing step, chlorine is released
from the perovskite film through the sublimation of MACl [15, 27, 264], as also suggested by
the PES results in Figure 5.1. Although the presence of residual chlorine within the
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MAPbI3-xClx perovskite samples have been experimentally assessed by different methods
such as X-ray absorption near-edge structure (XANES) [248], or hard X-ray photoelectron
spectroscopy [29], the location of chlorine within the film is still poorly described.
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Figure 5.5 ToF-SIMS depth profiles of a) the S-100 sample, as extracted from Figure 5.3b, and b) a
pristine PEDOT:PSS film on a ITO substrate. The comparison of the intensity ratios 37Cl-/C4H4S- in the
PEDOT:PSS layer, here delimited by the vertical dotted lines, for both samples yields a 37Cl- content
18 times higher in S-100 than in the pristine PEDOT:PSS sample. Reproduced from ref. [230] –
Published by the PCCP Owner Societies.

The present ToF-SIMS study allowed tracking of the location of chlorine throughout the
entire perovskite layer depth, towards and within the PEDOT:PSS hole transport layer. The
presence of chlorine can strongly impact on the perovskite film properties. The presence of
even a low concentration of chlorine has been reported to improve the charge-transport
properties in perovskite films [14]. Additionally, the presence of chlorine at the interface
between the perovskite and the TiO2-substrate can promote the charge collection at this
interface [28]. It is noteworthy that the 37Cl- distribution observed here resembles the chlorine
diffusion observed by ToF-SIMS in mesoporous TiO2 of a perovskite-based solar cell with a
mesoporous structure [249]. Consequently, the increase of chlorine amount towards the
perovskite/substrate interface and within the substrate appears to be independent of substrate
and device configuration, thus providing a possible explanation for the prominence of mixedhalide MAPbI3-xClx perovskite-based solar cells by comparison with their single halide
MAPbI3 perovskite counterpart. However, it is noteworthy that the exact nature of the impact
of chlorine at the aforementioned interfaces likely depends on the respective substrate.
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So far, the depth profiling measurements have provided information about the composition of
the samples along the surface normal and about the location of the different ions. Additionally,
the ToF-SIMS analysis can be extended to the analysis of the in-plane (XY) and lateral (ZY)
composition for a complete 3D spatial resolution, where XY defines the plane corresponding
to the sample surface, and Z refers to the axis along the surface normal and directed towards
the substrate, as explained in subsection 4.2.2 and in Figure 3.7. The depth-integration of the
intensity of a secondary ion over a given area results in a 2D map. 2D maps of PbI3-, PbCl3-,
CN-, and CH3NH2I- (deprotonated MAI) for S-10 are shown in Figure 5.6. In all cases, a
lateral phase separation can be deduced from the existence of one region with high intensities,
and another with lower intensities. Particularly for PbI3-, and PbCl3- (Figure 5.6a-b), one
distinguishes between two pronounced regions; a region A (red squares) with high PbI3- and
low PbCl3- intensities, and another region B (blue circles) with inversely high PbCl3- and low
PbI3- intensities.

Figure 5.6 Reconstructed ToF-SIMS 2D maps for a) PbI3-, b) PbCl3-, c) CN-, and d) CH3NH2I- ions, to
identify lead iodide-, lead chloride-, methyl ammonium-, and methyl ammonium lead iodide-related
compounds, respectively. The lateral resolution is ca. 1 µm. Regions A (red squares) indicate regions
with high PbI3- and CN- intensities and low PbCl3- intensity; and inversely, regions B (blue circles)
indicate regions with high PbCl3- and CN- intensities and low PbI3- intensity. The same color scale is
adopted for the 2D maps of PbI3-, PbCl3-, and CN-, and a different one for the 2D map of CH3NH2I-.
Illustration by Yan Busby (University of Namur), adapted by the author and reproduced from ref.
[230] – Published by the PCCP Owner Societies.

Therefore, one can deduce a phase separation between a region A that corresponds to the
formed MAPbI3 perovskite phase, as determined by GIXRD in subsection 5.1.1; and a region
B that corresponds to a PbCl3--related phase. This latter phase likely originates from the
fragmentation of the intermediate MAPbCl3, as established for S-10 by GIXRD in the
previous subsection 5.1.1. Although PbCl2 was not detected by GIXRD, it is not completely
ruled out that the PbCl3- ions partially derive from minute amounts of PbCl2 remaining from
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the original organic compound in the precursor/perovskite film. Indeed, PbCl2 -based
perovskite precursor solution was found to contain a certain amount of un-dissolved PbCl2 as
nanoparticles [30], which then act as nucleation centers, promoting the growth along a
preferred orientation and the formation of perovskite films with large crystalline domains
upon annealing.
The 2D map of CN- in Figure 5.6c displays high CN- signal intensities in both previously
described regions A and B, thus indicating that CN- is present in both regions. In region A
where the MAPbI3 phase predominates, CN- can be assigned to the fragmentation of MA in
MAPbI3. CN- in this region might also originate from traces of MAI (compound in excess in
the original precursor solution), as supported by the 2D map of the reconstructed CH3NH2I(de-protonated MAI) in Figure 5.6d, which indicates a similar spatial distribution of MAI to
the one of PbI3-. In region B where the PbCl3--related phase predominates, CN- is assigned to
the intermediate MAPbCl3 in S-10 (see subsection 5.1.1). Thus, the precursor/perovskite film
in S-10 is characterized by two phase-separated regions; a region A with mainly the formed
MAPbI3 perovskite phase, and possibly unconverted MAI; and a region B dominated by the
intermediate MAPbCl3 phase with possible traces of PbCl2. This conclusion is consistent with
the topotactic transformation occurring during MAPbI3-xClx film formation suggested by
Williams et al.[22] and Moore et al. [26]. The described transformation presupposes the
presence of a chloride-rich phase and a peripheral iodide-rich phase at the early stage of the
annealing. During annealing, MA+ and I- from the iodide-rich phase diffuse to the chloriderich phase, where I- replaces Cl- at its position, and Cl- is released from the film as MACl.
Subsequently, a more stabilized iodide-rich phase evolves with enhanced film crystallization,
in comparison to MAPbI3 perovskite obtained from chlorine-free synthesis. Therefore, the
intermediate chloride-rich phase – correspondingly the intermediate MAPbCl3 in the ToFSIMS results – acts as a preceding structural template for the final MAPbI3 perovskite. In
contrast to these previous studies, the particular outcome of the present ToF-SIMS analysis is
the resolution of the spatial distribution of the perovskite film composition, which points out
the lateral coexistence of the chloride-rich and lead iodide-rich phases right throughout the
film depth before complete crystallization, as also evidenced by the YZ cross section maps of
PbI3-, PbCl3-, and CN- of S-10 in Figure 5.7.
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Figure 5.7 ToF-SIMS XY maps (from Figure 5.6), and the respective cross section reconstruction
maps along YZ sections, each defined by the black line in the corresponding XY map, for PbI3-,
PbCl3-, and CN- in S-10. The YZ maps evidence the extension of the phase separation throughout the
entire film depth. Illustration by Yan Busby (University of Namur), adapted by the author and
reproduced from ref. [230] – Published by the PCCP Owner Societies.

Figure 5.8 ToF-SIMS maps from S-100.
a) XY map of PbI3-, YZ maps of b) PbI3, and c) C4H4S-, these last two maps
correspond to the section delimited by
the two white lines in a). XY maps of
d) 37Cl-, and e) PbCl3- are also shown.
The spots with high intensities in the 2D
map of PbI3- in a) are attributed to
increased signal due to the diffusion of
MAPbI3 into defects in the underlying
PEDOT:PSS layer, as observed around
100 µm breadth in b) and c). Illustration
by Yan Busby (University of Namur),
adapted by the author and reproduced
from ref. [230] – Published by the PCCP
Owner Societies.
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During annealing, while chlorine is either released as MACl or migrates towards the interface
into the PEDOT:PSS layer, MA+ and I- recombines with Pb to form MAPbI3 perovskite.
Therefore, the complete crystallization is characterized by a single MAPbI3 perovskite phase,
as evidenced by the 2D maps of S-100 in Figure 5.8, where no phase separation is observed
anymore from the maps of PbI3- and

37

Cl- (Figure 5.8a-b). No PbCl3- signal was detected

either (Figure 5.8a), thus, no lead chloride-related compound is present. The detected

37

Cl-

signal displayed in Figure 5.8b comes from chlorine accumulated towards and within the
PEDOT:PSS layer as established in Figure 5.3b.
5.1.3 Electronic Property Evolution Upon Annealing
So far, the changes in composition within the entire perovskite films has been correlated with
a change of morphology and the evolution of the crystal structure from an intermediate
templating structure to the single MAPbI3 perovskite phase with a preferred orientation. These
changes shed light on the role of chlorine within the MAPbI3-xClx film and during its
formation. Hereafter, to gain additional information about the film formation, the influence of
the above-mentioned changes on the electronic properties of the perovskite film surface is
investigated by UPS and XPS. No chlorine was detected for both S-10 and S-100, as deduced

intensity (arb. units)

from the Cl 2p core level spectra in Figure 5.9.

S-100

Cl 2p

S-10

10 min annealed sample
(similar to S-10)

Cl 2p1/2

200

Cl 2p3/2

196

binding energy (eV)

Figure 5.9 XPS core level spectra of Cl 2p for S-100 (green, top),
S-10 (red, middle), and another perovskite sample (black, bottom)
similar to S-10, i.e. annealed for 10 min at 100 °C, which exhibits
– in contrast to S-10 and S-100 – some intensity. By applying a
Shirley background (grey), the bottom spectrum can be fitted (red
curve) with two peaks representing the Cl 2p1/2 (violet), and
Cl2p3/2 (blue) doublets. The detected signal for this latter sample
can be explained by the longer acquisition time (twice as long as
for S-10) and/or shorter exposure to X-ray irradiation (5 vs 60
min for S-10) before actual acquisition of the Cl 2p spectrum,
which might have induced chlorine loss. Adapted from ref. [230]
– Published by the PCCP Owner Societies.

However, it is noteworthy that the XPS measurement on a similarly prepared sample,
annealed for 10 min at 100 °C, features a weak but perceptible Cl 2p intensity, as shown in
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Figure 5.9. In the latter case, the acquisition time was longer (20 scans) in contrast to S-10 (10
scans), which can account for the improved signal-to-noise ratio. Another difference between
this sample and S-10 is also the acquisition order of Cl 2p spectrum during measurement.
Whereas the Cl 2p spectrum has been acquired after the sample has been exposed to X-ray for
only 5 min in the former case, in the case of S-10, the Cl 2p spectrum has been acquired after
several other elemental regions, which resulted in a longer exposure to X-ray irradiation of 60
min before actually acquiring the Cl 2p spectrum. Therefore, the absence of chlorine in the
case of S-10 might therefore also be related to the release of chlorine through X-ray
irradiation, as has been reported for halogenated compounds [265].
The core level spectra of Pb 4f, I 3d, N 1s, and S 2p for S-10 and S-100 are shown in
Figure 5.10a-d, respectively. No definite signal from S 2p related to PEDOT:PSS is detected
(Figure 5.10d). Upon annealing from 10 min (S-10) to 100 min (S-100), the core levels shift
to higher binding energy by 0.6 eV for Pb 4f, and by 0.7 eV for both I 3d and N 1s Figure
5.10a-c. Concomitant shift of the valence band maximum (VBM) by 0.5 eV to higher binding
energy (Figure 5.10f), and of the work function (φ) to 0.4 eV lower value (Figure 5.10e) are
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Figure 5.10 Photoemission spectra of samples annealed at 100 °C for 10 min (S-10, red lines), and for
100 min (S-100, green lines). XPS spectra of the a) Pb4f, b) I3d, c) N1s, and d) S2p core levels, and
UPS spectra showing e) SECO, and f) valence band. Reproduced from ref. [230] – Published by the
PCCP Owner Societies.
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The shift towards higher binding energies, by approximately the same amount of all electronic
levels (core and valence), indicates that the shift is most likely of an electrostatic nature. Since
these electronic levels shift away from the Fermi level, the material becomes more n-type
upon complete crystallization to perovskite. This is in agreement with the transition from p- to
n-type doping of perovskite upon annealing, which has been accounted for by an evolution of
the phase composition [25]. Particularly, as also mentioned in section 2.2.2, due to MA+ and Ideficiency associated with the reduction of MAI content upon thermal annealing, MAPbI3
perovskite films undergo a conversion into a more n-doped electronic property [159]. It has
also been reported that the ionization energy of perovskite films is sensitive to the film
composition. In particular, films with deficient MAI content (translated in MA+ deficiency)
have been observed to exhibit higher IE than films with PbI2 deficiency [161]. This possibly
explains the slight IE increase by +0.12 eV observed from S-10 to S-100 here. This possibility
is corroborated by the reconstructed ToF-SIMS XY maps representing the CN- to PbI3- ratio
(CN-/PbI3-) for S-10 and S-100 in Figure 5.11. The XY map of S-100 indicates a nicely
uniform low-intensity ratio distribution. In contrast, the XY map of S-10 features an
inhomogeneous intensity distribution with regions that exhibit higher intensity ratios, i.e.
higher MA concentration. This indicates that S-10 has a higher relative MA concentration in
comparison to S-100.

Figure 5.11 ToF-SIMS XY maps representing the CN-/PbI3- intensity ratio calculated for a) S-10 and
b) S-100. S-10 is characterized by an inhomogeneous intensity ratio distribution, emphasized by
regions with distinctly higher intensity ratio, that is, higher concentration of organic MA compound,
whereas S-100 exhibits a homogeneous intensity ratio distribution. Reproduced from ref. [230] –
Published by the PCCP Owner Societies.
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However, since the IE increase from S-10 to S-100 is tantamount to the 0.1 eV smaller work
function shift in comparison to the shift of the valence level, it can also be explained by a
change in the surface electrostatic potential due to structural changes in addition to the
observed change of the doping level. Likewise, the small difference in the shift between the
valence and core levels can be explained by the overall change of the valence electronic
structure. It is noteworthy that this latter shift difference can also be attributed to the change
of the chemical environment of the respective atoms. Indeed, a shift to higher binding energy
of the Pb 4f and I 3d core levels has been also recently observed during the crystallization of
MAPbI3-xClx film and has been suggested to result from the different chemical environment of
lead and iodine in the aforementioned 2D perovskite phase and in the final single MAPbI3
phase [259].
As an aside, since monitoring the change in electronic structure in-situ during annealing
would give a more accurate insight into the formation process, a not-annealed perovskite film
has been tentatively annealed in ultra-high vacuum. The evolution of the electronic structure
upon two different annealing steps has been monitored by means of UPS and XPS
measurements at room temperature as shown in Figure 5.12.
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Figure 5.12 Photoemission spectra of a not-annealed perovskite sample (black), first annealed in UHV
at 75 °C for 15 min (magenta), and subsequently annealed a second time in UHV at 60 °C for 30 min
(blue). a) SECO, and b) valence band spectra, as well as XPS core level spectra of c) Pb 4f, d) N 1s,
and e) I 3d. Comparison with the SECO and valence band spectra of PbI2 shown in a) and b)
highlights the formation of PbI2 at the surface upon annealing in UHV.

| 103

Chapter 5. Results and Discussion
The pristine perovskite sample freshly deposited from solution, i.e. not-annealed, exhibits a
valence band spectrum similar to that of S-10 as shown in Figure 5.12b. The work function
value of 4.91 eV (Figure 5.12a) and the VBM at 0.88 eV BE are in line with the trend
observed at different annealing time observed with S-10 and S-100, namely the higher φ and
the VBM and the main core levels (Figure 5.12c-e) closer to the Fermi level at lower
annealing time. Although the direction of the shift upon first annealing in UHV (at 75 °C for
15 min) is the same as for samples annealed in a N2-filled glove box, the chemical
composition is different, as demonstrated by the appearance of a second Pb 4f peak at lower
binding energy which corresponds to elemental lead Pb0 and which indicates degradation at
the film surface. The formation of PbI2 is evidenced by the characteristic features of PbI2
discernible in the valence band spectrum of the sample upon annealing as shown in Figure
5.12b. A second annealing step (at 60 °C for 30 min) induces more pronounced degradation
into PbI2 with even more apparent features of PbI2 in the corresponding valence band
spectrum. The presence of a PbI2 layer at the perovskite film surface can seriously impede the
charge carrier transport at the interface between the perovskite film and the transport
overlayer [266]. Thus, the N2-filled glove box is more recommendable as a more optimal and
easily controlled environment than UHV for thermal annealing.
In summary, the results presented in this section reveal that during the MAPbI3-xClx films
crystallization by thermal annealing, chlorine from the precursor solution is not only released
as MACl, as commonly known, but also diffuses towards the back interface between
perovskite and the underlying hole transport material PEDOT:PSS, where it remains even
after complete crystallization. This behavior of chlorine during crystallization is successfully
derived from the evolution of the composition of MAPbI3-xClx films throughout the bulk,
which has been correlated with the evolution of the structure, the morphology, and the
electronic structure upon annealing. Before complete crystallization, i.e. at short annealing
time, MAPbI3-xClx films are characterized by an inhomogeneous composition with a lateral
phase separation between single MAPbI3 perovskite and lead chloride-rich domains. These
latter domains are dominated by the presence of MAPbCl3, which is an intermediate phase
that acts as a preceding structural template directing the film growth following a preferred
orientation. After complete crystallization upon a longer annealing time, the MAPbI3-xClx
films exhibit a fiber texture growth with a preferred orientation of the crystallites along the
surface normal and are characterized by a highly uniform single MAPbI3 phase. Furthermore,
the phase evolution is accompanied by a change of the films’ electronic structure to a more
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n-type character, which is related to relative deficiencies in MA content upon increasing
annealing time. These results emphasize not only the role of chlorine in the formation of
highly oriented films during annealing, but also its influence on the charge transport within
the film and at the interface to the respective underlying substrate. Both outcomes have been
reported in literature to likely impact on the performance of photovoltaic devices.
It is important to stress that the final “mixed halide MAPbI3-xClx perovskite” film actually
consists of the single MAPbI3 perovskite phase, with chlorine having left the film, either by
sublimation of MACl or by diffusion towards the underlying transport layer. Therefore, later
experimental results obtained for MAPbI3-xClx can be fairly analyzed in the light of existing
reports on MAPbI3. However, the wording is retained – particularly throughout this thesis – in
order to highlight the relevance of chlorine in the formation process of MAPbI3-xClx
perovskite obtained from chlorine-based precursor solution. One remaining question is the
implication of chlorine in the formation of the stabilized (pseudo-)cubic MAPbI3 structure at
room temperature, as also reported in literature for MAPbI3-xClx, instead of the expected
tetragonal perovskite structure. Understanding the origins of the decreased cubic-to-tetragonal
transition temperature can enable the selective design of perovskite materials with enhanced
stability.
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5.2

Environmental Effects on the Electronic Property of Perovskite Films

The previous section 5.1 explored the importance of thermal annealing in the formation of
crystallized MAPbI3-xClx perovskite films and pointed out how the effective properties of
MAPbI3-xClx films are strongly related to their formation. The present section now turns to the
less effective aspect of poor reproducibility and stability of the films with regard to
environmental conditions, which inhibit the applicability of perovskite materials as a lasting
alternative to established photovoltaic materials. The present section aims at assessing the
separate effects of water vapor and oxygen exposure, and their combined effect in air, on the
electronic structure of MAPbI3-xClx perovskite films by using photoelectron spectroscopy
(PES) before obvious degradation sets in. Most of the results shown in this section have been
published in ref. [267], which includes the investigation of the effect of the exposure to water
at different partial pressure in subsection 5.2.2, the exposure to oxygen in subsection 5.2.3,
and the exposure to high vacuum and to air in subsection 5.2.4. Additionally, the first
subsection 5.2.1 presents additional preliminary characterizations of the electronic structure of
MAPbI3-xClx perovskite films in air by using Kelvin probe (KP) and photoelectron yield
spectroscopy (PYS).
At this stage, it is important to note that all pristine samples transferred from a N2-filled glove
box to the UHV system for UPS measurement without air exposure (see subsection 4.2.1),
exhibited a n-type surface property, i.e. the energy position of EF in the band gap is closer to
the conduction band than to the valence band. This n-type character has been often observed
for MAPbI3 perovskites and has been related to the presence of Pb0 defects at the MAPbI3
surface [160, 176]. Consequently, variation of the density of Pb0 -induced surface states can
lead to variation of the n-type character, as observed on the pristine samples in the present
work, which exhibit a variation of the EF position by up to 0.4 eV. However, the ionization
energy values extracted from the UPS measurements were comparable within the error margin
of the experiment [(5.85 ± 0.07) eV]4.
5.2.1 Preliminary Characterizations

4

(5.60 ± 0.07) eV with VBM determined from logarithmic intensity scale.
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In order to evaluate the electronic structure of MAPbI3-xClx perovskite films in ambient air
and in vacuum, three similarly prepared samples P1, P2, and P3 were directly transferred from
the inert box to the UHV system for first UPS measurements without any exposure to air.
After UPS measurements, the samples were brought to air for KP and PYS measurements,
before finally being characterized in UHV by UPS again. The UPS results are shown in
Figure 5.13a-b. The PYS spectra are shown in Figure 5.13c and the values of the parameters
extracted from the UPS, PYS and KP (KP data in Appendix B) measurements are summarized
in Table 5.1.

Figure 5.13 UPS and PYS spectra of MAPbI3-xClx films P1, P2, and P3. a) SECO and b) valence band
spectra measured by UPS in UHV before and after PYS and KP measurements in air. The
corresponding IEs are shown on the right side of each graph. c) PYS spectrum recorded for all samples
P1, P2, and P3. The threshold energy that yields the IE is determined as the onset of the PYS spectrum
by assuming a linear background.

Table 5.1 Parameters obtained from UPS measurements (φUPS, IEUPS, and VBMUPS) before and after
KP (φKP) and PYS (IEPYS) measurements on MAPbI3-xClx films in air; the given errors are estimated
from a set of 3 samples P1, P2, and P3 (see Figure 5.13). VBM* is estimated from the difference
between φKP and IEPYS in the table. Corresponding KP and PYS data are gathered in the Appendix C.
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Before air exposure, the as-prepared samples exhibit average work function and VBM values
of φUPS=(4.58±0.04) eV and VBMUPS=1.29 eV, respectively. By taking a band gap of 1.70 eV
into account [111, 247], these values imply that the samples have a n-type property like the
fully crystallized perovskite film in section 5.1.3. When comparing the UPS results before and
after air exposure (i.e. KP and PYS measurements in air), an increase of the work function
φUPS by ca. 0.3 eV is observed, whereas the ionization energy IEUPS does not change. The
MAPbI3-xClx surfaces therefore became less n-type, i.e. EF shifts towards mid-gap upon air
exposure. Interestingly, the work function φKP measured in air by KP is the same as φUPS
measured by UPS after air exposure. 5 The results imply that air exposure induces a change of
the surface electronic properties with the EF shifting from a position closer to the CBM
towards mid-gap. The observed changes are likely related to ambient conditions, notably to
oxygen or water present in air or possibly the combined effect of both. In the following
subsections, the conducted experiments were restricted to PES measurements in UHV in order
to investigate the effect of water and oxygen separately. After exposure to different gases
(water vapor, oxygen, residual gases in HV at 10-6 mbar) in a chamber initially with at least
HV conditions, the electronic structures of perovskite films are monitored.
5.2.2 Effect of Water
As mentioned at the end of the introduction part of the present section, this section deals
among others with the investigation of the impact of water on the electronic structure of
MAPbI3-xClx before any apparent structural degradation sets in. Indeed, upon longer exposure
to higher RH, MAPbI3 perovskites undergo a structural change into monohydrates followed
by a conversion into PbI2 [40, 42]. To monitor such structural changes and estimate the
timescale on which they are detectable for MAPbI3-xClx, GIXRD measurements have been
conducted in situ on perovskite films exposed to high RH beyond 80%, as shown in
Figure 5.14. The first 2D GIXRD reciprocal space map acquired (Figure 5.14a) exhibits
regions with enhanced intensities which show that the MAPbI3-xClx film has a certain fiber
texture as already seen in section 5.1. In contrast, the last 2D GIXRD map after 1000 min
exposure to RH above 80% (Figure 5.14b) exhibits additional features at q = 0.6 Å-1 and

Note that the VBMUPS extracted from a logarithmic intensity scale (Figure B2, Appendix B) yield IEUPS
values of (5.57±0.06)eV, which differ only by 0.1 eV from the IEPYS values.
5
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q = 0.75 Å-1 assigned to MAPbI3·H2O monohydrate that forms reversibly during perovskite
hydration [42]. Besides, PbI2 is identified by the diffraction feature at q = 0.9 Å-1.

Figure 5.14 2D GIXRD patterns of a MAPbI3-xClx film a) before and b) after exposure to high relative
humidity (RH) beyond 80% for 1000 min; the broad ring around q = 0.4 Å-1 is due to the Kapton foil
of the humidity container. c) Integrated diffraction intensities over 1000 min time in situ exposure to
RH beyond 80% of the MAPbI3-xClx film in a) and b), showing features corresponding to the
monohydrate MAPbI3·H2O phase that appear after 170 min, followed by the detection of PbI2-related
signal after over 200 min. 2D maps and integrated intensities map processed and analyzed by Ingo
Salzmann (formerly HU Berlin) and reproduced from ref. [267].

The integrated diffraction intensities for constant q over time shown in Figure 5.14c point out
that the features related to the monohydrate and to the PbI2 can only be detected after
ca. 170 min, and 200 min, respectively. It is to be noted that since the structural evolution
upon exposure to high RH observed for the MAPbI3-xClx film here is similar to that of
MAPbI3 single crystal reported in literature [42], MAPbI3-xClx and MAPbI3 perovskites both
follow the same degradation pathway. Importantly, these results indicate that a priori no
relevant hydrate species formation or significant water-induced degradation into PbI2 is to be
expected below the indicated exposure times (<170 min) to 80% RH (i.e. pH2O ≈ 20 mbar
at 20 °C). Consequently, this also applied at the exposure times chosen in the following PES
studies, which have been restricted to conditions comparable to those typical during device
fabrication, i.e. 10-6 mbar < pH2O < 4 mbar, where pH2O=4 mbar corresponds to water partial
pressure in ambient air at 17% RH.
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Low water exposure (pH2O = 10-6 mbar)
The electronic structure of a pristine MAPbI3-xClx perovskite film was monitored after
alternating storage in UHV, exposure to low pH2O = 10-6 mbar, and mild heating in UHV
at 50 °C (Figure 5.15).

Figure 5.15 UPS spectra of MAPbI3-xClx upon H2O exposure to pH2O = 10-6 mbar for different duration
– dosage is also given in Langmuir (L) – with subsequent storage or heating in UHV. a) SECO and
b) the corresponding valence band spectra with the respective VBM. Reproduced from ref. [267].

The SECO spectra (Figure 5.15a) and valence band spectra (Figure 5.15b) show the strong ntype character of the pristine film with a work function of 4.06 eV and a VBM of 1.72 eV6.
Storing this sample in UHV (10-9 mbar residual gas pressure) for 19 h resulted in an increase
of the work function to 4.14 eV. Following exposure of the sample to pH2O = 10-6 mbar
for 45 min decreased the work function from 4.14 to 4.03 eV. Subsequent alternation of UHV
storage for several hours, pH2O exposure, and mild annealing in UHV at 50 °C shows a
systematic and reversible decrease of the work function by up to ca. 100 meV upon exposure
6

As already mentioned at the beginning of the results chapter 5 the pristine sample shown in Figure 5.15b
exhibits a VBM of 1.51 eV when the onset is determined from a logarithmic intensity scale (Figure B3,
Appendix B).
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to pH2O = 10-6 mbar. In all cases, whereas the work function changed at each alternating step,
the valence region remained unaffected within the error margin of the measurement.
Therefore, the reversible work function decrease upon exposure to pH2O as low as 10-6 mbar is
likely due to the adsorption of water molecules on the surface, which desorb again when the
sample is stored in UHV for several hours at room temperature or mildly heated at 50 °C.
Interestingly, the work function of the pristine sample transferred from the glove box also
increases upon UHV storage for several hours. Since pH2O = 10-6 mbar corresponds to a water
partial pressure 100 times lower than the pH2O in standard glove box (water content
of 0.1 ppm), this work function change suggests the adsorption of water on the perovskite
film surfaces already under typical glove box conditions. The reversible shifts indicate that at
low pH2O water only physisorbs on the perovskite surface.
One possible phenomenon occurring upon water molecules adsorption could be the reduction
of some charge spill-out at the perovskite surface by the Pauli repulsion from the electron
density of the water molecules. Such “push-back” effect would result in a reduction of the
initial surface dipole, and hence, in a decrease of the work function (subsection 2.1.4). In
order to assess if this phenomenon actually occurs for perovskite surface, the work function
and the VBM of a MAPbI3-xClx perovskite film upon sequential deposition of the saturated
hydrocarbon tetratetracontane C44H90 (TTC) is monitored. This inert wide energy gap
molecule (EG,TTC = 9 eV) can evidence the isolated “push-back” effect due to the sole
molecule physisorption without inducing any other mechanisms such as charge transfer or
chemisorption [268]. Similarly to the sample in Figure 5.15, a pristine MAPbI3-xClx sample
(Figure 5.16) is stored in UHV for several hours, which also results in a work function
increase by 0.14 eV that was assigned to the desorption of residual water from the preparation
in the glove box during UHV storage. Figure 5.16a shows that the work function of the
perovskite surface did not decrease even after deposition of a 2 nm thick TTC layer, and no
shift of the VBM is observed in Figure 5.16b either. At a large thickness of 240 Å, the SECO
shift during successive measurements in Figure 5.16a and the shift of the whole valence band
spectra in the inset of Figure 5.16b illustrate the sample charging due to the thick TTC layer
on top. Therefore, the push-back effect is not operative for MAPbI3-xClx perovskite and does
not explain the work function decrease upon exposure to low pH2O. A more plausible
explanation for this reversible work function decrease shown in Figure 5.15 is the vertical
arrangement of water molecules and thus of their dipole moments at the film surface with a
net vertical contribution, which induces a φ decrease by ∆φ as given by the Helmholtz
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equation in (2.41) and previously discussed in subsection 2.1.4. Thus, ∆φ is proportional to
the density of adsorbed dipoles 𝑛𝑛𝐷𝐷𝐷𝐷𝐷𝐷 and to the dipole moment µ⊥ in the direction of the
surface normal, implying that the water molecules are, on average, preferentially oriented at
the perovskite surface with the negative oxygen end directed towards the perovskite surface.
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Figure 5.16 UPS spectra of
MAPbI3-xClx films upon incremental
deposition of TTC layers of different
nominal thicknesses. a) SECO and
b) valence band spectra with the
respective VBM. The three spectra in
the top of a) and the inset in b) show
the work function and valence band
spectrum shifts at a nominal
thickness as large as 240 Å and are
due to sample charging at large
thicknesses. Reproduced from ref.
[267].
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Since the MAPbI3-xClx films in this work generally exhibit a fiber texture (see the beginning
of the present section or previous section 5.1), the preferential orientation of the crystallites
along the direction of the substrate normal is propitious for this preferential orientation of the
adsorbed water molecules. However, it is noteworthy that the water adsorption on MAPbI3
surface additionally depends on the surface termination and the orientation of the MA cation
and the Pb–I bond [164, 269].
Higher water exposure (pH2O = 4 mbar)
The electronic structure of another MAPbI3-xClx perovskite film is monitored upon exposure
to higher pH2O = 4 mbar which is comparable to a pH2O in air at 20 °C and at a RH of 17%.
After exposure to pH2O of 4 mbar for one hour, the work function of perovskite film decreased
by ca. 0.3 eV (Figure 5.17a) and the VBM concomitantly shifted to higher binding energy by
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basically the same amount (Figure 5.17a). The shift suggests that the perovskite surface has
an even more pronounced n-type character and water acts as a donor.
Like previously proceeded to assess the reversibility of the changes assigned to water, the
films were mildly heated at 50 °C for 15 min, which similarly resulted in an increased work
function and decreased VBM.

Figure 5.17 UPS spectra of MAPbI3-xClx after alternating H2O exposure to pH2O = 10-6 mbar for
different duration – dosage is also given in Langmuir (L) – and subsequent storage or heating in UHV.
a) SECO and b) the corresponding valence band with the respective VBM. c) Top: wide binding
energy range valence band spectra and difference spectra resulting from the subtraction of the
spectrum after heating (50 °C, 15 min, black curve), i.e. with assumed less water content, from the
spectra before (grey curve) and after (blue curve) water exposure. The valence spectra are shifted to
align the VBMs to that after 50 °C, 15 min heating and normalized to the feature at 3.1 eV which
results from Pb and I atomic orbitals for MAPbI3 perovskite. Bottom: valence spectrum of liquid water
showing the 1b1 and 3a1 orbitals, adapted from ref [270]. Reproduced from ref. [267]. The spectrum of
liquid water reproduced from ref. [270] is aligned to a common vacuum level as that of perovskite (see
text).

Subsequent exposure to pH2O = 4 mbar and storage in UHV for over three days also supported
the reversibility of the work function and VBM shifts upon exposure to higher pH2O. The work
function and VBM values obtained for the consecutive water exposure and annealing/UHV
storage indicate that the changes induced by water is only partially reversible, at least within
the time frame chosen here. Note that no shift in the core levels was observed that would
indicate a band bending, as deduced for a similarly prepared sample exposed to 5 mbar water
for 13 h and shown in Figure C3 (Appendix C). However, a relative increase of the O 1s
signal intensity from oxygen at ca. 533 eV is consistent with the presence of molecular water
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on the surface (Figure C3, Appendix C). The shift ∆φ of the work function here is larger
compared to pH2O = 10-6 mbar and can be due to the increased density of adsorbed water
molecules 𝑛𝑛𝐷𝐷𝐷𝐷𝐷𝐷 [see Helmholtz equation in (2.41)] at higher water partial pressure, in analogy
to the previously discussed results. However, upon pH2O = 4 mbar exposure, in addition a
VBM increase by up to 0.33 eV towards higher binding energy values is observed.
Interestingly, this shift is consistent with the theoretically estimated 0.3 eV downshift of the
VBM with regards to EF upon hydration of a MAPbI3 surface with a water monolayer. This
effect has been assigned to a local band gap widening predicted for PbI2-terminated surfaces
only [164]. Nevertheless, further studies reported that the incorporation of water only slightly
(by up to 50 meV), impact the band gap of bulk MAPbI3 [44, 164, 271, 272]. In any case,
such band gap widening might contribute partially or entirely to the VBM shift upon pH2O = 4
mbar exposure. The parallel shift of both φ and VBM also indicates stronger interactions of
the water molecules with the perovskite surface than simple physisorption. This shift suggests
that the perovskite surface becomes more n-type upon higher pH2O exposure, possibly as a
result of the generation of Pb0 which has been reported to arise along with a shift of the Pb 4f
core level to higher binding energy upon exposure to water [46]. Indeed, the generation of this
defect species has been suggested to first start with the conversion of MAPbI3 into PbI2 before
the decomposition of this latter into Pb0 and gaseous I2 via photolysis [46]. The possible
amount of Pb0 at the surface of the samples investigated here is too low to be detected.
Nonetheless, minute amount of Pb0 has been suggested to be present at the surface of even
freshly prepared films, which creates surface states that pin EF at the conduction band,
explaining the pronounced n-type surface character of freshly prepared MAPbI3 films [160,
176]. Following this rationale, the observed reversibility characterized by the film becoming
less n-type upon mild annealing would indicate a reduction of the Pb0 content. Although
mildly heating perovskite films in air has been reported to decrease the Pb0 content due to the
reinclusion of lead into the perovskite structure [273], which might be the case here, the
partial reversibility deduced from the results in Figure 5.17a-b implies that overall the density
of Pb0 -related surface states irreversibly increases.
The results in Figure 5.17a-b are further processed to support the adsorption of water on the
perovskite film surface. The difference spectra in Figure 5.17c were obtained by subtracting
the properly scaled valence spectrum after annealing in UHV (black curve, less adsorbed
water molecules) from the spectra before (gray) and after (blue) exposure to pH2O = 4 mbar, as
also described in subsection 3.1.2 and in the caption of Figure 5.17c. The difference spectrum
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of the sample after pH2O exposure yields a residuum spectrum that can be attributed to
adsorbed water. The valence spectrum of pure liquid water is characterized by the 1 b1 and
3 a1 valence states at 11.16 and 13.50 eV BE below the vacuum level, respectively [270]. In
order to align the valence spectrum of liquid water to a common vacuum level, the work
function of the perovskite substrate is taken into account, which places the 1 b1 and 3 a1
features at 6.85 and 9.19 eV BE, respectively, with respect to EF. This is in fairly good
agreement with the features observed in the difference spectrum after water exposure in
Figure 5.17c (blue). It is notable that the 3 a1 signal is split and its peak position is an average
of two overlapping peaks [270], which originate from the hydrogen-bond interaction between
neighboring water molecules in the liquid phase [270, 274]. These water-related features
disappear upon annealing, as evidenced by the corresponding difference spectrum (gray) that
resembles well the pristine spectrum. Interestingly, a finite DOS in the blue difference
spectrum is additionally observable at lower BE (red mark at ≈5.50 eV in Figure 5.17c) and
this DOS also vanishes with the water-related features upon heating. This DOS is tentatively
attributed to the 1π-orbital of dissociated OH-groups [83, 275]. It is important to stress that
complementary methods, such as surface vibrational spectroscopy or metastable impact
electron spectroscopy [276], are necessary to unambiguously make such an attribution, which
goes beyond the scope of the present investigation. The dissociation of water on solid surfaces
is the subject of several studies [83, 277], although this phenomenon has not been explored in
the case of HOIPs in particular. And yet the presence of dissociated OH-groups can constitute
a degradation pathway for MAPbI3. Ab initio studies on MAI-terminated MAPbI3 surfaces
predicted that unlike water molecules that only form hydrogen bonds with the MA cations
upon adsorption, hydroxyl radicals can initiate the deprotonation of the MA cation, the
resulting formation of CH3NH2 molecules and its desorption [278, 279]. This latter step is
generally the first step in the degradation of MAPbI3 perovskite. Further studies exploring the
mechanisms of water dissociation could be beneficial for a deeper understanding of the
impact of water on the degradation of perovskite surfaces.
5.2.3 Effect of Oxygen
The UPS spectra of a MAPbI3-xClx perovskite film before and after exposure to increasing
oxygen dosage are shown in Figure 5.18a-b. A gradual work function increase by up to 0.3 eV
is observed, accompanied by a gradual VBM shift to lower BE. The magnitude of the shift
over time in the present experiment indicates that after 12 h exposure to 50 mbar oxygen, the
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effect of oxygen has reached (or has been close to) saturation. In contrary to the case of water
exposure, the direction of the shift here indicates that the pristine perovskite surface is less ntype upon exposure to oxygen. Furthermore, the valence spectra did not show any particular
difference upon increasing oxygen exposure, as shown by the respective difference spectra in
Figure 5.18c that do not exhibit any definite feature.

Figure 5.18 UPS spectra of a MAPbI3-xIx perovskite film before (black curve) and after (red, green,
and blue curves) oxygen exposure to 50 mbar for different time – dosage is also given in Langmuir
(L). a) SECO and b) corresponding valence band spectra plotted with the respective VBM. c) Wide
range valence spectra and difference spectra obtained by subtracting the spectrum after O2 exposure
(black curve) from those after 10 min (red), 1h (green), and 12h (blue) O2 exposure. The valence
spectra were shifted to align the respective VBM to that before exposure. Adapted from ref. [267]

The electronic property change observed here is in line with previous suggestion that oxygen
on perovskite films acts as an acceptor. The incorporated oxygen captures electrons that are
generated in the perovskite layer upon illumination; thus resulting in the formation of
superoxide (O2-) species [178]. This superoxide species readily reacts with MAPbI3 by
deprotonating the MA cation, thus initiating the degradation of MAPbI3 through the formation
of degradation products like PbI2 [177]. The electronic property change observed can also be
assigned to the reduction of Pb0-related surface states through the oxidation of the elemental
lead upon oxygen exposure. Consequently, the n-type surface property is reduced and EF
shifts toward midgap.
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5.2.4 Effect of Residual Gas in High Vacuum and Air
After discussing the isolated effect of water and oxygen exposure on perovskite film surfaces,
it is now valuable to assess the impact of more realistic environmental conditions on the
electronic properties of perovskite surfaces.
High vacuum (10-6 mbar)
First, the influence of storage under HV at 10-6 mbar on pristine perovskite films is monitored
by alternating mild heating and HV storage. The residual gas in the HV essentially consists of
water [280, 281] as evidenced by a residual gas analysis (RGA) in a chamber under HV at
10-7 mbar (Figure 5.19).

Figure 5.19 Extract of a residual gas analysis (RGA) conducted in a vacuum chamber with a total
residual pressure of 1.2×10-7 mbar. Data acquired by Raphael Schlesinger (formerly HU Berlin).

After a first measurement (Figure 5.20a-b), the pristine sample is mildly heated in UHV (10-8
mbar) at 50 °C for 10 min in order to obtain an initial water-free surface, as suggested by the
results of the previous subsection 5.2.2. Accordingly, the work function φ increased
from 4.22 to 4.35 eV whereas the VBM remained unchanged. Subsequently, after storing the
sample in HV for one hour, φ decreased again by ca. 0.2 eV without any VBM shift. Further
alternation of heating steps and HV storage led to reversible change of φ with only minor
variations of the VBM (up to 60 meV, see Figure 5.20b).
Subtraction of the scaled valence spectrum of the sample after the second heating step (black
curve) from the spectrum after 17 h HV storage (blue curve) in Figure 5.20c yields a
difference spectrum that exhibits the same water-related features and the finite DOS around
ca. 5.5 eV previously observed after exposure to pH2O = 4 mbar in subsection 5.2.2. These
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similar features and the reversible work function change similar to the behavior observed at
low pH2O = 10-6 mbar in subsection 5.2.2 both point out the presence of water on the
perovskite surface already under HV conditions. Therefore, the discussion developed in
subsection 5.2.2 also holds here, suggesting that modification of the surface electronic
properties due to water-related processes can occur already at moderate and very low levels of
water exposure, i.e. at early stages before hydrate species can even be observed.

Figure 5.20 UPS spectra of a
MAPbI3-xClx perovskite film after
alternating storage in the HV at
10-6 mbar (blue curves) and
heating (black and green curves):
a)
SECO
and
b)
the
corresponding valence band
spectra with the respective VBM.
c) Wide range valence and
difference spectra obtained by
subtraction of the spectrum after
10 min, 50 °C heating (black
curve) from the spectra after
storage at 10-6 mbar (blue curve)
and subsequent heating (green
curve). Illustration reproduced
from ref. [267]. The valence band
spectra of liquid water displaying
the 1b1 and 3a1 orbitals is shown
in c) for comparison (extracted
and adapted with permission from
ref. [270]).

Air exposure
Now, the effect of ambient air on another MAPbI3-xClx perovskite sample is evaluated.
Ambient air primarily consists of 21% O2 and 78% N2; the water partial pressure pH2O
contained in ambient air is proportional to the relative humidity RH at a given temperature. In
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the present experiment, RH was ≈ 40% (pH2O ≈ 0.9%) at room temperature. The experiment is
similar to the preliminary experiment conducted in subsection 5.2.1, except for the shorter
exposure time of 15 min 7. The results in Figure 5.21a-b are also in accordance with the UPS
results shown in Figure 5.13.

Figure 5.21 UPS spectra of a MAPbI3-xClx perovskite film before (black curve) and after ambient air
exposure (red curve): a) SECO and b) the corresponding valence band spectra. c) Wide range valence
and difference spectra. The valence spectrum after 15 min air exposure is shifted to align its VBM to
that before air, and then normalized to the feature at 3.1 eV binding energy. Illustration reproduced
from ref. [267]. The valence spectrum of liquid water is depicted and shows the 1b1 and 3a1 orbitals
for comparison, adapted with permission from ref. [270].

After air exposure, the sample became less n-type, as evidenced by the concomitant increase
of the work function and BE decrease of the VBM by 0.6 eV (Figure 5.21a-b). The observed
change follow the same trend observed upon exposure to pure oxygen, thus, points out the
dominating effect of oxygen over that of water. This can be explained by the fact that the
partial pressure of oxygen in air is higher than that of water. More than half of the BE shift
observed here originates from the band bending due to the charge transfer from perovskite to
O2 as deduced from the 0.4 eV BE core level shifts in Figure 5.22. The difference spectrum
from the subtraction of the scaled spectra before and after ambient air exposure in
Figure 5.21c yields a residuum with weak features still relatable to those of the water valence
spectra.
7

In contrast to the air exposure time of one to two hours due to the KP and PYS measurements between the UPS
measurements in subsection 5.2.1.
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Figure 5.22 XPS spectra of Pb 4f and I 3d core levels of MAPbI3-xClx perovskite film in Figure 5.21
before (black curve) and after ambient air exposure (red curve). Reproduced from ref. [267].

The present work reveals how water, oxygen and air at various levels of exposure impact on
the electronic structure of MAPbI3-xClx perovskite film surfaces. Pure water exposure induces
concomitant decrease of the work function and shift of the VBM away from EF, both
by 0.3 eV in the above experiments, suggesting that the surface becomes more n-type. In
contrast, oxygen exposure results in a work function increase and a parallel VBM shift closer
to EF, thus reducing the initial n-type character of the pristine MAPbI3-xClx perovskite
surfaces. This can be attributed to the adsorbed O2 acting as an acceptor and/or to the
reduction of Pb0 surface states by oxidation. In light of these two distinct trends the effect of
ambient air, characterized by EF almost at midgap position owing to a 0.6 eV energy shift, is
dominated by the effect of oxygen. Additionally, low water exposure comparable to water
content under high vacuum and inert gas conditions already prompts a work function
decrease, indicating that water already adsorbs at these typical conditions for device
fabrication. The present work raises awareness of the critical importance of the environment
on the electronic properties of perovskite and the need of its control in order to reliably
disclose and compare the actual intrinsic properties of perovskite materials. Variations of the
electronic properties will necessarily influence the energy level alignment at the interfaces in
devices, and consequently impact device performances.
Besides, the discussion in the present work has been extended to the possibility of water
dissociation that might precede material degradation and thus affect the material stability.
However, it is important to point out the need for more detailed investigations of the water
adsorption in order to assess the occurrence of such phenomenon on perovskite surfaces.
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5.3

New Materials for Perovskite Solar Cells

The previous sections 5.1 and 5.2 dealt with the investigation of the formation process of
mixed halide MAPbI3-xClx perovskite films and the impact of environmental conditions on its
electronic structure. In the following subsection 5.3.1, the investigation of a new perovskite
material MA1-xGuaxPbI3 (0<x<1) is presented, which is based on a mixture of methyl
ammonium (MA) and guanidinium (Gua) cations. The use of this material resulted in solar
cells with enhanced stability in comparison to single halide MAPbI3. Subsection 5.3.2 deals
with the characterization of the composition and of the electronic properties of titanium
disulfide (TiS2) nanoparticles developed for its first application as a low-cost hole transport
material in perovskite-based solar cells. Note that the author’s contribution in the results
presented in the present section 5.3 mainly consists of the PES measurements and analysis.
5.3.1 Mixed Methyl Ammonium Guanidinium Lead Iodide Perovskite
The versatility of HOIPs has been pointed out in section 2.2; particularly, their structural and
optoelectronic properties can be tuned by combining different cations and/or halides. In the
present work, perovskite films obtained from the combination of the organic cation
guanidinium ([C(NH2)3]+, Gua) with the organic cation methyl ammonium (CH3NH3+, MA)
in lead iodide-based perovskite are investigated. The results shown here are part of a
published article [243], but with an extended interpretation of the PES data.
One peculiarity of Gua is its large ionic radius of ~278 pm [282], which is slightly above the
upper limit of the tolerance factor (t ~1.03) defined in equation (2.44). As a result, Gua forms
low-dimensional perovskites when mixed with PbI2 [283, 284]. Here, perovskite films,
referred to as MA1-xGuaxPbI3, with different relative percentages of Gua cation (0 < x < 1, x
corresponds to the Gua percentage in decimal form) are characterized by PES in order to
assess the chemical environments of the different constituents and to monitor the electronic
properties of the perovskite films upon addition of different Gua amounts. In combination
with additional methods, the results suggest that for x < 0.25, the Gua cation is inserted into
the crystal unit, forming a 3D perovskite with improved thermal and environmental stability
in comparison to the single cation MAPbI3 perovskite. This is supported by the highly
efficient solar cells (PCE over 19%) with enhanced stability obtained from this mixed cationsapproach.
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Composition and structure of mixed cations MA1-xGuaxPbI3 perovskite films
Since the approach developed in the scope of this work is based on the variation of the
relative ratio of two cations, it is essential to assess the actual composition of the
MA1-xGuaxPbI3 films obtained with different relative Gua content x (0 ≤ x ≤ 1). It is to be
noted that the Gua/MA ratio x/1-x first refers to the materials stoichiometry in the precursor
solution (see subsection 4.1.2). In order to determine whether this stoichiometry is preserved
in the films and to assess the chemical environment of the different elements constituting the
materials, X-ray photoelectron spectroscopy (XPS) measurements (Figure 5.23) were carried
out on MA1-xGuaxPbI3 films with increasing Gua content from x=0 (i.e. 0%, MAPbI3 only) to
x=1 (i.e. 100%, GuaPbI3 only). In order to compare the XPS data of the different samples, the
XPS core level spectra were referenced to the C 1s carbon at 285 eV detected for all samples.
All the XPS spectra of the N 1s core levels shown in Figure 5.23a for different Gua
percentages can be fitted with two peaks, except for MAPbI3 (x=0) and GuaPbI3 (x=1), which
exhibit only one peak each, centered at 402.3 eV and 400.3 eV, respectively. These peaks can
be assigned to the NH3+ group in MA (CH3NH3+), and to the NH2+ group in Gua ([C(NH2)3]+)
[285]. It is noteworthy that in the former case the positive charge is localized on one N atom,
whereas in the latter case the positive charge is delocalized across the molecule, i.e.
distributed between the three N atoms, which results in the characteristic resonance structure
of guanidinium cations [286, 287]. Therefore, the fraction of positive charge on each N atom
in Gua is lower in comparison to MA, and the N 1s peak in Gua shifts accordingly to lower
binding energies [285]. Based on the literature [285], and on the reference measurements on
the pure MAPbI3 and GuaPbI3 films in Figure 5.23a, the two contributions in the N 1s spectra
observed for the other samples (0 < x < 1) in Figure 5.23a can be assigned to MA and Gua.
Note that the respective peak does not exhibit any significant binding energy shift between the
different samples. Indeed, only a slight variation below 100 meV in the peak position was
observed for Gua, and no shift was noticed for MA (see vertical dotted lines in Figure 5.23a).
This indicates that the same nitrogen species are present in all samples. Clearly, the relative
intensity of the two N 1s peaks gradually changes with the increasing Gua percentage. The
analysis of the respective peak area in Figure 5.23a confirmed the preservation of the initial
Gua percentage, i.e. of the Gua/MA ratio, within the final structure. This is illustrated by the
linear correlation of the relative Gua ratios determined experimentally (GuaR) and
theoretically (GuaT), i.e. based on the initial stoichiometry of the materials in the precursor
solution (see inset in Figure 5.23a).
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The Pb 4f spectra with the doublets Pb 4f5/2 and Pb 4f7/2, as well as the I 3d with the doublets I
3d3/2 and I 3d5/2 are shown in Figure 5.23a and Figure 5.23b, respectively. All the samples
exhibit one main Pb 4f7/2 peak centered at 138.5 eV, which corresponds to Pb2+, as well as
only one I 3d5/2 peak centered at 619.4 eV, in agreement with values previously reported in
literature for perovskites [285, 288], therefore confirming the formation of Pb-I bonds. The
Pb/I ratio is also fairly comparable (with only ca. 5% variation) from sample to sample as
deduced from the fits in Figure 5.23b-c.

Figure 5.23 XPS spectra of a) N 1s, b) Pb 4f, and c) I 3d core levels for MA1-xGuaxPbI3 films with
different percentages of Gua (x:1-x represents the Gua:MA ratio where x is the percentage in decimal
form). In a), vertical dotted lines differentiate the N 1s peaks corresponding to the NH3+ group in MA
(black line) and to the NH2+ group in Gua (orange line) at high and lower binding energy, respectively.
The inset in a) depicts the quantification of the relative percentage of Gua, where GuaR corresponds to
the experimental values obtained from the N 1s XPS results and GuaT corresponds to the theoretical
values, i.e. the initial stoichiometry of the materials in the precursor solution. b) The doublets Pb 4f5/2
and Pb 4f7/2 of the Pb 4f spectra were fitted with two separate peaks (orange, and green curves,
respectively). Vertical dotted lines differentiate the Pb species corresponding to Pb2+ in perovskite and
Pb0 corresponding to traces of reduced lead detected in some of the samples. c) Doublets
corresponding to I 3d3/2 and I 3d5/2; the red curves are the fits applied to I 3d5/2 only. Illustration based
on data in ref. [243]

| 123

Chapter 5. Results and Discussion
The Pb 4f spectra additionally reveal traces of reduced lead Pb0, as deduced from the Pb 4f7/2
peaks at lower binding energies. As already mentioned in the previous section 5.2, Pb0 defects
are reported to affect the electronic property of the perovskite surface [160, 289], as is also the
case in the UPS analysis here (vide infra).
The preservation of the Gua/MA ratio in the film as confirmed by XPS is particularly
indispensable for the interpretation of the XRD data acquired by Gustavo de Miguel
(Universidad de Córdoba) in Figure 5.24a-c. Indeed, it primarily indicates that no new aminederivatives have formed, that both Gua and MA cations are present in the film, and that they
are possibly embedded in the existing crystal structure. Importantly, the XRD data indicate
that with increasing Gua content up to x=0.25, the MA in the perovskite unit cell is gradually
substituted by Gua. This is supported by the overall gradual decrease in the intensity of the
reflection peaks corresponding to MAPbI3 in Figure 5.24a, as well as by the gradual shift and
broadening of the diffraction peaks corresponding to the (110) and (220) lattice planes for the
other MA1-xGuaxPbI3 perovskite films with x ≤ 0.5 in Figure 5.24b.

Figure 5.24 a) Normalized XRD data for mixed MA1-xGuaxPbI3 perovskite films with different
percentages of Gua (x:1-x represents the Gua:MA ratio where x is the percentage in decimal form). b)
Magnification of the XRD peaks in a) for (110) (left) and (220) (right) for several MA1-xGuaxPbI3
perovskite films with x ≤ 0.5. c) Variation of the lattice parameters a and c of the MA1-xGuaxPbI3 unit
cell with increasing Gua percentage, obtained from the crystallographic analysis of the experimental
XRD data. d) Optimized simulated structure of the unit cell of MA0.75Gua0.25PbI3 with the six H-bond
distances relative to I atoms. All XRD-data and figures are from Gustavo de Miguel (Universidad de
Córdoba) and all figures are reproduced with permission from ref. [243].
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The peaks shift is likely related to the expansion of the unit cell while accommodating the
large Gua and is similar to shifts observed upon sequential substitution of formamidinium
(FA) cations with Cs in FAPbI3 [290], or in the case of MAxEA1-xPbBr3 perovskite
(EA=ethylammonium) [291]. The cell expansion is corroborated by the progressive increase
of the value of the lattice parameter a from 8.838 Å to 8.902 Å for x ≤ 0.25, whereas the c
value remained constant at 12.625 Å for all Gua percentages (Figure 5.24c). For higher Gua
content (x>0.25), the value of a is constant. Moreover, for x>0.25 the diffraction signal
corresponding to MA1-xGuaxPbI3 decreases significantly and new diffraction peaks at 8.54°
and 11.31° 2θ angles appear, both indicating the formation of 1D GuaPbI3 phase [285]. These
observations imply that at Gua percentage higher than 25%, Gua cations are no longer
incorporated into the crystalline network and form phase-separated 1D GuaPbI3. It is
noteworthy that these observations are in contradiction to previous work, which suggested
that Gua would only act as a passivating agent and is not incorporated into the perovskite
structure due to its larger size [292]. A recent structural characterization of perovskites based
on guanidinium and methyl ammonium cations, with the general formula (C(NH2)3)(CH3NH3)nPbnI3n+1 (n = 1, 2, 3), also suggested the formation of 2D perovskites with
alternating Gua and MA cations in the interlayer space [293]. However, significant variations
in the preparation method could explain variations in the crystallization dynamics. In the
present work, different percentages of Gua were incorporated within the precursor solution
and were preserved during crystallization, as assessed by the XPS data (inset, Figure 5.23a).
At this point the formation enthalpies of MA1-xGuaxPbI3 shall be briefly discussed, which
were calculated by Luis Camacho (Universidad de Córdoba) based on density functional
theory (DFT) in order to evaluate the stability of the MA1-xGuaxPbI3 structures. The DFT
calculations confirm that the formation enthalpy becomes highly negative with the
incorporation of Gua, hence pointing out the enhanced stability of the MA1-xGuaxPbI3 systems
with x>0.[243, 294] This is in contrast to the pure MAPbI3 (x=0), which features a value close
to zero, in line with other literature values.[295, 296] Moreover, the formation of the 3D
MA0.75Gu0.25PbI3 perovskite appears to be thermodynamically favored in comparison to its
phase separation into pure MAPbI3 or GuaPbI3 (detailed discussion about the
thermodynamics of formation can be found in ref. [243] and in its supplementary
information). However, at larger x ≥ 0.25, both MA0.75Gu0.25PbI3 and GuaPbI3 crystalline
phases appear because the 3D octahedral [PbI6] network cannot accommodate additional Gua
cations. The optimized unit cell for MA0.75Gu0.25PbI3 is presented in Figure 5.24d, in which
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the main H-I interactions with the Gua cation are depicted. It is important to stress that the
formation of hydrogen bonds is essential for the structural stabilization. In comparison to the
1-2 H bonds per MA molecule in pure MAPbI3, the insertion of Gua implies six H bonds
while reducing the H-I distance, which appears to be the cause for the superior
MA0.75Gu0.25PbI3 stability.
Electronic properties of MA1-xGuaxPbI3 perovskite films
To gain further insight into the electronic properties of the different MA1-xGuaxPbI3 perovskite
films, UPS measurements were performed and the corresponding results are shown in
Figure 5.25. Before discussing the UPS results, it has to be noted beforehand that for x<0.2 a
tiny (below 0.02 eV) but continuous band gap widening with increasing Gua content was
deduced from the optical and photoluminescence (PL) spectroscopies data, whereas for x>0.2
the band gap widening is more apparent (Figure D1 and Figure D2, Appendix D).
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Figure 5.25 a-c) UPS spectra of MA1-xGuaxPbI3 films with different percentages of Gua (x:1-x
represents the Gua:MA ratio where x is the percentage in decimal form) with: a) SECO and b) wide,
and c) narrow binding energy range valence spectra of the different samples. a-c) are illustration
reproduced from the data in ref. [243]. The dotted curves in b) are spectra obtained by the simple sum
of the weighted contributions from MA0.75Gu0.25PbI3 spectrum (red) and the GuaPbI3 spectrum (dark
yellow) for x>0.25. Illustration adapted with permission from ref. [243].
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The SECO spectra in Figure 5.25a show a gradual decrease of the work function φ with
increasing Gua percentage. The φ values obtained in Figure 5.25a, and the VBM values
determined from the narrow range valence band spectra in Figure 5.25c reveal a slight
reduction of the ionization energy (IE=φ+VBM) by up to 0.14 eV for increasing Gua content
up to x=0.25. Additionally, a small variation (within 0.1 eV) of the valence band maximum
for x ≤ 0.25 (Figure 5.25c) is observed, which can be associated with the variation in the
density of surface states due to varying Pb0 content assessed from the XPS data in
Figure 5.23b. As already discussed in section 5.2 and subsection 2.2.3, even inconspicuous
amount of Pb0 induces surface states which pin EF close to the conduction band, thus
explaining the characteristic n-type of perovskite surfaces [160, 176]. This can also explain
the n-type property observed here. Particularly, at larger Gua content, the number of Pb0related surface states distinctly increased (Figure 5.23b). The density of Pb0 of the samples
here is of 10 atom% for pure GuaPbI3, below 5 atom% for the mixed cations perovskites with
x ≥ 0.25, and below 0.5 atom% for MAPbI3 and for mixed cations perovskites with low x
(x < 0.25), as derived from the XPS spectra in Figure 5.23b. For x>0.25 the VBM in
Figure 5.25 shifts to higher binding energy with increasing x, concomitantly with the band
gap widening indicated by the optical data (Figure D1, and Figure D2 in Appendix D). This
implies that in all cases the Fermi level is close to the conduction band and is likely pinned
there. For instance, GuaPbI3 has an optical band gap of ca. 2.5 eV and exhibits a VBM at 2.2
eV below the Fermi level, which suggests a pronounced n-type property.
Importantly, while the valence band spectra in Figure 5.25c retain the valence band features of
MAPbI3 up to x = 0.25, the valence band features distinctly change at larger Gua content and
gradually resemble those corresponding

to

pure GuaPbI3.

The co-existence of

MA0.75Gu0.25PbI3 and GuaPbI3 for x>0.25 is supported by the spectra obtained by simple
additive re-composition of the weighted contributions from MA0.75Gu0.25PbI3 and GuaPbI3
spectra, as shown by the dotted curves in Figure 5.25b. Indeed, except for x=0.30, these
spectra obtained by summation fairly resemble those of the measured samples. Interestingly,
most of the changes in the valence band features occur in the binding energy region between
5.5 eV and 8.7 eV. This would be consistent with the suggestion that the states which
originate from the organic cation in HOIP typically lie deeper in the valence band with respect
to the Fermi level (see also subsection 2.2.2), whereas the frontier edges are generally
associated with contributions from Pb and I [119, 150]. In accordance with these observations,
the valence band edge of MA1-xGuaxPbI3 is dominated by the states which originate from the
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Pb and I atomic orbitals, as derived from DFT calculations performed by Luis Camacho
(Universidad de Córdoba) and shown in Figure 5.26.

Figure 5.26 Calculated density of states (left) and electronic band structure (right) of a) pure
MAPbI3, b) mixed MA0.875Gua0.125PbI3, and c) mixed MA0.75Gua0.25PbI3. Left: the total density of
states (solid black line), as well as the calculated separate contribution from the Pb 6s states (s-Pb,
blue solid line), the Pb 6p states (p-Pb, red solid line), the I 5s states (s-I, blue dashed line), the I 5p
(p-I, red dashed line), and from Gua (red dotted line) are shown. Theoretical calculations from Luis
Camacho (Universidad de Córdoba), reproduced with permission from ref. [243].

The calculated electronic band structures and density of states of MAPbI3 (x = 0) and two
other representative mixtures (x = 0.125, and x = 0.25) do not exhibit any relevant
differences; the top valence band and the bottom conduction band are dominated by the
contribution from the I 5p and Pb 6p states, respectively (Figure 5.26), as also described in
subsection

2.2.2 and in ref. [119]. Nevertheless, a small but gradual band gap energy

increase with the Gua insertion is observed, yielding values of 1.77 eV, 1.79 eV, and 1.82 eV
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for x = 0 (MAPbI3), x = 0.125, and x = 0.25, respectively. This is attributed to the effect of
lattice expansion. The two mixtures conserve the direct band gap at the Γ symmetry point of
MAPbI3 and all three systems display similar dispersion of the valence and conduction bands,
which ensures low carrier effective masses [243].
The coexistence of pure GuaPbI3 with the mixed MA0.75Gua0.25PbI3 phase for x>0.25
suggested by the UPS data is corroborated by scanning electron microscopy (SEM)
measurements performed by Cristina Roldán-Carmona (EPFL Sion). The SEM images in
Figure 5.27a-d and Figure D3 in Appendix D show that with increasing Gua content up to
0.25, the MA1-xGuaxPbI3 morphology is characterized by micrometer-large crystal domains
with increasing size. In contrast, for x>0.25 elongated rod-like morphology is also
discernable, which is characteristic of 1D GuaPbI3 (Figure 5.27d). This is associated with the
occurrence of a phase segregation between regions with the 3D MA0.75Gua0.25PbI3 phase and
regions with the 1D GuaPbI3 phase for x>0.25.

Figure 5.27 a-d) SEM images of four representative samples: a) MAPbI3, MA1-xGuaxPbI3 with b) x =
0.14, c) x = 0.30, and d) GuaPbI3. Scale bars correspond to 1 µm. Orange lines delimit the crystal
domains. SEM measurements by Cristina Roldán-Carmona (EPFL Sion), adapted and reproduced with
permission from ref. [243].

The phase segregation at x>0.25 is further supported by micro-PL and micro-Raman
measurements (Figure D4a and Figure D4b in Appendix D, respectively), done by Giulia
Grancini (EPFL Sion). The results suggest a spatial distribution of the band gap over
microscopic sample areas and a correlated position-dependent variation in the Raman spectra,
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both related to a change of composition [297], more specifically, to the formation of lowdimensional perovskite, as for the pure 1D GuaPbI3 [243, 298].
Solar cells with the FTO/b-TiO2/mp-TiO2/perovskite/Spiro-OMeTAD/Au architecture
(Figure 5.28a) have been fabricated and characterized by Alexander D. Jodlowski (EPFL Sion
and Universidad de Córdoba) based on the MA1-xGuaxPbI3 perovskite film with x≤0.25, i.e.
before the aforementioned phase segregation occurs. The average photovoltaic parameters are
briefly summarized in Figure 5.28b. The short-circuit current density Jsc and the fill factor FF
does not change with the incorporation of Gua content up to x = 0.14, whereas the opencircuit voltage Voc increases progressively, which can be associated with the optical band gap
widening.

Figure 5.28 a) Device architecture of the perovskite solar cells integrating MA1-xGuaxPbI3 perovskite
films (Glass/FTO/bl-TiO2/mp-TiO2/Perovskite/Spiro-OMeTAD/Au). b) Clockwise: Plots of Jsc, Voc,
PCE, and FF of MA1-xGuaxPbI3 perovskite-based devices with increasing x up to 0.25 (25%). The data
shown are averaged values from more than 191 devices. c) Thermal stability test for MA1-xGuaxPbI3
perovskite-based solar cells with x=0, 0.125, 0.15, 0.25 at 60 °C under continuous illumination and
MPP tracking under Argon atmosphere. The initial PCE of the respective cells are 18.77%, 18.97%,
18.11%, and 17.14%. Solar cell characterizations by Alexander D. Jodlowski and corresponding
figures adapted from ref. [243].

As a result, solar cells with a PCE = (19.2±0.4)% are obtained for x = 0.14. It is noteworthy
that the IE values of the MA1-xGuaxPbI3 films with x≤0.25 are higher than 5.90 eV.
Considering the 5 eV IE of spiro-OMeTAD [299, 300], the IEs yield an optimal relative
positioning of the respective perovskite VBM for hole extraction towards the spiro-OMeTAD
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layer. To assess the device stability, a test under continuous AM1.5 G Sun illumination at
maximum power point (MPP) tracking at 60 °C and under an Ar atmosphere for more than
1,000 hours was conducted. In comparison to devices based on pure MAPbI3, those obtained
with mixed MA1-xGuaxPbI3 perovskites of different x exhibit enhanced stability, as evidenced
in Figure 5.28c. After an initial decrease, that has been associated with the inter-penetration of
spiro-OMeTAD and the gold electrode [301], the performance gradually stabilizes and
recuperates, which correlated with Gua incorporation.
In conclusion, a new MA1-xGuaxPbI3 perovskite composition consisting of a combination of
Gua and MA cations has been presented. With the support of additional techniques, PES and
XRD analysis suggested that the incorporation of Gua content up to x = 0.25 leads to the
formation of a highly stable 3D crystalline structure, likely mediated by the increased number
of H bonds within the inorganic framework, in comparison to the state-of-the-art MAPbI3. As
a result, solar cells based on such composition exhibit enhanced device stability and
photovoltaic performance in comparison to MAPbI3, with a high PCE exceeding 20% for a
Gua content x = 0.14. These results further underline the versatility of HOIPs and motivate
the exploration of organic cations with sizes at/beyond the limit of the tolerance factor.
5.3.2 Titanium Disulphide TiS2 as Hole Transport Material
The work presented in the present subsection are based on results published in ref. [244]. As
previously described in section 2.3, perovskite-based solar cells (PSC) consist of several
layers where the perovskite layer is generally sandwiched between an electron- [302] and a
hole-transport layer [303, 304] (ETL and HTL, respectively). Organic materials such as
octakis(4-methoxyphenyl)-9,9′-spirobi[9H-fluorene]-2,2′,7,7′-tetramine (Spiro-OMeTAD) or
poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA) are among the most common HTLs
employed in the highest efficiency solar cells. [305] However, the implementation of both
materials in solar cells hinders the low-cost commercialization and durable application of the
latter due to the expensive purification processes of both organic materials [306], and their
poor long-term stability.[307] Alternatively, inorganic p-type semiconductors such as
CuSCN,[308] CuI,[309, 310] NiO,[311] CuxO [312], and FeS2 [313, 314] have been
employed due to their low-cost and ease of synthesis, their stability, and high carrier mobility.
Still, the number of candidates is restricted by the difficulty in meeting criteria such as high
electrical conductivity, appropriate energy level matching, and structure stability in one
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material. The choice is further limited by the array of applicable deposition methods since the
deposition of these inorganic materials often requires: first, solvents, such as di-npropylsulfide for CuSCN and CuI, that can partially degrade the perovskite layer (see also
subsection 5.4.1) or second, high-temperature treatments that hinder their application in PSC,
and yet also increase their fabrication costs. Therefore, the design of a new low-cost, stable,
and efficient material as HTL is imperative to fully exploit the potential of PSCs.
In the present subsection, results from the characterization of novel TiS2 nanoparticles as an
efficient and low-cost HTL in PSCs are presented. TiS2 is an earth abundant material that is
mostly known for its application as an electrode in lithium-ion batteries [315] and hydrogenproduction catalysis [316]. Considering its good electrical conductivity (≈103 Ω-1 cm-1)[317]
and an ionization energy of 5.46 eV [318], TiS2 represents a potential candidate as an HTL in
PSCs. In the following, the implementation of the synthesized TiS2 nanoparticles as a HTL in
devices

bearing

the

structure

FTO/c-TiO2/m-TiO2/(FAPbI3)0.85(MAPbBr3)0.15/TiS2

is

described. Here, the glass substrate is coated with the fluorine-doped tin oxide (FTO)
electrode, titanium dioxide TiO2 acts as a scaffold and ETL. Methyl ammonium (MA)formamidinium (FA) mixed perovskite (FAPbI3)0.85(MAPbBr3)0.15 is used as absorber
material, and TiS2 is spin-coated on top. These HOIP-based solar cells yield a high PCE above
13.5%. PES analysis provides information about the chemical species formed upon material
synthesis, and describes the electronic properties and the energy levels of the new material.
Upon spin-coating of the TiS2 dispersion on transparent FTO pre-covered substrates, the
originally black dispersion results in a thin film with high transparency. Three main
transitions at ≈480, ≈550, and ≈620 nm can be derived from the transmittance spectrum of
TiS2 in Figure 5.29a, as acquired by Saba Gharibzadeh (Tarbiat Modares University, Theran),
which possibly indicate the existence of different nanoparticle size regimes [319]. The onset
of the absorption spectrum in the inset in Figure 5.29a yields an optical band gap Eg of about
1.8 eV. Powder X-ray diffraction (XRD) measurements performed by Saba Gharibzadeh
(Tarbiat Modares University, Theran) and Aron Huckaba (EPFL Sion) and shown in
Figure 5.29b reveal that the nanoparticles are amorphous, as also previously reported [320].
Scanning electron microscopy (SEM) images, obtained by Cristina Roldán-Carmona (EPFL
Sion), of the top surface in Figure 5.29c (top) reveal a wide distribution of the particle size. It
is noteworthy that the spin-coating speed impacts this size distribution; films at low spincoating speed < 5000 rpm exhibited both small and large TiS2 nanoparticles, whereas spincoating at 5000 rpm resulted in significantly reduced distribution and an overall nanoparticle
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size below 100 nm (Figure E1, Appendix E). A possible explanation for this difference might
be the higher centrifugal force at a spin speed > 5000 rpm that results in larger particles being
ejected from the substrate surface during spin-coating. The maps obtained by energydispersive X-ray (EDX) spectroscopy by Emad Oveisi (EPFL Sion) in Figure 5.29c show that
the elements Ti and S are present over the whole material surface, implying the formation of a
homogeneous film after the spin-coating of the TiS2 dispersion. However, the actual species
constituting the films cannot be unequivocally determined by these data.

Figure 5.29 a) UV-visible transmittance spectra of a TiS2 film on FTO substrate. Inset: corresponding
absorption spectrum yielding an optical band gap of TiS2 of ca. 1.8 eV.
b) XRD diffraction pattern of the as-synthesized TiS2 powder and a TiS2 film on a glass substrate. c)
Top: SEM images of TiS2 nanoparticles deposited on FTO. Bottom (from left to right): SEM images
of TiS2 film, and EDX maps for Ti and S. Optical data in a) are from Saba Gharibzadeh (Tarbiat
Modares University), XRD-data in b) are from Saba Gharibzadeh (Tarbiat Modares University) and
Aron Huckaba (EPFL), SEM data in c) are from Cristina Roldán-Carmona (EPFL Sion), and EDXdata in c) are from Emad Oveisi (EPFL Sion), all figures are adapted and reproduced with permission
from ref. [244].

To assess the actual composition and the chemical state of the different constituents of the
TiS2 materials, XPS measurements were carried out on a thick TiS2 film (powder) obtained by
drop-casting TiS2 dispersion on FTO glass substrate (preparation at HU Berlin). The recorded
core-level spectra and the corresponding spectral fits are shown in Figure 5.30. The Ti 2p and
S 2p spectra consist of several doublets corresponding to different chemical states. Spin-orbit
levels typically feature similar FWHM. Here, it can be observed that the Ti 2p1/2 peak is
broader than the Ti 2p3/2 peak, which is attributed to the shorter lifetime of the core hole in
Ti 2p1/2 in comparison to Ti 2p3/2. This is due to the Coster-Kronig transition [289, 321],
which is a particular case of the Auger process (see subsection 3.1.1), where the initial core
hole (photohole) is filled by an electron from the same shell, thus representing an additional
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decay channel for the core hole. Therefore, the core hole has a shorter lifetime, and hence the
lifetime broadening is enhanced. The low-binding-energy contributions of Ti 2p (Ti 2p3/2 at
457.1 eV and Ti 2p1/2 at 463.8 eV) and S 2p (S 2p3/2 at 161.3 eV and S 2p1/2 at 162.5 eV) can
be assigned to the titanium and sulfur as in TiS2, respectively. Still, additional peaks
at 458.8 eV (Ti 2p3/2) and 464.5 eV (Ti 2p1/2) are derived from the Ti 2p spectrum, which
exhibit lower intensities in comparison to the main Ti 2p contribution from TiS2. This
additional Ti 2p contribution is attributed to TiO2, with the corresponding O 1s peak found at
530.4 eV. The partial oxidation of TiS2 into TiO2 has been already reported [322] and can be
induced by trace amounts of oxygen and/or ambient moisture during the synthesizing process.

Ti 2p from TiO2

465

462

Fit
Background
S 2p from TiS2

intensity [arb. units]

intensity [arb. units]

Fit
Background
Ti 2p from TiS2

468

459

171

456

binding energy [eV]
intensity [arb. units]
288

Background
C 1s
C 1s from C-N

286

284

binding energy [eV]

168

165

162

159

binding energy [eV]

282

O 1s

O 1s from TiO2

Fit
Background

intensity [arb. units]

C 1s

Fit

S 2p (undefined)
S 2p from sulfate state

S 2p (∆=1.18 eV)

Ti 2p (∆=5.7 eV)

536

534

532

O 1s from sulfate state

530

528

binding energy [eV]

Figure 5.30 XPS core level spectra of Ti 2p, S 2p, C 1s, and O 1s for TiS2 powder deposited on FTO
substrate by drop-casting. The spin-orbit splitting for the doublets is each given by ∆ for Ti 2p and S
2p. Illustration reproduced with permission from ref. [244].

It is worth mentioning that this partial oxidation of TiS2 can possibly be at the origin of a
built-up of ions/charges at the perovskite/TiS2 interface, which can promote recombination
and impacts the charge transport [244]. The S 2p spectrum exhibits two additional features as
well. The S 2p3/2 and S 2p1/2 states at 164 and 165.18 eV, respectively, correspond to an
undefined sulfur species as previously reported in literature [323]. However, these binding
134 |

5.3. New Materials for Perovskite Solar Cells
energy positions interestingly coincide with that of S 2p in the S-S bond as found in CuS,
which can be assigned to the presence of S2 dimers [324, 325]. A third contribution, which
consists of the peaks at 168.3 and 169.5 eV, exhibits relatively low intensity and corresponds
to sulfur as in sulfate, which can be associated with the presence of the O 1s peak at 531.8 eV
as in sulfate and hydroxyl groups [224]. Finally, the C 1s core level spectrum consists of a
peak at 285 eV attributed to adventitious carbon, and of a peak at 285.8 eV corresponding to
C-N bonding in the organic oleylamine (C18H35NH2) ligand.
The results of the UPS measurements performed on a thick film obtained from drop-casting of
the TiS2 dispersion are shown in Figure 5.31a. The work function φ(TiS2) and valence band
maximum position VBM(TiS2) of TiS2 extracted from the SECO and valence spectra are
4.13 eV and 1.53 eV, respectively, thus yielding an ionization energy of 5.66 eV. Curiously,
the determined VBM(TiS2) represents a high value, which is inconsistent with some previous
works that report a TiS2 band gap of 0.7 eV or lower [318]. Nevertheless, as suggested by
theoretical and experimental reports, the band gap of nanostructured TiS2 can be tuned by
modifying its morphology, for instance, from nanotubes to single-sheet monolayers, thereby
prompting semimetal-to-semiconductor transition [326–328]. In the present case, the
determination of the VBM is quite involved as disclosed in the inset in Figure 5.31a, where
some tailing intensity detected up to the Fermi level would agree with the suggested
semimetallic character of bulk TiS2 [329]. Nonetheless, the identified defect-rich TiO2 can
also account for this density of states close to EF. Furthermore, although background
subtraction was carefully applied to the UPS spectra, it is not completely ruled out that these
intensities are related to some satellites tailing caused by the non-monochromatic UV source.
It is important to note that TiS2 thin films deposited by spin-coating on FTO and on
(FAPbI3)0.85(MAPbBr3)0.15 mixed perovskite (Figure 5.31b) also exhibit valence band features
similar to those of the TiS2 thick film (powder). Besides, the determined work function
of ≈4 eV and VBM of ≈1.5 eV are comparable to those of the TiS2 thick film. This implies
that the thick and thin films both exhibit similar electronic properties. However, due to the
low amount of material deposited by spin-coating for the thin film fabrication, as previously
assessed by SEM in Figure 5.29c (top), the tailing intensity up to EF could not be detected, in
contrast to the case of the thicker film. The SECO and valence spectra of a reference mixed
perovskite film, as used in a device, is also shown in Figure 5.31b and result in
φ(perovskite) = 4.23 eV and VBM(perovskite) = 1.67 eV.
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Figure 5.31 a) UPS spectra of TiS2 powder deposited on FTO by drop-casting: SECO (left) and
valence band spectrum (right) with the inset displaying the magnified spectrum in the lower binding
energy region. b) UPS spectra of (FAPbI3)0.85(MAPbBr3)0.15 mixed perovskite (pero, green) deposited
on FTO/c-TiO2/m-TiO2-substrate, of TiS2 thin film on FTO/c-TiO2/m-TiO2/(FAPbI3)0.85(MAPbBr3)0.15
(pero/TiS2, red), and of TiS2 thin film on FTO (FTO/TiS2, black). Illustration adapted with permission
from ref. [244].

Figure 5.32 Energy level diagram of
the (FAPbI3)0.85(MAPbBr3)0.15/TiS2
structure, based on the work function
and
VBM
values
of
(FAPbI3)0.85(MAPbBr3)0.15 (pero) and
the TiS2 thick film extracted from the
UPS spectra in Figure 5.32.
Illustration
reproduced
with
permission from ref. [244].
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Based on these parameters and the UPS results in Figure 5.31a, an energy level band diagram
can be drawn (Figure 5.32), where the 0.15 eV lower VBM(TiS2) of TiS2 points out a suitable
energy level alignment for hole extraction from the mixed perovskite layer to the TiS2 layer,
as well as a favorable conduction band energy position for blocking electrons, as estimated
from the 1.8 eV optical gap. This predicted effective charge extraction between the mixed
perovskite and the TiS2 layer is actually confirmed by the high current density reached by
PSCs with the investigated perovskite/TiS2 structure. Indeed, the solar cells with n-i-p
configuration, as illustrated in Figure 5.33a (characterized by Saba Gharibzadeh, Tarbiat
Modares University), exhibit a Jsc comparable to that of PSCs with spiro-OMeTAD, as
interpreted from the J-V curves in Figure 5.33b. However, the open circuit voltage Voc and FF
obtained with TiS2 are distinctly lower than in the case of solar cells containing spiroOMeTAD. As a result, a lower PCE of ≈13.5% for the champion cell (averaged PCE value of
12%) was obtained with TiS2 in comparison to ≈18.1% with spiro-OMeTAD. These lower Voc
and FF suggest an increase of charge recombination and shunt-resistance losses at the
perovskite/HTL interface, likely mediated by the very small particle size and the ultrathin film
(Figure 5.33c), that can possibly induce shunting pathways in the device. It is noteworthy that
devices fabricated without HTL exhibit a reasonable performance with a PCE ≈ 8.4%;
however, the deformation of the J-V curve in Figure 5.33b indicates an uncompensated charge
accumulation within the device, thus hindering the estimation of the real photovoltaic values.

Figure 5.33 a) Schematic of the device configuration. b) J-V curve of the champion cells employing
TiS2 and spiro-OMeTAD as HTLs, and without HTL for comparison. c) Typical cross-section SEM
image of a complete perovskite-based device. Solar cells characterization by Saba Gharibzadeh
(Tarbiat Modares University), SEM data from Cristina Roldán-Carmona from (EPFL Sion); all figures
reproduced with permission from ref. [244].
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A comparative analysis (Table E1, Appendix E) assessing the cost per m2 of TiS2 and spiroOMeTAD was also performed by Aron Huckaba (EPFL, Sion). In contrast to the costly
multiple purification steps and synthesis of spiro-OMeTAD, the here introduced TiS2
nanoparticles were prepared following one single synthesis step. Consequently, the cost
analysis resulted in cost per gram and cost per m2 44 times and 30 times, respectively, higher
for spiro-OMeTAD in comparison to TiS2.
In summary, inorganic TiS2 nanoparticles synthesized following a simple two-step hot
injection method have been characterized and implemented as HTL in perovskite solar cells.
TiS2 films deposited from solution dispersion by simple spin-coating exhibit intense
absorption. However, limitations with regard to the achievable film thickness and partial
oxidation of the deposited films have been observed by XPS measurements, which can
potentially affect the working mechanism of the solar cells. Nonetheless, devices with TiS2 as
HTL exhibit remarkable current density comparable to the case of the commonly used spiroOMeTAD, which can be explained by an effective charge extraction at the perovskite/TiS2
interface, as supported by the suggested favorable alignment of the respective energy levels.
Although the solar cell efficiency of 13.5% attained with TiS2 is lower than the 18.1% PCE
attained with spiro-OMeTAD, the significant price difference makes TiS2 a suitable candidate
for low-cost solar cell production. The introduction of this novel material for low-cost,
durable, and efficient perovskite solar cells represents an important path towards scaling up
the perovskite technology.
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Additional Experiments

Alongside the core topic of mixed MAPbI3-xClx perovskite formation and its electronic
properties variation upon exposure to different environments as discussed in sections 5.1 and
5.2, respectively, work directed towards an investigation of the interfaces between perovskite
and charge transport materials was initiated. To orient the choice of solvents for charge
transport material deposition from solution on top of a perovskite layer, the effect of selected
solvents on the structural and electronic properties of MAPbI3-xClx perovskite films was
investigated. The results are presented in subsection 5.4.1. In an attempt to obtain solutionprocessed perovskite thin films with varying thicknesses, for future investigations of the ELA
between perovskite and their substrates (e.g. PEDOT:PSS) and film thickness dependent
electronic structure, the effectiveness of solution dilution for thickness variation was tested
(subsection 5.4.2) by monitoring the electronic structure and structural properties of different
films obtained with different preparation methods.
5.4.1 Characterization of the Effect of Solvents on Perovskite films
The results presented in the present subsection 5.4.1 are the subject of a manuscript in
preparation [330]. Organic electron- and hole-transport materials are commonly deposited
either by thermal evaporation or from solution. The latter method necessitates the use of a
suitable solvent that not only dissolves the material but also preserves the underlying
perovskite layer upon deposition. Accordingly, the present subsection aims at assessing the
effect of four candidate solvents on the structural and electronic properties of MAPbI3-xClx
films. Chlorobenzene (CB), and chloroform (CF) are usually used to deposit charge transport
layers such as spiro-MeOTAD or 6,6-phenyl C 61 butyric acid methylester (PCBM) from
solution [331–333]. Contrastingly, dimethylformamide (DMF) and water (H2O) are good
polar solvents for perovskite. In all cases, the as-prepared MAPbI3-xClx films were
characterized before and after solvent exposure by GIXRD, AFM, UV-vis spectroscopy, and
PES in order to assess the impact of the solvents on the structure, morphology, optical, and
electronic properties of the films, respectively. The solvent exposure consists of depositing
about 25 µL of CB, CF, or DMF or ca. 80 µL of water onto the perovskite films. After each
exposure, the perovskite films were left in ambient air at room temperature for 2 to 5 min
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(CB, CF) or 1 to 2 h (DMF, H2O) until they appear dry. Thereafter, the films were
characterized again.
Structural and morphology characterization
The 2D GIXRD patterns of MAPbI3-xClx films before and after exposure to the respective
solvent are shown in Figure 5.34. The analysis was performed by Ingo Salzmann (formerly
HU Berlin). Before exposure, all the films exhibited the diffraction rings associated with the
perovskite structure, with the typical ring at q = 1 Å-1 assigned to the (110) crystal
plane [13, 24, 230]. This observation confirms that the as-prepared films all fully crystallized
into perovskite. The 2D GIXRD patterns before and after CB and CF exposure in
Figure 5.34a and Figure 5.34b, respectively, do not display any particular differences in the
error margin of the measurements. All the diffraction rings corresponding to the perovskite
structure are still observable with comparable intensities and new features that might indicate
degradation, for instance into PbI2, were not detected. Therefore, CB and CF do not induce
any noticeable structural changes in the perovskite films. In contrast, DMF and particularly
H2O exposure significantly impacted the structural properties of the as-prepared perovskite
films, as assessed by the 2D GIXRD patterns in Figure 5.34c and Figure 5.34d, respectively.

Figure 5.34 2D GIXRD patterns of CH3NH3PbI3-xClx perovskite films before (left) and after (right)
exposure to a) chlorobenzene (CB), b) chloroform (CF), c) dimethylformamide (DMF), and d) water
(H2O). Calculated diffraction rings assigned to PbI2 (pink), and to the ITO substrate (black) are shown
in d). 2D GIXRD maps processed by Ingo Salzmann (HU Berlin) and reproduced from ref. [330].

140 |

5.4. Additional Experiments
Interestingly, after DMF exposure, the characteristic diffraction features related to perovskite
were still observed (Figure 5.34c). However, these features exhibited an overall reduced
intensity as compared to before exposure. It is worth noting that upon exposure to DMF, the
dark opaque MAPbI3-xClx film (photographs in Figure 5.36 below) was instantaneously
dissolved and turned into a visually transparent film. When the film was apparently dry,
though mostly transparent it exhibited regions of darker tones, which, in the light of the 2D
GIXRD results, can be associated with partially re-crystallized perovskite. Indeed, the
GIXRD results after DMF exposure indicate that the dissolved film partially reconverted to
perovskite again while drying in ambient air at room temperature. In the case of H2O
exposure, the film was instantaneously dissolved into a yellow solution. The 2D GIXRD
pattern of the dry – and still yellow – film in Figure 5.34d display a diffraction ring at
q = 0.9 Å-1, which corresponds to the (001) plane of PbI2 [24]. No diffraction features were
present at q = 0.6 Å-1 and q = 0.75 Å-1 (cf. Figure 5.14 in subsection 5.2.2), which would be
indicative of the presence of a monohydrate phase. Therefore, massive exposure to water,
leads to direct and irreversible degradation of MAPbI3-xClx perovskite into PbI2, in line with
previous observations [21, 42]. Additionally, diffraction rings corresponding to the ITO
substrate are observed in Figure 5.34d, suggesting that the ITO substrate was poorly covered
after water exposure. To confirm interpretation from the GIXRD measurements, the
morphology of perovskite films before and after solvent exposure was assessed by AFM
measurements (by Yerila Rodríguez, University of Havana), as shown in Figure 5.35. First,
the AFM micrographs of MAPbi3-xClx films before and after H2O exposure are inspected.
Whereas the as-prepared film exhibited a uniform morphology, the film after water exposure
was characterized by large grains with width up to a few micrometers. These large grains
appear as isolated aggregates, as also previously reported in literature [21], and result in a film
with lower coverage and much higher roughness in comparison to the initial perovskite film
(rms roughness of 237 nm for the former and 55 nm for the latter). This confirms the poor
coverage suggested by the GIXRD results. The AFM micrographs of films exposed to CB,
CF, and DMF are also displayed in Figure 5.35. No apparent change in morphology is
observed after exposure to CB and CF, as corroborated by the comparable rms roughness of
the films. In the case of DMF, the exposure resulted in a film morphology characterized by
randomly spread needle-like crystallites with large voids in-between, implying large film
inhomogeneity on a micrometer scale. The formation of clusters in the case of water and
DMF exposure are likely induced by the presence of solvent and its gradual evaporation.
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Figure 5.35 AFM micrographs of CH3NH3PbI3-xClx perovskite films before and after exposure to
chlorobenzene (CB), chloroform (CF), dimethylformamide (DMF), and water (H2O). Adapted from
data and figures provided by Yerila Rodríguez (University of Havana) from ref. [330].

Therefore, in line with the GIXRD results, the AFM measurements point out that CB and CF
do not affect the morphology the perovskite film, whereas DMF and H2O distinctly
deteriorate the film quality.
Optical and electronic structure characterization
In agreement with the GIXRD and AFM results, the UV-vis spectra, performed by Yerila
Rodríguez (University of Havana), before and after CB and CF exposure in Figure 5.36
indicate that these solvents did not affect the absorption properties of the films either, as
suggested by the very similar absorption spectra. Therefore, the bulk properties of the
perovskite films are likely preserved after exposure to CB and CF, indicating that these
solvents are a priori suitable for depositing organic transport layers from solution on top of the
perovskite film. Foreseeably, the absorption spectra of the films after DMF and H2O exposure
142 |

5.4. Additional Experiments
in Figure 5.36 are distinctly different from those of the as-prepared films. After DMF
exposure, a distinct decrease of the absorbance over the whole visible region is observed and
a weak signal yielding an onset around 787 nm can be associated with the absorption edge of
MAPbI3. This latter observation is consistent with the perovskite-related features identified by
GIXRD in Figure 5.36, therefore corroborating the partial re-crystallization into perovskite
already at room temperature. Furthermore, the decreased absorbance can be explained by the
incomplete film re-conversion into perovskite.

Figure 5.36 UV-vis absorption spectra of MAPbI3-xClx films before and after exposure to
chlorobenzene (S1), chloroform (S2), dimethylformamide (S3), and water (S4). Insets: photographs of
the respective sample (10 × 10 mm2) after solvent exposure. Data acquired by Yerila Rodríguez
(University of Havana) and reproduced from [330].

In the case of H2O exposure, a featureless absorption spectrum with drastically decreased
intensity is observed in Figure 5.36 (S4+H2O). The yellowish appearance of the sample after
H2O exposure shown in the photograph in the latter figure supports the presence of PbI2
interpreted from the GIXRD data. However, no absorption feature related to PbI2, with a
characteristic absorption onset expected at 2.3 eV (539 nm), was observed, since only a broad
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spectrum was recorded. This lack of structure in the broad spectrum can be related to
scattering effects, which are caused by the film inhomogeneity and the large and isolated
aggregates evidenced by the AFM micrographs (cf. Figure 5.36).
To evaluate the impact of the different solvents on the electronic properties of the perovskite
films, PES measurements have been conducted (Figure 5.37 and Figure 5.38). The UPS data
in Figure 5.37 show that all samples exhibited a work function increase upon exposure to the
respective solvent, as deduced from the SECO spectra in Figure 5.37a. Besides, all valence
band spectra featured pronounced changes after the respective solvent exposure
(Figure 5.37b). All the results obtained so far indicated that CB and CF exposures do not alter
the film bulk properties. Strikingly, the electronic structure of the film surface was, on the
contrary, significantly affected by exposure to CB and CF. This is evidenced by the shape of
the valence band spectra in Figure 5.37b, which is markedly different from those of the asprepared films. Additionally, magnification of the lower binding energy region close to EF in
Figure 5.37c and Figure 5.37d discloses low but finite intensities which yield VBM onsets
shifted by 0.5 and 0.2 eV to lower binding energy for CB and CF, respectively, in comparison
to the respective as-prepared film. These VBM energy shifts are in the same direction and of
the same amount as the respective work function change, thus indicating that the surface
became less n-type after exposure to CB and CF. This is further supported by the core levels
shift to lower binding energy, as representatively shown for the Pb 4f core level spectra in
Figure 5.38a.
The

appearance
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the

new

features

in

the

valence

band

spectrum

in

Figure 5.37c at about 6 and 8 eV, as well as a strong attenuation of the feature around 2.7 eV
after CB and CF exposure indicate the modification of the surface electronic property. This
might originate from the segregation – at least at the surface – into degradation products such
as PbI2 or CH3NH3I (MAI). However, none of the features observed in the valence band
spectra of PbI2 and MAI layers spin-coated on ITO substrates (Figure 5.39) can be identified
in the valence band spectra after CB and CF exposures in Figure 5.37. It is also possible that
the pronounced changes are a result of mere surface contamination due to solvent residues. In
such case, the contaminants did not affect the morphology or the absorption properties of the
film but were revealed by the surface-sensitive UPS measurements. Nevertheless, the change
of valence band shape and the adoption of a less n-type character imply a surface electronic
modification.
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Figure 5.37 a) SECO
and b) valence region
spectra of MAPbI3-xClx
films before (normal) and
after (bold) exposure to
CB (S1), CF (S2), DMF
(S3), and H2O (S4). The
SECO and valence band
spectra of PEDOT:PSS
are
shown
for
comparison
(brown
curves). Magnification of
the
valence
band
spectrum in the binding
energy region close to EF
for c) S1 and d) S2
before and after exposure
to
CB
and
CF,
respectively. Reproduced
from ref. [330].

Figure 5.38 a) Normalized XPS spectra of Pb 4f core level after solvents exposure for MAPbI3-xClx
films, showing a shift to lower binding energy of all the spectra in comparison to the spectrum for an
as-prepared sample (grey). The Pb 4f spectra for samples exposed to DMF and H2O exhibit a density
of states at lower binding energy (blue and magenta circles, respectively) corresponding to Pb0 defects.
b) XPS survey spectra for MAPbI3-xClx films before and after exposure to DMF (S3) and water (S4).
Insets: high-resolution XPS spectra of S 2p core level after solvent exposure evidencing the detection
of signal related to the PEDOT:PSS substrate. Illustration reproduced from ref. [330].
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SECO

Figure 5.39 SECO
(left) and valence region
(right) spectra of methyl
ammonium
iodide
(MAI) and lead iodide
(PbI2) layers.
Illustration reproduced
from ref. [330].
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Although the origin of such modifications was not fully determined from the present data, it is
possible that they were induced by a reduction of the surface states density induced by the
solvent exposure, for instance related to a reduction of the amount of Pb0 -defects. The valence
band spectra of the samples exposed to DMF and H2O are clearly dominated by features that
can be assigned to the respective PEDOT:PSS substrate, as evidenced by the comparison with
the valence band spectrum of a bare PEDOT:PSS layer in Figure 5.37a and corroborated by
the signal from the S 2p core level detected by XPS measurements for the samples exposed to
DMF and water in Figure 5.38b. The detection of these signals corresponding to the
underlying substrate is consistent with the poor coverage concluded from the GIXRD and
AFM characterizations. Noteworthy, upon DMF and H2O exposure, Pb0 species are detected
as shown by increased density of states at lower binding energy in the Pb 4f XPS spectra in
Figure 5.38a.
In summary, chlorobenzene and chloroform preserve the morphology, as well as the structural
and optical bulk properties of MAPbI3-xClx perovskite films, suggesting that these solvents are
likely suitable for the solution-deposition of organic transport layers on perovskite. However,
both solvents strikingly induce significant changes in the electronic properties of the film
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surface, namely a pronounced change in the spectral shape of the valence band and the
adoption of a less n-type character. Such changes, which are proposed to be related to a
modification of the surface states, certainly impact on the interface formation when these
solvents are used for depositing the charge transport layers. The exposure to massive amounts
of DMF and H2O leads to the instantaneous dissolution of the perovskite films, which, once
dried, exhibit inhomogeneous morphologies. While the films exposed to DMF partially recrystallize into perovskite already in ambient air at room temperature, the films exposed to
water degrade irreversibly into PbI2. The latter degradation is certainly accounted for by the
large amount of water used for the exposure. As previously shown in subsection 5.2.2, no
such instantaneous and pronounced degradation is expected at lower water exposure, for
instance in ambient air at 80% RH. However, minute amount of water as encountered in glove
boxes or in high vacuum conditions can already impact on the electronic structure of
perovskites. Accordingly, the results presented in this section also motivate the question of the
potential effects on the electronic and morphological properties of perovskites of reduced or
residual amounts of solvents present in typical preparation and storage environments,
particularly in glove boxes.
5.4.2 Solution Dilution for Thin Film Fabrication in View of ELA Analysis at the Interface
between PEDOT:PSS and Perovskite
In order to establish the ELA between adjacent materials in a device, knowledge of the energy
levels of the individual materials is essential and can aid in the choice of the electronic
materials. As already discussed in subsection 2.1.4, interface formation is often accompanied
by effects such as formation of an interface dipole, charge distribution resulting in band
bending, or bond formation. In order to assess these effects, the ELA at the interface between
two materials can be established by monitoring the evolution of the energy levels as one
material is deposited in a stepwise manner onto another (usually referred to as “substrate”).
The main challenge in this approach is the production of layers that are ultrathin (typically in
the Å to nm range) and homogeneous enough so that they can reflect the actual situation as
encountered in buried layers in a device. Two of the rare studies addressing the aspect of ELA
between MAPbI3 layers and different substrates (in contrast to transport materials onto a
MAPbI3 substrate), including ZnO(0001) [334], and PEDOT:PSS substrates [288],
investigated the respective energetic interface by in situ co-evaporating PbI2 and CH3NH3I
onto the substrate to obtain MAPbI3 layers of nominal thickness ranging from 0.2 to about
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200 nm. Although these studies provide valuable information about the ELA between selected
substrates and the perovskite materials on top, additional and comparable studies are still
needed for a deeper insight into the complexity of interface formation and for putting the
contrasting conclusions of these studies into perspective. Preliminary measurements on thin
MAPbI3 films obtained by co-evaporation indicating variation of the DOS in the first few nm
up to 8 nm are shown in Figure F1 in Appendix F. Importantly, studies adopting the same
approach on perovskite films obtained by solution deposition, which is still the most prevalent
deposition method applied in the field of perovskite solar cells, are still missing. One possible
manner of achieving thin layers from solution consists in serial dilution of an original solution
of definite concentration, e.g. c0, assuming that the higher the dilution factor is – i.e. the
lower the concentration is – the thinner the spin-coated film will be for fixed spin-coating
parameters [see equation (4.1)].
In the scope of the present thesis, this solution dilution approach has been experimented in
order to test its applicability for obtaining very thin solution-processed perovskite films. The
aim of such experiment is the eventual investigation of the interface between solutionprocessed perovskite and the underlying hole transport material PEDOT:PSS. In the present
subsection, the results of such experiments are shown for three series of samples. The first
series consists of samples obtained by dilution of a MAPbI3-xClx precursor solution of
concentration c0 (40 wt%), a reference concentration already used for all perovskite samples
reported previously in sections 5.1, 5.2, and subsection 5.4.1. The second series is based on
the same MAPbI3-xClx solution c0 and its 1:10, 1:5, and 1:2 dilutions. Additionally, in an
attempt to improve film morphology, the anti-solvent method was applied. This method
consists of toluene dripping at the end of the spin-coating process. This latter step has been
suggested to slow down the MAPbI3 formation, promoting the nucleation and growth of a
homogeneous perovskite film [141, 335]. For the third series, based on the solvent
engineering developed by Jeon et al. [141], the same procedure involving the toluene dripping
was followed, however, the solutions (of decreasing concentration 0.75 M, 0.15 M, 0.05 M
and 0.01 M.) used were obtained by mixing MAI and PbI2, hence without chlorine, in a
mixture of γ-butyrolactone (GBL) and dimethyl sulfoxide (DMSO) solvents. Although the
fabrication of very thin films from the solution dilution approach still remains a challenge, the
following results show that the electronic properties of the films are indeed influenced by the
different preparation methods (solution and deposition).
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The UPS spectra of the first series of samples obtained by dilution of the reference
MAPbI3-xClx solution c0 (40 wt%) are shown in Figure 5.40 (see Figure F3 for corresponding
XPS spectra). The PEDOT:PSS substrate work function of 4.88 eV was reduced to 4.60 eV
upon deposition of the dilution 1:100. Thereafter, a gradual decrease of the work function by
up to 0.50 eV is observed for samples with increasing concentration from 1:100, 1:10 to 1:5
and c0 (Figure 5.40a). Concomitantly, the corresponding valence band spectra of 1:100 and of
1:10 gradually shifted to higher binding energy (BE), as shown by the shift of the feature at
ca. 6.3 eV BE in Figure 5.40b. It is worth noting that the shape of the valence band spectra for
1:100 and 1:10 resembles the spectrum of PEDOT:PSS, although a slight evolution in the
lower BE region is perceptible (inset in Figure 5.40b). For 1:5, the valence band spectrum in
Figure 5.40b is dominated by the typical MAPbI3 features with an onset at 1.47 eV BE. Both
SECO and valence band spectra of 1:5 and c0 indicate that no more change takes place at
concentrations above 1:5, since both samples exhibit similar work function and VBM values,
implying that the film obtained with this concentration is already too thick for probing the
interface.
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Indeed, assuming a film thickness directly proportional to the solution concentration [239],
and a film thickness of ca. 260 nm obtained from the reference solution c0 (Figure F4,
Appendix F), the 1:5 dilution likely resulted in a several tens of nm thick film. The distinct
attenuation of the intensities of the O 1s and S 2p core level spectra related to the
PEDOT:PSS substrate in Figure F3 (Appendix F), supported by the large coverage derived
from the AFM micrographs in Figure F5 (Appendix F) suggests that a thick film has formed.
In contrast, the morphologies of the 1:10 and 1:100 samples as determined by AFM (Figure
F5, Appendix F) are comparable to that of PEDOT:PSS (see Figure 4.2b), in line with the
prevalent signal from PEDOT:PSS observed by UPS. This also suggests that the low amount
of material deposited imitate the morphology of the PEDOT:PSS substrate. Nevertheless, on a
micrometer scale, clustering grains forming isolated islands of 200 nm width are observed on
the AFM micrograph of 1:10, which can be associated with formed perovskite (Figure F5,
Appendix F). Indeed, the 2D GIXRD pattern of 1:10 (Figure F6, Appendix F) is evidence of
the formation of perovskite at this concentration and its growth in a fiber texture. In addition,
the GIXRD patterns demonstrate the presence of perovskite already at concentrations as low
as 1:100, although strong and dominant signal from the underlying ITO was detected. No
perovskite-related signal was observed for a lower dilution of 1:1000, and so no further
studies were performed at this dilution ratio. Since perovskite can already form at
concentrations as low as 1:10 and 1:100, though with poor surface coverage, it is likely that
very thin films are also obtainable in this concentration range, provided the morphology can
be improved. In an effort to improve film morphology, the solution deposition method with
toluene as anti-solvent was applied. Although the coverage was improved for the 1:10
dilution, as indicated by more densily spread grains, the film was still not continuous
(Figure F5, Appendix F). UPS measurements show that all four samples (1:10, 1:5, 1:2, and
c0) exhibited the similar features that can be associated with MAPbI3 perovskite
(Figure 5.41), likely as a result of the improved morphology which led to a strong attenuation
of the signal from the PEDOT:PSS substrate. The 6.17 eV high IE of 1:10, in comparison to
that of the samples corresponding to higher concentrations (IE~5.88 eV), indicates that the
materials formed with 1:10 exhibit pronounced variations, possibly in composition, with
regard to the other samples. The assessments of the origins of the changes in electronic
properties necessitate XPS analysis and GIXRD measurements, which have not been
performed for this series of samples.
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MAPbI3-xClx + toluene
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Figure 5.41 a) SECO, b) wide and c) narrow binding energy range valence region spectra of
PEDOT:PSS and MAPbI3-xClx films obtained from precursor solutions of different concentration
prepared by dilution of a reference concentration c0 (40 wt%) with the dilution factors 2, 5, and 10,
respectively. The respective solution was deposited following the anti-solvent method, that is, the
dripping of toluene before the end of the spin-coating process.

Based on the solvent engineering developed by Jeon et al. [141], a solution of the single
halide MAPbI3 in a mixture of DMSO and GBL, with toluene dripping was also tested. As
already described at the end of the subsection 2.2.1, this method has been proven to induce the
formation of dense and uniform perovskite layers due to slower crystallization induced by the
use of DMSO and GBL and the toluene dripping [141]. Four MAPbI3 precursor solutions with
different concentration were prepared, namely 0.01 M, 0.05 M, 0.15 M and 0.75 M. Note that
the concentration of the previous mixed halide MAPbI3-xClx perovskite solution c0 would
correspond to a concentration of 1.7 M, which is about the double of the highest MAPbI3
solution concentration used here. The UPS spectra of these samples are shown in Figure 5.42.
The valence band spectrum of 0.01 M is very similar to that of PEDOT:PSS. The work
function of the 0.01 M sample is, however, lower than that of PEDOT:PSS, which is similar to
the trend that have been observed for the case of MAPbI3-xClx. It should be noted, that the
whole valence band spectrum shifts in parallel with the work function.
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Although the shape of the valence band spectrum of 0.05 M still resembles that of
PEDOT:PSS (see also S 2p signal from PEDOT:PSS in Figure 5.43), a finite density of states
can be distinguished in the BE region between 2.5 and ca. 0.7 eV (inset, Figure 5.42), which
can be associated with the formation of perovskite. The distinct change of the valence band
spectral shape occurs from 0.05 M to 0.15 M and points toward a significant evolution of the
electronic properties between both concentrations. This is consistent with the GIXRD data in
Figure F7, Appendix F, which pinpoint that perovskite can be identified at concentration
above 0.05 M. Note that the GIXRD patterns of MAPbI3 do not feature any indication of a
particular texture, in contrast to the fiber texture of MAPbI3-xClx. Also, the AFM micrograph
of 0.01 M indicates the formation of clusters with only small gaps in-between and a much
denser distribution, hence a better coverage, than in the case of, for instance, 1:10 in the first
MAPbI3-xClx series.
Based on XPS measurements, additional information about the film composition can be
drawn for the first (MAPbI3-xClx without toluene) and third (MAPbI3 in DMSO-GBL and with
toluene) series. Since the XPS data for both series yield comparable information, the results
for the MAPbI3 series are shown in Figure 5.43, whereas those corresponding to MAPbI3-xClx
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can be found in Figure F3, Appendix F. The XPS spectra in Figure 5.43 are indicative of the
presence of additional constituents for the two lowest concentrations (i.e. 0.01 M and 0.05
M). These contributions are compared to those identified or suggested in the work by Olthof
et. al. [288], which investigated the case of very thin MAPbI3 films obtained by thermal
deposition on PEDOT:PSS substrate. The peaks fitted in black in Figure 5.43 are labeled as
perovskite since they are centered at binding energies expected for MAPbI3 perovskite. 8 The
Pb 4f7/2 of both samples exhibit two peaks: one peak centered at 138.7 eV corresponding to
perovskite and a second peak at higher binding energy. The high BE Pb 4f contribution has
been suggested to represent lead in PbSO4, as a product of a chemical reaction between lead
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8

As aforementioned, no signal from perovskite could have been measured by GIXRD for these lowest
concentrations.
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These additional products have been observed for thickness up to 3 nm, before the DOS
specific to MAPbI3 arose [288]. The I 3d spectrum of 0.01 M also exhibits two contributions;
the high BE peak has been associated with degradation products such as I2 or methyl iodide
CH3I [288]. A N 1s peak distinct from the N 1s peak related to perovskite can also be
observed at lower BE and could be related to decomposition products such as methylamine
CH3NH2 or ammonia NH3. The presence of these organic products containing a methyl group
is supported by the strong C 1s peak signal at around 284.8 eV. Therefore, the films obtained
from concentrations as low as 0.01 M and 0.05M can more easily degrade, likely due to the
poorer morphology and the lack of crystalline order, especially in the case of 0.01 M. The
same explanation would apply also for 1:10 and 1:100 for MAPbI3-xClx, since all the
described peak contributions are observed for these samples as well (Figure F3, Appendix F).
The PES results indicate that the electronic structure of the films is correlated to the
morphology, particularly to the film coverage. On the one hand, low concentration results in
films with poor coverage and more prone to degradation, thus impeding a reliable ELA
assessment. It should be noted that the degradation mentioned here describes the
decomposition of the precursor materials or that of the perovskite and it cannot be ruled out
that such degradation actually also occurs at the interface in the case of thicker films grown
from solution. On the other hand, films obtained with higher solution concentrations exhibit
electronic structure already comparable to that of thick perovskite films, which likely does not
reflect the electronic structure evolution close to the interface anymore. The main electronic
structure changes are found between the 1:10 and 1:5, PEDOT:PSS and 1:10, and 0.01 and
0.15 M for the first, second, and third series, respectively. Controlling the film morphology
between these concentrations would be a recommended strategy to obtain uniform films with
thicknesses of just a few nm. The application of the anti-solvent method during spin-coating
distinctly improved the film morphology. Other methods such as time-temperature dependent
annealing treatments, where ramp temperature control allowed obtaining highly oriented films
with almost full coverage, are possible alternatives [336].
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6

Summary and Conclusions

The main focus of this thesis was the characterization of the electronic properties of HOIP
film surfaces, in particular those of the MAPbI3-xClx perovskite upon formation and upon
environmental exposure. The characterization not only provided insights into propertyfunction relationships, pertaining to the perovskite film preparation, but also highlighted the
close dependence of the material’s electronic property on the environmental conditions. This
work is particularly relevant for a better understanding of the prominence of HOIPs in solar
cells and their major drawbacks – stability and reproducibility. Furthermore, the
characterization of film surfaces in the present work represents a basis point to reckon with
for future ELA investigation since variations of the surface electronic properties prior to
interface formation will necessarily impact the ELA. The electronic properties of the surfaces
were characterized by UPS to access the valence electronic structure including the frontier
energy levels, and the work function. XPS was employed to monitor the materials’
composition and the core level shifts related to electrostatic effects or varying chemical
environment. Additional techniques were employed to correlate the electronic properties of
the films with the structure (GIXRD), the morphology (AFM) and the bulk composition (ToFSIMS). It is noteworthy that the latter technique holds a prevailing role in the first part of this
work. Thus, first (ad 1), a multi-technique characterization allowed to delineate the role of
chlorine in the formation of MAPbI3-xClx perovskite films during thermal annealing, namely
by monitoring property changes before and after complete crystallization. Second
(ad 2), the effects of water vapor, oxygen, as well as air on the electronic properties of
MAPbI3-xClx surfaces were investigated to assess the film reproducibility and the potential
degradation pathways in different environmental conditions. Third (ad 3), the electronic
characterization was further extended to new perovskite materials for enhanced stability and
new hole transport materials for more cost-effective perovskite-based solar cells. Finally,
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preliminary test experiments relative to solvents effects on MAPbI3-xClx and to HOIP thin
film preparation from solution were performed (ad 4).
Ad 1) During thermal annealing, the formation of solution-processed MAPbI3-xClx films,
obtained from a mixture of PbCl2 and MAI in a 1:3 ratio, was found to be mediated by an
intermediate phase that likely acts as a structural template for the formation of textured
perovskite films. Before complete film crystallization, this intermediate lead chloride-rich
phase coexisted with the already formed MAPbI3 perovskite phase and both phases were
spatially well-separated throughout the depth of the films. The complete film crystallization
was characterized by the full conversion into a single MAPbI3 phase. The absence of chlorine
in the final film was explained by its eventual release through the surface and by its
accumulation at the perovskite/substrate interface during thermal annealing. The change in
composition and structure associated with this phase evolution during MAPbI3-xClx film
formation resulted in a modification of the film’s electronic properties. Particularly, shifts of
the electronic levels by ca. 0.4 eV indicated that the material became more n-type upon
annealing. This change was correlated with relatively lower MA content after annealing,
illustrating how the excess or the deficiency of a compound can act as electronic defects.
Furthermore, the present findings unequivocally clarify the debated presence and location of
chlorine, which was found to mostly accumulate at the perovskite/substrate interface, possibly
modifying the interfacial optoelectronic properties there. Importantly, the presence of chlorine
through PbCl2 in the precursor solution and the associated formation of an intermediate phase
critically impact the film growth following a preferential orientation along the surface normal,
which is particularly essential for enhanced charge transport in devices. These conclusions
emphasize the predominant properties of MAPbI3-xClx prepared from chlorine-based
precursor in comparison to MAPbI3 and can justify the preservation of the denomination
MAPbI3-xClx. Nevertheless, the predominantly (pseudo-) cubic phase exhibited by the
MAPbI3-xClx films is in contrast with the generally claimed tetragonal phase of MAPbI3. Such
disagreement, which is likely related to the presence of chlorine, requires additional studies
and a more thorough investigation of the structural phase transition around room temperature.
The observations in this work also inspire new approaches for the fabrication of textured
perovskite films through the controlled formation of a preceding structural template.
Ad 2) Exposure to water, oxygen, and air affected the electronic properties of MAPbI3-xClx
perovskite film surfaces with initially n-type character in contrasting manners. On one hand,
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exposure to 4 mbar water partial pressure (pH2O) induced concomitant shift of the work
function and the VBM corresponding to a more n-type surface character. This phenomenon
was partially reversible and was suggested to originate from either an increase in the density
of defects states, possibly related to Pb0-generation which eventually pins the EF, or by a
previously predicted local band gap widening upon hydration of the perovskite surface. It was
also shown that exposure to pH2O as low as 10-6 mbar, as encountered in HV or inert gas glove
boxes, readily induced a reversible work function decrease, which was assigned to the water
dipole moment. On the other hand, oxygen exposure (50 mbar partial pressure) led to work
function and VBM shifts in reverse direction, that is the perovskite surface became less
n-type. This latter trend was also systematically observed upon air exposure, thereby
demonstrating the prevailing effect of oxygen over that of water in air. In line with previous
work, these results suggest that oxygen acts as an acceptor that can capture electrons and form
the highly reactive superoxide (O2-), the latter can readily react with the organic MA of the
perovskite and thereby induce degradation. Consequently, the results seemingly point towards
a more detrimental effect of oxygen than water in air. Difference spectra from the UPS data
suggest not only the effective water adsorption but also the possibility of water dissociation
into adsorbed hydroxyl. This latter species can be critical for initiating the perovskite material
degradation. Still, the suggested water dissociation here remains at the stage of speculation
and therefore requires more detailed studies before delivering any unambiguous statement.
Besides, a more precise description of the water interaction at the perovskite surface is still
challenged by difficulties in the production of well-defined surfaces with definite surface
termination. Beyond the importance of the present findings in the context of perovskite
degradation; they particularly emphasize the relevance of even seemingly negligible
variations in the environment conditions that can significantly account for the reproducibility
of the film electronic properties.
Ad 3) Based on MAPbI3, new MA1-xGuaxPbI3 perovskite systems stabilized by the
introduction of the large guanidinium (Gua) cations were characterized by means of several
methods, including PES. The XPS data confirmed that the initial MA/Gua ratio is preserved
for all x values. UPS data indicated that MA1-xGuaxPbI3 films with Gua amount up to x = 0.25
exhibited comparable electronic properties. At higher x values, the films exhibited gradually
larger VBM in accordance with the gradual band gap widening, and a change in the electronic
valence spectra, especially in the region associated with the organic moiety. The PES data
support the suggested inclusion of the large Gua into the MAPbI3 structure at lower x
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percentage and the additional formation of lower dimensionality perovskite at higher x values
(>0.25). Consequently, MA1-xGuaxPbI3 films with x<0.25 exhibited enhanced stability in
comparison to MAPbI3, which is possibly due to the presence of increased number of
hydrogen bonds within the structure. This work motivates new path for designing perovskite
materials with improved stability.
Additionally, XPS and UPS were used to characterize synthesized TiS2 nanoparticles which
have been applied as novel low-cost hole transport materials (HTMs) in perovskite-based
solar cells. The valence electronic structure of the material suggested an optimal ELA with the
underlying perovskite substrate, which is reflected in the effective charge extraction at this
interface, ultimately leading to enhanced solar cells efficiency in comparison to reference
solar cells with no HTM. Nevertheless, the oxidation of the TiS2 layer identified by XPS was
suggested to mediate the accumulation of charges at the perovskite/TiS2 interface.
Ad 4) The effects of selected solvents on the properties of MAPbI3-xClx perovskite films were
investigated in order to assess their potential suitability for deposition of charge transport
layer on top of the perovskite films. Upon exposure to chlorobenzene (CB) and chloroform
(CF), whilst the morphological, structural and optical properties were preserved, the
electronic properties were strongly affected. A significant change in the valence band features
was accompanied by a concomitant shift of the work function and VBM that correspond to a
film becoming less n-type, possibly indicating the reduction of surface defects. These
observations motivate the question of the possible influence of minute amount of solvents,
present for instance in glove boxes, on the electronic properties of perovskite during
preparation, analogous to the case of gases in Ad 2. Liquid water – in contrast to the lower
water vapour exposure in Ad 2 – and dimethyl formamide (DMF) both instantly dissolved the
perovskite films. Whereas the complete degradation into PbI2 was demonstrated in the former
case, a partial perovskite re-crystallization was observed upon ambient air drying at room
temperature for the latter case. This illustrates both the easy formation and degradation of the
perovskite film.
In preparation for an investigation of the ELA at the interface between solution-processed
perovskite and a PEDOT:PSS substrate, the suitability of a solution dilution method was
tested. This would, in theory, allow for the production of very (a few nm) thin perovskite
layers which are required to access the electronic structure at the very interface and its
evolution with increasing thickness, i.e. further away from the substrate. Instead of the
establishment of any definite ELA, the electronic characterization rather highlighted the
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dependence of the electronic properties on the preparation method and the film composition.
This dependence was partly explained by varying morphology, notably by inhomogeneous
film coverage.
The findings in this work highlight how the electronic properties of HOIPs can be influenced
by their preparation, composition, and environmental conditions. The changes in structure,
composition, and electronic properties during MAPbI3-xClx film formation were successfully
correlated and all converged to the importance of the added chlorine in the film growth with a
preferred orientation along the substrate normal. Since such growth modes are particularly
relevant for device performance, this work, therefore, provides improved understanding of the
material’s structure-property-function relationship. This work also stresses the critical impact
of the environmental conditions on the electronic properties of MAPbI3-xClx perovskite and
calls for a particular care when assessing these electronic properties. Within the framework of
multi-technique analysis, PES was also used to assess the impact of a mixture of cations in the
stabilization of newly developed perovskite materials.
The findings in this work can serve as reference point for the characterization and design of
HOIP materials in future studies. Such basis points are particularly valuable for the
development of this complex class of materials, not only with regard to their stability but also
for the deliberate exploitation of their immense potential.
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Appendix A
He-discharge UV light and X-ray source parameters
Table A1 He-discharge UV light and X-ray source lines and respective intensities and satellites
shifts.[224]

Source

Relative Intensity (%)

Satellite shift (eV)

HeI α (21.22 eV)

100

0

HeI β

1.2 – 1.8

1.87

HeI γ

0.5

2.52

HeII α (40.81 eV)

100

0

HeII β

<10

7.56

HeII γ

n.a.

10.2

100

0

Al Kα3

6.4

9.8

Al Kα4

3.2

11.8

100

0

Al Kα3

8.0

8.4

Al Kα4

4.1

10.1

UV

Al Kα1,2
(1486.6 eV)

X-ray
Mg Kα1,2
(1253.6 eV)
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Appendix B
Comparison of Valence band Spectra Plotted on a Linear and Logarithmic Scale for
HOIP films investigated in the result chapter 5
Valence band spectra of MAPbI 3 - x Cl x films annealed for 10 min and 100 min in
section 5.1
Figure B1 Valence band spectra corresponding
to the data in Figure 5.10 plotted on a) a linear,
and b) a logarithmic intensity scale for the
determination of the VBM of MAPbI3-xClx films
annealed for different time.

Valence band spectra of MAPbI 3 - x Cl x films exposed to different environment in
section 5.2

Figure B2 Valence band spectra corresponding to the data in Figure 5.13 plotted on a) a linear, and b)
a logarithmic intensity scale for the determination of the VBM of MAPbI3-xClx films before and after
exposure to air for KP and PYS measurements.
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Figure B3 Valence band spectra corresponding to the data in Figure 5.15 plotted on a) a linear, and b)
a logarithmic intensity scale for the determination of the VBM of MAPbI3-xClx films exposed to
pH2O=10-6 mbar. c) Comparison of the VBM values obtained from both intensity scales.

Figure B4 Valence band spectra corresponding to the data in Figure 5.16 plotted on a) a linear, and b)
a logarithmic intensity scale for the determination of the VBM of MAPbI3-xClx films with incremental
deposition of TTC layers of nominal thicknesses: 2 Å, 5Å, 20 Å. c) Comparison of the VBM values
obtained from both intensity scales.
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Figure B5 Valence band spectra corresponding to the data in Figure 5.17 plotted on a) a linear, and b)
a logarithmic intensity scale for the determination of the VBM of MAPbI3-xClx films exposed to
pH2O=4 mbar and subsequently heated at 50°C or vacuum-dried in UHV. c) Comparison of the VBM
values obtained based on both intensity scales.

Figure B6 Valence band spectra corresponding to the data in Figure 5.18 plotted on a) a linear, and b) a
logarithmic intensity scale for the determination of the VBM of MAPbI3-xClx films exposed to
50 mbar oxygen. c) Comparison of the VBM values obtained from both intensity scales.
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Figure B7 Valence band spectra corresponding to the data in Figure 5.20 plotted on a) a linear, and b)
a logarithmic intensity scale for the determination of the VBM of of MAPbI3-xClx films stored in HV
condition (10-6 mbar) and mildly heated at 50°C. c) Comparison of the VBM values obtained from
both intensity scales.

Figure B8 Valence band spectra corresponding to the data in Figure 5.21 plotted on a) a linear, and b) a
logarithmic intensity scale for the determination of the VBM of MAPbI3-xClx films exposed to
air for 15 min. c) Comparison of the VBM values obtained from both intensity scales.
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Valence band spectra of MA 1 - x Gua x PbI 3 films with different Gua content x
(0<x<1) in subsection 5.3.1

Figure B9 Valence band spectra corresponding to the data in Figure 5.25 plotted on a) a linear, and b) a
logarithmic intensity scale for the determination of the VBM of MA1-xGuaxPbI3 films with different
percentages of Gua (x:1-x represents the Gua:MA ratio where x is the percentage in decimal form). c)
Comparison of the VBM values obtained from both intensity scales.

Valence band spectra of the (FAPbI 3 ) 0. 85 (MAPbBr 3 ) 0. 1 5 film shown in subsection
5.3.2
Figure B10 Valence band spectra
corresponding to the data in Figure
5.31 plotted on a) a linear, and b) a
logarithmic intensity scale for the
determination of the VBM of a
(FAPbI3)0.85(MAPbBr3)0.15 film.
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Valence band spectra of MAPbI 3 - x Cl x films exposed to solvents shown in
subsection 5.4.1
Figure B11 Valence band spectra corresponding to
the data in Figure 5.37, plotted on a) and c) a
linear, and b) and d) a logarithmic intensity scale
for the determination of the VBM of MAPbI3-cClx
films before (normal) and after (bold) exposure to
chlorobenzene (a and b), and chloroform (c and d).

Valence band spectra of MAPbI 3 - x Cl x films exposed to solvents shown in
subsection 5.4.2

Figure B12 Valence band spectra plotted on a) a linear and b) logarithmic scale corresponding to the
data in Figure 5.41 for MAPbI3-cClx films prepared from different dilution and with the toluene-drip
method. c)-d) Valence band spectra plotted on c) a linear and d) logarithmic scale corresponding to the
data in Figure 5.42 for MAPbI3 films prepared from different dilution and with the toluene-drip
method.
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Appendix C
Supporting results for the investigation of environmental effects in section 5.2
KP and PYS data: alternation of UPS measurements in UHV before and after KP
and PYS measurements in air on 3 similarly prepared perovskite samples (P1,
P2, and P3)

Figure C1 Kelvin Probe (KP) data from which the work function values listed in Table 5.1 were
derived. For each MAPbI3-xClx film (P1, P2, and P3, respectively) and Au sample, measurements were
done on two spots and for each spot one CPD was extracted from a linear extrapolation of the data
when the signal stabilized (red values). The average of the two CPDs was used to derive the work
function of each sample by considering the KP and PYS data (see Figure C2 below) of the Au reference
sample (see section 3.4).

Figure C2 Photoelectron yield
spectroscopy (PYS) data, from
which the work function of the Au
reference sample in Figure C1 were
extracted.
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intensity (arb. units)

UPS and XPS of a MAPbI 3 - x Cl x film exposed to p H2O =5 mbar for 13 h
MAPbI3-xClx - H2O exposure

intensity (arb. units)

290

Pb 4f

N 1s

C 1s

288

286

284

282

406

404

402

400

O 1s 532.9 eV

I 3d
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144
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Fit
background

532.2 eV
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1.8x1011 L

before exposure
635

630

625

620

binding energy (eV)
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615

534

532

530

528

binding energy (eV)

Figure C3 XPS spectra of the C 1s, N 1s, Pb 4f, I 3d, and O 1s of a MAPbI3-xClx film prepared
similarly to the samples in section 5.2, and exposed to pH2O=5 mbar for 13 h. No shift of the core levels
peak positions were observed, however an increase of the signal intensity from the O1s peak at higher
BE, which can correspond to oxygen in H2O,[337, 338] after water exposure is consistent with the
presence of H2O molecules on the surface. The corresponding UPS data are shown in Figure C4.

b)

EF
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4.38 eV
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Figure C4 UPS spectra of the MAPbI3-xClx film in Figure C3: a) SECO, b) wide range binding energy
(BE) valence spectra, and narrow binding energy range valence band spectra with valence band maxima
(VBM) determined from the onset of the spectra on c) linear and d) logarithmic intensity scale. The
decrease and VBM shift to higher BE is consistent with the data in section 5.2.
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Appendix D
Supporting results for the investigation of mixed methyl ammonium guanidinium lead
iodide perovskite in subsection 5.3.1
Optical properties of MA 1 -x Gua x PbI 3 perovskite films
The absorption spectra of MAPbI3 and five representative MA1-xGuaxPbI3 perovskite films
with x ≤ 0.5 are shown in Figure D1a. A tiny but continuous shift in the absorption band edge
is observed for x < 0.2, whereas a lowering of the absorption capacity and a larger blue shift
of the band edge (~0.02 eV), implying a band gap widening, is recorded for x > 0.2. This band
gap widening can be associated with the different organic-inorganic interactions mediated by
the new additional hydrogen bonds, which result in local distortions of the Gua neighbouring
positions, and ultimately, in the expansion of the unit cell. Additionally, for x > 0.5 features at
~500 nm and at 390 nm related to the band edge and the excitonic peak of 1D GuaPbI3,
respectively, as well as a feature corresponding to the absorption edge at ~775 nm of
MA0.75Gua0-25PbI3 are discerned (Figure D2a). These features evidence that both individual
GuaPbI3 and MA0.75Gua0-25PbI3 phases are preserved in MA1-xGuaxPbI3 for x > 0.5. In line
with the absorption data, the photoluminescence (PL) spectra in Figure D1b and (Figure D2bd exhibit a gradual shift towards higher energy for x < 0.2 and a more apparent shift for x =
0.25, which is preserved for higher x (Figure D2d), thus indicating a band gap widening.

Figure D1
a) Ultraviolet-visible-near-infrared absorption spectra of the MA1-xGuaxPbI3 films
containing x ≤ 0.5 shown in Figure 5.24. The optical band edge region is magnified in the inset for
MA1-xGuaxPbI3 films containing x ≤ 0.5. b) Photoluminescence (PL) spectra of the MA1-xGuaxPbI3
films in a). Absorption data from Gustavo de Miguel (Universidad de Córdoba), PL-data from Giulia
Grancini (EPFL Sion), figures reproduced with permission from ref. [243].
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Figure D2 a) UV-visible absorption spectra for the 1D GuaPbI3 perovskite and the mixed
MA0.25Gua0.75PbI3. b) Photoluminescence (PL) spectra recorded for the samples in a), excited at
380 nm and 450 nm. The MA0.25Gua0.75PbI3 (75% Gua content) sample exhibits emissions which
correspond to the two coexisting GuaPbI3 and MA1-xGuaxPbI3 phases. c) PL spectra recorded for
MA1-xGuaxPbI3 mixed perovskite with different x ≤ 0.25. d) Evolution of PL peak maximum (in eV)
with increasing percentage of Gua. PL data from Giulia Grancini (EPFL Sion), figures reproduced
with permission from ref. [243].

| 189

Appendix
Morphology and phase segregation of MA 1 - x Gua x PbI 3 perovskite films
MAPbI3
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Figure D3 Top-view SEM images of MAPbI3 and MA1-xGuaxPbI3 mixed perovskites with different
percentages of Gua content. SEM data from Cristina Roldán-Carmona (EPFL Sion), figures adapted
and reproduced with permission from ref. [243].
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The micro-PL and micro-Raman results in Figure D4a and Figure D4b, respectively, confirm
the above observations. The micro-PL maps depicting the distribution of the PL peak
positions in Figure D4a evidence that whereas no relevant change in the PL peak is observed
in the wavelength emission range between 710 nm and 780 nm for x < 0.25, a distinctly
contrasted PL map with regions extending to a few micrometres is observed for x = 0.75.
Since the PL peak position is related to the material band gap, which changes with
composition[297] and/or local disorder over microscopic sample areas, the results here points
out a phase segregation in the material, related to a band gap distribution across the film.
Micro-Raman spectra recorded on the same areas yield spectra similar to MAPbI3 for x values
up to 0.25 (Figure D4b). The gradual shift to lower wavenumber of the peak at ca. 250 cm-1,
associated with the vibrations of the organic cation, indicates the shrinking of the mode due to
the insertion of Gua. The peak shift can be attributed to isolated Pb–I planes, similar to PbI2
intercalated with large organic molecules,[298] and therefore, suggest the formation of lowdimensional perovskite as for the pure GuaPbI3 in the 1D phase. For Gua > 0.25, the relative
intensity of the peaks at 120 cm-1 and at 135 cm-1 increased significantly and the spectra
became comparable to that acquired on area with rod-like morphology of the mixed
perovskite sample with x=0.75. This further corroborates the phase homogeneity for x < 0.25
and the increasingly severe phase segregation into 3D/1D mixture for higher Gua amounts,
while the individual features of the single constituents are still retained.

Figure D4 a) Maps over 6×6 µm2 regions of the micro-PL wavelength peak shift for different Gua
percentages. b) Micro-Raman spectra of the perovskite surfaces for different Gua percentages. Dashed
lines highlight the shifts. PL and Raman data from Giulia Grancini (EPFL Sion), figures reproduced
with permission from ref. [243].
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Appendix E
Supporting results for the investigation of titanium disulfide TiS2 as hole transport
material in subsection 5.3.2

Figure E1 Top surface SEM images of TiS2 films deposited on Si substrate a) at a spin speed of 2000
rpm showing particles with different sizes, and b, c) at a spin speed of 5000 rpm showing only small
particles with a diameter below 100 nm. SEM data from Cristina Roldán-Carmona (EPFL Sion),
figures reproduced with permission from ref.[244].

Table E1 Estimated chemical synthesis cost and waste streams for different HTMs.a Data calculated
by Aron Huckaba (EPFL Sion), reproduced with permission from ref. [244].
a, b: Taken from the literature.[339] c: Total estimated material cost for one gram of product. d: Total estimated
chemical waste for the synthesis of one gram of product, and the waste of halogenated solvents given in
parentheses.

Material

Stepsb

Material
Cost ($/g)c

Cost per m2 Chemical
($/m2)
Wasted (kg/g)

Commercial
Price ($/g)

Spiro-OMeTADa

6

92

39.46

3.6 (1.0)

170-425

Amorphous TiS2

1

7.37

0.25

0.516(0.0)

n/a
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Appendix F
Supporting results for the investigation of perovskite thin films and films obtained from
different solution dilutions
MAPbI 3 films of different nominal thicknesses obtained by co-evaporation of
MAI and PbI 2

Figure F1 a) SECO, and b) wide binding energy range valence spectra of PEDOT:PSS, and MAPbI3
films of different nominal thickness obtained by coevaporation of MAI and PbI2. Narrow binding
energy range valence region spectra of c) 100 nm, d) 8 nm, e) 4 nm, f) 2 nm nominally thick films in
a, b) and their respective AFM micrographs in g-j). Scale bar in micrographs is 500 nm; additionally,
the respective rms roughness is given. For profiles corresponding to the drawn lines, see Figure F2.
Samples prepared by Cristina Roldán-Carmona (EPFL Sion).

The UPS spectra of MAPbI3 films of 2 nm, 4 nm, 8 nm, and 100 nm thicknesses, obtained by
co-evaporation of MAI and PbI2 on PEDOT:PSS substrates are shown in Figure F1 Sample
preparation, i.e. thermal deposition for co-evaporation, was carried out by Cristina RoldánCarmona from the GMF group at EPFL Sion, Switzerland. Although the 2 and 4 nm thick
samples still exhibited features related to the PEDOT:PSS substrate, for instance around 9.6
eV, peaks related to perovskite, e.g. at ca. 5 and 3.7 eV were observed, which distinctly
evolved to more pronounced features for the 8 nm thick sample (Figure F1b). The film
roughness increased with the nominal film thickness (Figure F1g-j), which is correlated with
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the expansion of the grains, as indicated by the corresponding profiles in Figure F2. No band
bending could have been deduced from the UPS data, since all samples exhibited comparable
VBM (Figure F1 c-f).

Figure F2 AFM micrographs of the MAPbI3-xClx films in Figure F1 and selected line profiles.
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Figure F3 XPS spectra of Pb 4f, I 3d5/2, N 1s, C 1s, O 1s, and S 2p core levels for films obtained from
1:5, 1:10, and 1:100 dilution of a reference MAPbI3-xClx precursor solution of concentration c0 (40
wt%), cf. Figure 5.40 for UPS spectra. For optimal representation, the signal intensity of some core
levels is magnified; in such case, the respectice magnification factor is indicated. Dotted lines are
drawn only as visual support in identifying related peaks.
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AFM of perovskite films obtained from precursors solution of different
concentration and by adopting different preparation

Figure F4 AFM micrographs showing the edge of a scratch on a PEDOT:PSS film on a ITO substrate
(left) and a MAPbI3-xClx film (from a c0 solution concentration) on ITO/PEDOT:PSS substrate
(right). The scratch was mechanically performed with a syringe needle but without applying pressure
to not scratch the underlying ITO glass substrate. The height line profile at the scratch edge (white
line) is represented in the respective bottom graph (black line). The thickness is determined by the
difference between the ITO substrate height (closer to 0 nm) and the respective film height; both
heights are an average of the region delimited by the green lines. The line profiles yield film
thicknesses of ca. 55 nm for PEDOT:PSS and of ca. 260 nm for the perovskite layer (assuming a 55
nm thick PEDOT:PSS layer underneath).

Note for Figure F5: After the UPS measurements shown in Figure 5.40, a series of PES
measurements (not shown here) involving white light illumination for 30 min has been carried
out on the sample 1:5 of the MAPbI3-xClx series before the corresponding AFM micrograph
shown here in Figure F5 (top, right) was recorded. The light exposure resulted in generation
of Pb0 and it is not excluded that the morphology of this sample might have been affected.
However, this 1:5 micrograph is just shown to evidence the formation of a thick layer of
material with grain-like morphology in comparison to the 1:10 and 1:100 samples. For the
samples obtained from MAPbI3-xClx (top figures in Figure F5), 1:100 and 1:10 exhibit the
same morphology as PEDOT:PSS (Figure 4.2). Randomly scattered bright spots (yellow
circles) are displayed, which correspond to grains that aggregate into clusters of about 200 nm
width with varying heights up to 30 nm are observed, which can be associated with
perovskite. The morphology was improved for the same dilution 1:10 by applying the anti196 |

solvent method (toluene dripping 5 s before the end of the spin-coating step) for similar
MAPbI3-xClx dilution, as supported by the formation of larger grains (middle figures in Figure
F5), in clear contrast with the disparate and small clusters observed with the same
concentration but without toluene dripping. For both series (with and without toluene
dripping), the micrographs of 1:5 indicate the formation of homogeneous films.

Figure F5 Top: AFM micrographs of films obtained from different dilution of MAPbI3-xClx precursor
solution c0 (40 wt%), which were investigated by UPS (cf. Figure 5.40). For 1:10, the inset shows a
region corresponding to one of the white spots (yellow circles), which is a ca. 200 nm large aggregate
of grains with widths up to 30 nm. Middle: MAPbI3-xClx films obtained from different dilution of
MAPbI3-xClx precursor solution c0 (40 wt%) and by anti-solvent method using toluene. Bottom:
MAPbI3 films obtained from perovskite precursor solutions containing MAI and PbI2 in a mixture of
DMSO and GBL and with the anti-solvent method using toluene (bottom). The rms roughness of the
respective sample is given in Table F1.
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Table F1 Rms roughness of the perovskite samples in Figure F5, derived from the corresponding
AFM images in Figure F5.

Rms roughness (nm)/concentration

MAPbI3-xClx

MAPbI3-xClx + toluene

MAPbI3
(w/ DMSO+GBL) + toluene

Scanned area

1:100

1:10

1:5

10 × 10 µm2

1.61

1.35

6.79

500 × 500 nm2

-

5.31

7.38

1:10

1:5

c0 (40 wt%)

10 × 10 µm2

7.32

3.66

39.4

500 × 500 nm2

7.48

4.60

32.2

0.01 M

0.05 M

0.75 M

10 × 10 µm2

8.86

2.70

6.84

500 × 500 nm2

3.01

-

-

2 × 2 µm2

-

3.61

9.30

The samples obtained from MAPbI3 solution in a mixture of DMSO and GBL and with
toluene dripping during deposition exhibit different morphology (bottom figures in Figure F5)
in comparison to the two MAPbI3-xClx series. Grains also aggregate in clusters; however, in
contrast to 1:10 of the first series for instance, the clusters are more densely spread. The
terrace-like profile extracted for one of these clusters (Figure F5, bottom left, inset) indicates
an island growth.
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GIXRD of perovskite films obtained from precursor solutions of different
concentration and by adopting different preparation
Figure F6 2D GIXRD patterns of
MAPbI3-xClx films (cf. Figure 5.40
for PES of similar samples)
obtained from precursor solutions
of different concentration prepared
from the dilution of a reference
concentration c0 (40 wt%) with the
dilution factors 1000, 100, 20, and
10. The calculated diffraction rings
for ITO (black) are shown in
1:1000 and 1:100, and those
corresponding to cubic (blue)
perovskite are shown in 1:10. The
dots in 1:10 point out the fiber
texture. Simulation performed by
Ingo Salzmann, formerly HU
Berlin.

Figure F7 2D GIXRD patterns of

MAPbI3 films (cf. Figure 5.42 for PES of
similar samples) obtained from precursor
solutions (MAI and PbI2 in DMSO and
GBL) of different concentration 0.01 M,
0.05 M, 0.1 M, and 0.75 M. Perovskite
features are detected starting at 0.05 M
concentration, characterized by the
diffraction at q=10 Å.
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