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Abstract 
Svanström, S. 2021. The life and death of perovskites. Interfacial function and degradation 
of lead halide perovskites studied by photoelectron spectroscopy. (Perovskiters liv och 
död. En studie av funktionen och degrationen i blyhalidperovskiters gränsskikt med 
fotoelektronspektroskopi). Digital Comprehensive Summaries of Uppsala Dissertations from 
the Faculty of Science and Technology 2082. 75 pp. Uppsala: Acta Universitatis Upsaliensis. 
ISBN 978-91-513-1309-2. 

Lead halide perovskite solar cells are a promising new technology which could soon see 
widespread commercial application but is partly held back by poor long-term stability. In this 
thesis, photoelectron spectroscopy (PES) is used to study the dynamical processes at the surface 
or interfaces of lead halide perovskite materials. Some of these processes are responsible for 
the different types of degradation while others are essential for the function of the solar cell. 
The work includes a range of lead perovskite compositions with the general formula APbX3, in 
which A is a monovalent cation, and often organic (e.g. formamidinium or methylammonium), 
and X is a halide anion, typically Br- or I-. The compositions can also include mixtures of cations 
at the A and anions at the X site. 

Part of this thesis is dedicated to investigating the degradation of the perovskite surface 
in response to both intense visible light and X-ray irradiation. The results show that intense 
illumination induces the decomposition of the perovskite into metallic lead, halide gas and 
organic halide salt, but also indicate how this process can be suppressed by the addition of 
small amounts of Cs+ ions and by adjusting the relative amounts of halides. A different process, 
induced by the X-ray radiolysis of the organic cation, is shown to consume rather than form 
metallic lead. 

Another part of this thesis is dedicated to the investigation of the reactions at the interfaces 
between the perovskite and silver, copper or SnOx. The results show that both copper and silver 
react rapidly with the perovskite forming metal halides and that the metal can diffuse into the 
perovskite. Copper is particularly reactive, leading to the formation of two new compounds 
and the bulk degradation of the perovskite. The SnOx is significantly more stable but material 
intermixing results in the formation of a thin interface layer that may hinder charge extraction. 

Finally, a method for measuring both interfacial photovoltage and band alignment in a 
fully functional perovskite solar cell using hard X-ray photoelectron spectroscopy (HAXPES) 
is demonstrated. The results showcase the design considerations for the samples and the 
measurement setup and the potential of this technique. 

In summary, this thesis shows the suitability of PES for studying both the function and 
degradation of surfaces and interfaces of complex dynamical systems. It serves as a guide 
for future studies by highlighting challenges and possibilities faced when working with these 
systems. 
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Anything that is not forbidden by the laws of 

nature is achievable given the right knowledge 

- David Deutsch 
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1 Introduction 

Since the start of the industrial revolution a significant amount of carbon di-

oxide has been released into the atmosphere from the burning of fossil fuels 

for power production. This has contributed to a temperature rise of almost 1oC 

since preindustrial times and this warming is set to continue or accelerate in 

the 21st century [1]. This motivates a move from fossil fuels to renewable 

power sources that do not emit carbon dioxide. Solar energy as an alternative 

power source shows enormous potential in this regard, with the power hitting 

the earth being about 10 000 times greater than humankinds power need [2]. 

However, the implementation of solar energy has been limited by the fabrica-

tion and installation costs. Even if the prices have dropped significantly in 

recent years, any further decrease in costs would increase the adoption of solar 

energy. Although alternatives exist, the most common way to convert solar 

energy into electrical energy is currently by the use of solar cells [2]. 

Currently the leaders in the solar cell market are the mono- and multi-crys-

talline silicon solar cells. Their fabrication involves the melting and recrystal-

lization of silicon with large energy requirements, reducing the benefit of the 

solar cells themselves. The current alternative to silicon solar cells are thin 

film solar cells, using copper indium gallium selenide (CIGS) and cadmium 

telluride (CdTe), that need considerably less energy to fabricate. However, 

unlike silicon they use rare materials limiting the production capacity and in-

creasing the cost of the cells themselves [3,4].  

A new alternative to the solar cells that currently dominate the commercial 

market might be lead halide perovskite solar cells. Since they were first used 

in solar cell devices a decade ago these materials have generated significant 

attention due to their excellent optoelectronic properties and simple fabrica-

tion methods from cheap and abundant starting materials [3,5]. Their excellent 

optoelectronic properties have allowed them to reach power conversion effi-

ciencies of over 25.2 %, comparable to the 26.1 % of silicon solar cells [6]. 

However, the long term stability of perovskite solar cells is a significant bar-

rier to commercialisation. For more information on the structure and function, 

properties, as well as fabrication techniques of perovskite solar cells, see 

Chapter 3.  

The efficiency and stability of perovskite solar cells are highly connected 

to the behaviour of interfaces in the device, i.e. the interactions occurring in 

the regions where two different materials make contact. Such interfacial re-

gions are very thin, in the range of tens of nanometres, and their chemical and 
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electronic structure is often very complicated. Because of these challenges I 

have relied heavily on the use of different types of X-ray photoelectron spec-

troscopy (shortened to XPS or PES) in this work. PES is very surface sensi-

tive, allowing me to study surfaces and thin interfaces. Furthermore, PES pro-

vides information on chemical and electrical environment, allowing me to de-

tect chemical changes and electrical structures. This work is mainly based on 

PES with some studies supported by measurements using X-ray diffraction 

(XRD), to determine the bulk structural properties, and scanning electron mi-

croscopy (SEM), to determine the surface morphology. For more information 

on PES and complementary techniques, see Chapter 4.  

Using these techniques, I have studied the intrinsic properties of lead halide 

perovskite surfaces (Paper I) as well as their behaviour during intense light 

illumination (Paper II and III) and X-ray irradiation (Paper IV). The goal 

was to provide valuable insight into the intrinsic behaviour and degradation of 

the perovskite materials themselves. Further studies were performed on the 

reactions at the interfaces between the perovskite and three different contact 

materials, namely silver (Paper V), copper (Paper VI) and tin oxide (Paper 

VII). The goal was to provide insight into the degradation process that at the 

interface and how they could potentially be prevented. Finally, using the 

knowledge from these earlier studies, together with parallel method develop-

ment, I have been able to extend PES to study the interfaces of fully functional 

solar cells during operation (Paper VIII). My hope is that this method will 

allow future research that improves the understanding of dynamics occurring 

in the solar cells, leading to further optimisation. This thesis therefore encom-

passes studies going from simple, static systems to complex, dynamical ones. 

Chapter 5 will describe the results obtained from the different systems in the 

order presented in Figure 1. This encompasses the degradation processes (Pa-

per II to VII) that can occur in perovskite solar cells and the processes funda-

mental to the function of these devices (Paper VIII) 

However, before presenting and discussing the solar cell, methodology and 

results, I will provide the reader with a basic introduction to semiconductors 

and their interactions with both light and X-rays in Chapter 2. 

 
Figure 1: An illustration of the systems studied in this work by paper going from 
simple, static systems to complex, dynamic systems. The aim was to characterise 
functional and detrimental effects, i.e. the life and death of the perovskites.   
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2 Light and materials 

2.1 Atoms, orbitals and bands 

Understanding of solar cells and of the methods we use to study them requires 

a basic introduction to atomic orbitals and the formation of band structure in 

the solid state. Here I will give a brief introduction to the formation of electron 

orbitals and how these orbitals form into bands, based on the book Introduc-

tion to Solid State Physics by Kittel [7]. The electron and structural properties 

of atoms, molecules and condensed matter can be derived theoretically from 

the time-independent Schrödinger equation [8]. 

−
ℏ2

2𝑚
∇𝜓 + 𝑈(𝑥, 𝑦, 𝑧)𝜓(𝑥, 𝑦, 𝑧) = 𝐸𝜓(𝑥, 𝑦, 𝑧)   1 

The mass of the nucleus is significantly greater than that of an electron (a 

proton being 1837 times more massive than an electron), it can therefore often 

be seen as stationary when calculating the behaviour of the electrons. This 

allows the factorisation of the total wave function into electronic and nuclear 

components (𝜓𝑡𝑜𝑡 = 𝜓𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 × 𝜓𝑛𝑢𝑐𝑙𝑒𝑎𝑟) with the behaviour of the nucleus 

being described by the nuclear wave function and the behaviour of the elec-

trons being described by the electronic wave function. Generally, the elec-

tronic Schrödinger equation can be solved by assuming that the nuclei are 

constant immovable charges. However, for most systems the solutions are too 

complicated to be solved analytically, requiring approximations and numeri-

cal solutions.  

For certain systems, such as the particle in a box or hydrogen atom, the 

equation can be solved analytically. These calculations are useful for under-

standing the formation of energy states and their interaction with each other. 

For atoms the wave function and energy of the individual electrons can be 

modelled by assuming that the nuclear charge is screened by the rest of the 

electrons. This gives rise to the concept of atomic orbitals with electron wave-

functions having energy and symmetry described by the quantum number n, 

generally indicating average distance from nucleus, and l, giving the shape 

and symmetry (also indicated by the letter s, p, d and f). The structure of an 

atom can be described as a product of multiple orbitals, see Figure 2a. For 

example, the nitrogen atom (1s22s22p3) can be described as a combination of 

shells with 2 electrons in 1s and 2s orbital as well as 3 electrons in the 2p 

orbital. It is mostly these latter 3 electrons that are responsible for the chemical 
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properties of the material. These outermost electrons are referred to as valence 

orbitals/levels and have the lowest binding energy, i.e. the energy required to 

remove the electron from the atom. The other deeper orbitals, typically called 

core orbitals/levels, do not participate in chemical bonds and therefore have a 

binding energy that depends on the element. However, there is still some over-

lap and interaction between the electron in the valence orbitals and core orbit-

als and as a result the formation of a chemical bond can still affect the energy 

of the core orbitals. This, in part, gives rise to the chemical shift in binding 

energy that can be detected using techniques like photoelectron spectroscopy, 

see Chapter 4.1.  

The formation of chemical bonds can be described using a number of dif-

ferent approximations. For molecules the bonds are often represented by the 

molecular orbitals, which are often described using linear combinations of 

atomic orbitals. In comparison to atomic orbitals this results in a splitting of 

molecular energy levels, shown for molecular hydrogen in Figure 2b, which 

depends on the difference in energy and overlap of the atomic orbitals. The 

formed molecular orbitals will maintain some of the properties of the original 

atomic orbitals but become significantly more complex as the number of at-

oms and orbitals increase.  

For a solid material the number of atoms is large enough that the energy 

difference between the orbitals becomes so small that they form continuous 

bands, as illustrated in Figure 2c.  The structure of these bands gives rise to 

many of the properties of a material. The highest energy band occupied by 

electrons is referred to as the valence band (EV), while the lowest energy un-

occupied band is referred to as the conduction band (EC). In materials, like 

metals, the conduction and valence band overlap, or are only partially filled, 

which allows electrons to move freely through the material, resulting in high 

conductivity. On the other hand, if the bands are separated by large energy 

distance, referred to as band gap (Eg), electrons are unable to move resulting 

in an insulator. However, if the band gap is small enough some electrons may 

be excited to the conduction band making the materials slightly conductive, 

thereby the name semiconductor.  

 
Figure 2: a) The structure of electron orbitals around a period two atom. b) The mo-
lecular orbitals formed in the bonding of two hydrogen atoms. c) The process of 
band formation as a large number of atoms are brought closer together. 
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2.2 Semiconductors, defects and doping 

Semiconductors are characterised by a bandgap that is small enough that ther-

mal energy can excite some electrons from the valence band to the conduction 

band, called thermal excitation. The extent of excitation will follow the Fermi-

Dirac distribution 

𝑝(𝐸) =
1

𝑒(𝐸−𝐸𝐹)/𝑘𝐵𝑇+1
  2 

where p(E) is the probability that a state with the energy E is occupied [9,10]. 

The Fermi level (EF) is energy where a state has 50 % chance of being occu-

pied while kB is the Boltzmann’s constant and T is the temperature. The excited 

electron also leaves behind an empty state in the valence band, called a hole, 

which effectively functions as a positive charge. Together we refer to the elec-

trons in the conduction band and holes in the valence band as charge carriers 

as they are responsible for carrying electrical charge in the material. Excited 

electrons in a material will eventually, given time, encounter a hole and fill it 

resulting in the loss of both charge carriers, a process called recombination. 

This process either results in the generation of a photon (radiative recombina-

tion) or heating of the material (non-radiative recombination). The former is 

useful in devices such as light emitting diodes (LEDs) while the latter is gen-

erally undesirable. The process of recombination and excitation and the prob-

ability of a state being filled is shown in Figure 3a.  

Figure 3a shows the case for an intrinsic semiconductor, where the number 

of excited electrons and holes are identical, however, if material has defects 

this might not be the case. Examples of defects are missing atoms (vacancies), 

replacement of atoms by another atoms (substitutions) or insertion of extra 

atoms between other atoms (interstitials). The presence of a grain boundary or 

a surface can also be seen as a defect. 

Some of these defects can result in the excitation of additional charge car-

riers in a process called doping. For example, if a defect creates occupied 

states close to the conduction band the electrons in these states will easily be 

excited to the conduction band resulting in more excited electrons than holes, 

called a n-type/n-doped material. If instead the defects have empty states close 

to the valence band electrons will easily be excited to fill them, resulting in 

more holes than excited electrons, called a p-type/p-doped material. In a sem-

iconductor the balance between electrons and holes defines the Fermi level for 

the system, with n-type, intrinsic and p-type materials having their Fermi level 

at the top, middle and bottom of the band gap, respectively, with the distribu-

tion of filled states is shown in Figure 3b. The number of defects required to 

significantly change the number of charge carriers is often small in compari-

son to the total number of atoms. Moreover, defects in the middle of the band 

gap can also promote non-radiative recombination by functioning as a middle 

step between valence band and conduction band. They can also trap charge 

carriers, which prevents them from moving in the material. 
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Charge carriers will typically move around in the material using two dif-

ferent mechanisms, drift and diffusion. Drift is movement of charge carriers 

in an electric field with positive holes moving with the direction of the field 

and negative electrons moving against the direction of the field. Diffusion is 

the movement of charge carriers from an area with high charge carrier density 

to one with low charge carrier density, i.e. they will attempt to distribute them-

selves as evenly as possible. These processes are shown in Figure 3c. 

 
Figure 3: a) The process of thermal excitation and recombination as well as the dis-
tribution of electrons and holes for an intrinsic semiconductor at room temperature. 
b) Position of the Fermi level and distribution of electrons and holes in n-type and p-
type semiconductor. c) The drift and diffusion of electrons and holes. 
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2.3 Interaction with visible light 

Solar cells rely on the properties of charge carriers as well as their interaction 

with light to generate usable energy. Figure 4a shows a semiconductor, with 

a bandgap of Eg, illuminated with spectrum of light containing everything 

from low energy infrared to high energy ultraviolet photons, with the visible 

light somewhere in the middle. When the light passes through the material any 

photon with an energy below that of the band gap (hν < Eg) will just pass 

through the material without being absorbed, this process is called transmis-

sion. However, a photon with an energy equal or greater than that of the 

bandgap (hν ≥ Eg) can be absorbed by the excitation of an electron from the 

valence band to the conduction band, a process called photoexcitation. If the 

energy of the electron exceeds the bandgap, then the extra energy is rapidly 

converted to heat by interactions with atoms in the material until it drops to 

the bottom of the conduction band (EV). Holes, being the absence of electrons, 

will rise until they reach the top of the valence band (EC)*. This process, called 

thermalisation, practically results in the loss of any usable energy carried by a 

photon that is greater than the band gap. Together, the transmission and ther-

malisation losses limit the amount of light that can be converted into energy 

in electron-hole pairs for any device with a single bandgap. For a given spec-

trum of light, there is a band gap which results in the fewest losses. For the 

solar spectrum this band gap is about 1.34 eV, at which a maximum of 34.3 

% of the solar energy can be converted into electrical energy. This efficiency, 

which also takes into account other effects such as blackbody radiation, re-

combination and impedance losses, is called the Shockley-Queisser limit [11].  

However, in order to extract the energy absorbed from the photon the elec-

tron and hole need to be separated to prevent recombination and to generate a 

useful current and voltage. This requires an asymmetry in the solar cell, es-

sentially a structure were electrons and holes will behave differently. A silicon 

solar cell relies on a structure called a homojunction, while perovskite solar 

cells rely on heterojunctions (Figure 4b). A homojunction, as the name im-

plies, is a junction between two parts originating from the same material. In 

order to create an asymmetry, the two different parts are doped so that one is 

n-type (excess of electron) and one is p-type (excess of holes). When a contact 

is made between the materials, diffusion will result in a flow of electrons from 

the n-type to the p-type semiconductor while the opposite will happen for the 

holes. This will generate an electric field which opposes the diffusion of the 

holes and electrons. When an electron-hole pair encounters this electric field 

the electron and hole will be accelerated into opposite directions, resulting in 

charge separation. 

                               
* It is helpful to imagine holes as air bubbles in water, seeking to rise to the highest point, and 
electrons as water drops in air, seeking to reach the lowest point. 
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A heterojunction, unlike a homojunction, consists of two different semi-

conductors with different band gaps. This will give rise to a discontinuity in 

the bands at the interface that will cause one type of charge to be blocked but 

allow the other to pass through unhindered. The band offsets at the hetero-

junction can be estimated using Anderson’s rule [12], stating that the offset in 

the conduction and valence band is the difference in electron affinity and ion-

isation energy (defined in Chapter 2.4), respectively. However, it is a highly 

simplified model and is therefore not always accurate. For more information 

on the basics on heterojunctions, see e.g. the book Electronic Structure of 

Semiconductor Heterojunctions by G. Margaritondo [13]. 

 
Figure 4: a) The interaction of light with semiconductor resulting in transmission, 
excitation and thermalisation of electron-hole pairs. b) Separation of charge carriers 
in homo- and heterojunctions.  

2.4 Interaction with X-rays 

The work carried out in this thesis is in large part based on X-ray photoelectron 

spectroscopy and other related techniques which rely on the interaction of X-

ray photons with atoms in the sample. While the fundamental properties of X-

ray and visible photons are essentially identical the former have significantly 

more energy. This extra energy allows an X-ray photon to kick out an electron 

from an atom resulting in the ionisation of the atom.   

For a metal the minimum energy required to remove an electron from the 

material (i.e. to the vacuum level) is the work function (ϕ). However, for a 

semiconductor or insulator the corresponding value is the ionisation potential 

(IP), which is the minimum energy required to remove an electron from the 

top of the valence band. A related concept is the electron affinity (IE), which 

is energy gained from adding an electron to the conduction band. The work 

function, ionisation potential and electron affinity are shown in Figure 5a. 

However, X-rays also have enough energy to remove electrons from deeper 

bound core level electrons, as shown in Figure 5a. In photoelectron spectros-

copy it is these photoelectrons which we are able to detect and analyse for 

information of the chemical state and the electronic properties of the materials. 
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For a core level the binding energy (Ebin) is referenced to the Fermi level so 

the kinetic energy of the photoelectron is calculated using 

𝐸𝑘𝑖𝑛 = ℎ𝑣 − 𝐸𝑏𝑖𝑛 − 𝜙   3 

where hν is the photon energy. 

The emission of the photoelectron from a core level also creates a core hole, 

which is a high energy state. In order to minimise the energy of the system a 

valence electron or weaker bound core level electron will fill the core hole. 

This releases a significant amount of energy, which can be dissipated in two 

different processes. One option is to give the energy to another electron which 

will be ejected from the atom, called an Auger electron (Figure 5b). Another 

option is that the energy is given to an X-ray photon which is emitted in a 

process called X-ray fluorescence (Figure 5c). The energy of the Auger elec-

tron and X-rays are unaffected by the photon energy as the energy is derived 

from the difference between two core levels and not the X-ray photon. The 

core level electrons are localised at each atom, meaning that the information 

provided by the interactions with X-rays is of an atomic character.  This means 

that we are able to differentiate between different elements. Moreover, the 

core levels are affected by the surroundings allowing the differentiation be-

tween chemical states. This elemental and chemical sensitivity is key for the 

utility of X-ray based spectroscopy, which includes photoelectron spectros-

copy and is discussed further in Chapter 4.1.  

 
Figure 5: The photoionisation process (a) resulting in the formation of a core hole 
and the consequent filling of the core hole by the emission of either an Auger elec-
tron (b) or an X-ray photon (c). 
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3 Lead halide perovskite devices 

In this chapter I will introduce the structure of lead halide perovskites and the 

architecture and function of perovskite solar cells. This will be followed by a 

description of the properties that have made them successful as well as some 

of their more problematic traits and finally a short summary of fabrication 

techniques. 

3.1 Structure, architecture and function 

3.1.1 The perovskite structure 

Halide perovskites, in general, have the chemical formula ABX3 where A is a 

monovalent cation, B is a divalent cation and X is a monovalent halide anion. 

The A site is typically occupied by an organic cation, originally this was me-

thylammonium (MA+ = CH3NH3
+) but many perovskite compositions also 

commonly include formamidinium (FA+ = CH(NH2)2
+), the molecular struc-

ture of both is shown in Figure 6a. Additionally, the inorganic cations Cs+ or 

Rb+, as well as a mixture of multiple organic and inorganic monovalent cations 

can be used [14,15]. The B site is typically occupied by Pb2+, although Sn2+ 

can also be used. Finally, the X site is occupied by a halide, most commonly 

I- or Br-. Together, these form a structure where the monovalent cation is sur-

rounded by a lead halide cage creating the characteristic cubic perovskite 

structure, shown in Figure 6b.  

However, depending on the composition and temperature of the material, 

the perovskite can also form alternative phases, which can have significantly 

different properties making many of them unsuitable for solar cells  [16,17]. 

Even in the suitable phase the choice of composition significantly affects the 

properties, such as bandgap and stability, of the perovskite film. For example, 

the band gap is 2.3 eV for MAPbBr3 and 1.6 eV for MAPbI3, with the mixed 

Br/I perovskites featuring intermediate band gaps [18,19]. Additionally, re-

placing some of the MA+ with FA+ and especially Cs+ was found to signifi-

cantly improve the quality and stability of the perovskite, while having little 

effect on the band gap [14,18,20].  
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3.1.2 Perovskite solar cells architecture and function 

The perovskite, although important, is not the only material that makes up the 

solar cell. The perovskite functions as an absorber layer, that is it absorbs pho-

tons and converts them to electron-hole pairs. However, in order to generate 

usable energy, the electrons-hole pair needs to be separated. This is done with 

two heterojunctions using two different materials: one that allows holes to 

pass from the perovskite but blocks electrons, called hole transport mate-

rial/layer (HTM/HTL), and one which allows electrons to pass but blocks 

holes, called electron transport material/layer (ETM/ETL).  

Lead halide perovskites were first introduced in solar cell devices, specifi-

cally dye sensitized solar cells, in 2009 by Kojima et al. to replace the dye 

typically used to sensitise mesoporous TiO2 with MAPbI3 and MAPbBr3 [21]. 

The performance of these early devices was quite poor, with an efficiency of 

3.8 % and low stability. However, in 2012 the liquid electrolyte used in dye 

sensitized solar cells was replaced with the solid state HTM 2,2',7,7'-

tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (called spiro-

OMeTAD), which increased the efficiency to above 9 % and significantly im-

proved the stability (up to 500 hours) [22]. This architecture, with a perovskite 

layer sandwiched between an ETL of mesoporous TiO2 and a HTL of spiro-

OMeTAD, is one of the most common within the research community. The 

TiO2 is deposited of a transparent conductive oxide (TCO), usually fluorine-

doped tin-oxide (FTO), both of which have a large band gap that allows visible 

light to pass while offering a path for electrons to be extracted. The spiro-

OMeTAD is usually deposited directly on the perovskite followed by a back 

contact, usually gold, allowing the holes to be extracted.  

Figure 6c shows the cross section of this type of cell and movement of 

excited electron-hole pairs while Figure 6d shows the corresponding move-

ment in the band diagram. However, the same processes are applicable to most 

perovskite solar cell architectures. When a visible light photon is absorbed in 

the perovskite it will generate an electron-hole pair. The electrons will diffuse 

until they encounter the TiO2 (ETL) where they will be extracted from the 

perovskite. They will then diffuse into the TCO leaving it negatively charged. 

At the same time holes will diffuse until they encounter the spiro-OMeTAD 

(HTL), where they will be extracted from the perovskite. They will then dif-

fuse into the back contact leaving it positively charged. The oppositely 

charged sides will create a voltage difference that can, when connected to an 

external circuit, do useful work. 
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Figure 6: a) The two organic A-site cations commonly used in the lead halide per-
ovskites. b) The cubic perovskite structure (ABX3), showing the interconnected lead 
halide cage surrounding the larger A-site cation. c) A spatial illustration of the exci-
tation and movement of excited electron-hole pairs in a perovskite solar cell. d) En-
ergy diagram showing the excitation and charge separation of electron-hole pairs.  

There are several other types of architecture in addition to the regular archi-

tecture shown in Figure 6c and d. For example, the mesoporous layer can be 

removed leaving a flat ETL (called a planar architecture), or the position of 

the HTM and ETL can be switched resulting in an inverted architecture [5]. 

There are also tandem solar cell architectures, where a large bandgap solar cell 

is stacked on top of a small bandgap solar cells. Light that is transmitted 

through the top cell is absorbed by the lower cell reducing the intrinsic losses 

and allowing efficiencies above the Shockley-Queisser limit [23,24]. Here the 

tunability of the perovskite band gap is especially useful. Finally, there are 

more niche applications, like LEDs [25], X-ray or photodetectors [26,27] 

where different architectures and compositions can be used, for example all 

inorganic CsPbBr3 perovskites in X-ray detectors [28]. 

This wide range of architectures is enabled by a wider range of material 

choices available for HTM and ETM, allowing for flexibility depending on 

the requirements [29,30]. The HTM is usually a p-type material and the ETM 

a n-type material with the perovskites being viewed as an intrinsic semicon-

ductor with the whole cell described as a p-i-n junction [5,29]. However, this 

is a very simplified model as perovskites are commonly doped by the defects 

present in the material and the interfaces are rather complex, see Chapter 

3.2.2. 
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Some examples of HTMs commonly used or important to this work are: 

2,2',7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene 

(spiro-OMeTAD) [22], poly(3,4-ethylenedioxythiophene)-poly(styrenesul-

fonate) (PEDOT:PSS) [31], 6,13-is(triisopropylsilylethynyl)pentacene (TIPS-

pentacence) [32], P3 [33], NiOx [34], CuOx [35], CuI [36] and CuSCN [37]. 

Some examples of ETMs are TiO2 [21], SnOx [38], C60 [34] and phenyl-C61-

butyric acid methyl ester (PCBM) [39]. These examples encompass a large 

number of material types, such as organic polymers (PEDOT:PSS, P3), small 

molecules (C60, PCBM, spiro-OMeTAD, TIPS-pentacence), metal oxides 

(CuOx, NiOx, SnOx and TiO2) and other inorganic compounds (CuI and 

CuSCN).  

These materials often require different deposition techniques and have dif-

ferent mechanical properties making some of them unsuitable for certain ap-

plications, for example flexible solar cells [30]. However, they also have sig-

nificant impacts on stability. Small molecules and organic polymers usually 

requires additives in order to increase their conductivity. However, many of 

these additives are hydroscopic which, by attracting moisture, can induce deg-

radation of the perovskite [29]. The moisture stability can be increased signif-

icantly by using hydrophobic materials such as CuI and CuSCN as well as 

dopant free small molecules and polymers such as TIPS-pentacence or P3. 

Metal oxides usually offer significant improvements in stability, but they are 

not commonly deposited on top of the perovskite as they typically are an-

nealed at high temperatures. Some metal oxides can create other stability is-

sues. For example, TiO2 has been shown to induce the degradation of perov-

skite when exposed to UV-light [29]. 

One concern with widespread deployment of perovskites solar cells is the 

toxicity of lead, with lead being linked to neurological damage in humans. 

There have been attempts to develop lead-free perovskites, but the efficiency 

is considerably lower, and the stability is often worse. However, the amount 

of lead is miniscule, with the amount of lead in a single car battery being suf-

ficient to produce about 700 m2 of solar panels [40].  

3.2 Characteristics of lead halide perovskites 

3.2.1 Properties  

One of the reasons why perovskites have received significant attention is due 

to their excellent optoelectronic properties. Lead-halide perovskites, unlike 

silicon, have direct band gaps, i.e. the photoexcitation of electron-hole pairs 

does not involve any change in the momentum of the electron. This results in 

a high light absorption coefficient, meaning that perovskite films can be made 

very thin without becoming transparent [41,42]. 
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Good quality perovskite films can show charge carrier life times (the time 

it takes for an electron-hole pair to recombine) of up to 10 μs [43,44], remark-

ably long for a multi-crystalline material [45]. This is partially because the 

most common defects in the perovskite structure form states that are shallow 

or inside the conduction/valence band, meaning that they do not contribute 

significantly to non-radiative recombination of electron-hole pairs (i.e. they 

are passive) [41,46,47]. There are also indications that the charge carries 

might polarise their surroundings (forming polarons) by interactions with the 

inorganic lead halide cage and organic cations, in a way that causes electrons 

and holes to repel each other, thereby reducing recombination rates [45,48].  

Finally, there are indications that the recombination of electron-hole pairs is 

indirect (due to Rashba splitting), decreasing the probability of recombina-

tion [49–51], but further research is needed to confirm these effects [45]. Per-

ovskites also benefit from photon recycling, the process were photons emitted 

by radiative recombination are reabsorbed by the film rather than escaping 

from the material [52,53]. 

Exact determination of hole/electron mobility for lead halide perovskite has 

proven difficult with a large number of measurement techniques giving widely 

varying values: However in general measurements of the electron/hole mobil-

ity give values between 20 and 100 cm2/Vs [54,55]. As a result of the long 

charge carrier lifetimes, perovskites can have long charge carrier diffusion 

lengths (above 1 μm) [54,56], increasing the probability of diffusion to the 

selective contacts. 

3.2.2 Ion migration, defects and doping 

Even though perovskites have excellent optoelectronic properties they also 

have several quirks related to ion migration, i.e. mobile defects in the material. 

For example, perovskite solar cells can exhibit IV-hysteresis, i.e. their current 

and voltage output vary depending on if they are measured from open to short 

circuit or vice versa [57,58]. One of the main contributors to this hysteresis is 

the migration of ions in the perovskite absorber layer in response to built-in 

and applied electrical fields [58]. This is dominated by migration of I-, which 

has low activation energies [59], but other defects could also migrate albeit 

slower. Ion migration is also promoted by grain boundaries with the activation 

energy for migration being the smallest for small grained perovskite films fol-

lowed by large grain films and finally single crystals [60], with the same trend 

also appearing in the IV-hysteresis [61].  

As mentioned in Chapter 2.2 the presence of defects can result in the dop-

ing of the material, becoming either p- or n-type depending on the de-

fects  [47,62]. For example, perovskites with excess MAI or FAI tend to be 

more p-type while perovskites with excess PbI2 tend to be more n-type [63–

65]. This is exemplified by symmetrical devices with two identical electrodes 
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becoming temporarily functional by applying an external electrical field, sug-

gesting that migrating ions result in formation of a temporary homojunc-

tion [66,67]. Additionally, the work function, ionisation energy and electron 

affinity will increase when going from PbI2 rich (n-type) to MAI rich (p-

type) [65,68]. Because of this, the migration of different defects can signifi-

cantly affect the band alignment at interfaces with other materials. 

 The migrating ions/defects will, in addition to doping, also affect the 

charge carriers by charge trapping, non-radiative recombination and shielding 

internal fields in the device, which will affect the behaviour of the de-

vice [62,69]. This ion migration will also result in other effects. For example, 

mixed halide perovskites under illumination have been shown to form a mi-

nority phase with a halide content of about 20% Br [70–72]. We will further 

explore the effects of ion migration on the surface in Chapter 5.2.1.  

These detrimental effects can be supressed by improving crystallinity of 

the film, thereby reducing the concentration of defects, and by defect pas-

sivation, i.e. limiting the effect of the defects. The latter can be achieved by 

addition of small amounts of alkali-metal ions and large organic cati-

ons [58,73].    

3.3 Fabrication of perovskite solar cells 

One of the reasons why the lead-halide perovskite research field has managed 

to achieve such significant progress in a short time is the simple manufactur-

ing processes used to deposit perovskites. Lead halide perovskites and many 

of their selective contacts do not require high temperatures to be manufac-

tured, allowing them to be fabricated with a number of techniques, often from 

solutions [5]. It is important that the perovskite film is thin, to allow charge 

carriers to migrate to the selective contacts, but still fully cover the substrate, 

to avoid short circuiting between the HTL and ETL.  

Perovskite solar cells are fabricated in the lab using thermal evapora-

tion [74] and electrospray assisted deposition [75]. However, the most com-

mon deposition method for research cells is spin-coating with an anti-solvent 

treatment [30,76,77], where the perovskite precursor solution is forced to rap-

idly crystallise out of solution forming a dense multi-crystalline film. Spin-

coating, and the other methods, can also be used for the deposition of the HTL 

and ETL. This is also how the samples used in this work were fabricated. Alt-

hough suitable for making high quality films, spin-coating is only practical for 

depositing relatively small areas and therefore not viable for commercial film 

fabrication [5].  

For commercialisation, one needs to be able to deposit high quality perov-

skite films and selective contacts on a large area. There are several techniques 

to do so, but here I will give a short list of the most common ones: blade coat-

ing, slot-die coating, spray coating, inkjet printing and drop casting. For blade 
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coating, a perovskite solution is poured on a substrate and then spread linearly 

using a high speed blade [78]. A slightly more advanced technique is slot-die 

coating, where the perovskite solution is delivered to the substrate from an 

opening in the blade [79]. Thickness is varied by changing the gap between 

the blade and substrate, concentration of the solution and speed of the blade. 

Spray coating uses a nozzle to atomise the perovskite solution which is then 

sprayed over the substrate using a stream of gas, coating it evenly [80]. For 

inkjet printing, a computer controlled nozzle, similar to those for printing on 

paper, is used which allows the creation of patterns without using a mask [81]. 

It is important that the substrates have good wettability, to prevent the solution 

from forming droplets. For all of these techniques the substrates are typically 

heated to allow increasing the evaporation rate which promotes nucleation and 

crystal growth [5,30,82]. These techniques can often be used for depositing 

the selective contacts, further reducing the costs of manufacturing [5,30,82]. 

Finally, drop casting can be used. Here two stacked mesoporous layers, one 

functioning as an ETL (typically TiO2) and one functioning as a non-conduc-

tive scaffold (typically ZrO2), are saturated with a perovskite solution and al-

lowed to dry [83]. A hole conductor or carbon electrode can then be printed 

on top, completing the cell. Because of the low temperatures used, all the listed 

techniques are also suitable for deposition on heat sensitive flexible substrates, 

enabling roll to roll fabrication and further cost reductions [30]. 
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4 X-ray photoelectron spectroscopy and 
friends 

In this chapter I will describe the techniques used in my work. To summarise, 

the surfaces and interfaces were studied mainly using photoelectron spectros-

copy (PES). As supplementary techniques, scanning electron microscopy 

(SEM) was used for imaging the surface and X-ray diffraction (XRD) was 

used to study the bulk structure. The photoelectron spectroscopy part of this 

chapter based on the books X-ray photoelectron spectroscopy: an introduction 

to principles and practices by Van der Heide  [84], and Photoelectron Spec-

troscopy by Hüfner  [85].  

4.1 Binding energy 

Photoelectron spectroscopy (PES) uses monochromatic X-ray or ultraviolet 

(UV) photons with a known energy to emit electrons from core levels or from 

the valence band of a sample. The core level electrons are local and do not 

participate in chemical bonds and as such they preserve most of their atomic 

character. Generally, the binding energy (Ebin) of a core level is defined using 

the following equation 

𝐸𝑏𝑖𝑛 = 𝐸𝑓𝑖𝑛𝑎𝑙 − 𝐸𝑖𝑛𝑖𝑡𝑖𝑎𝑙     4 

This means that the binding energy, including effects such as the chemical 

shift, is the energy difference between the energy of the system before (Efinal) 

and after (Einitial) the photoexcitation process.  

Non-spherical orbitals (p, d and f) exhibit spin orbit splitting which arise 

from the coupling of the magnetic field of the spin of the electron with the 

magnetic field of the orbit of the electron. In the photoelectron spectrum the 

spin orbit split results in two peaks one with higher intensity but lower binding 

energy and one with lower intensity but higher binding energy. The two peaks 

have a specific spin orbit energy split and relative intensity ratio. 

In the photoelectron spectra one can also observe satellite peaks. Satellites 

occur when multiple final states with different energies can be created by the 

photoelectron process which gives rise to multiple signals at different ener-

gies. There are several effects where the photoelectron can exchange energy 
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with the valence and conduction band electrons during photoexcitation, result-

ing in structures referred to as shake-ups, shake-offs and plasmons. 

Shake-ups occur due to a rearrangement of the valence electrons of the ma-

terial in response to the formation of a core hole which results in a change of 

the energy of the photoelectron. The photoelectron can induce molecular vi-

brations and excitation of molecular orbitals in molecules, and excitation of 

electron hole-pairs in solids but the probability of this transition decreases sig-

nificantly with the amount of energy exchanged. In metals, which have no 

limit on the energy loss, this process results in metallic core levels being asym-

metric towards higher binding energies. There is also the possibility of the 

transfer of an electron to/from a nearby bonded atom which will affect the 

energy of the outgoing electron. This effect is strong in metals, where the elec-

trons are able to move freely in the material to screen the core hole. 

Shake-offs involve the excitation of valence band electrons above the vac-

uum level, making them no longer bound to the material. Because this is not 

a transition between discrete levels it commonly results in a broad higher en-

ergy background rather than a peak. The photoelectron may also excite plas-

mons, which are collective density oscillations of the weakly bound electrons 

in the conduction band, analogous to sound waves, most commonly seen in 

metals.  

The satellites are commonly affected by the chemical state of the atom and 

may therefore be used to identify such chemical states. For example, in our 

study of perovskite interfaces we have used the presence of strong satellites in 

the Cu2p to detect the presence of Cu2+ and the presence of a weak plasmon 

in Ag3d to detect the presence of metallic Ag. However, the commonly meas-

ured core levels of lead halide perovskites show no significant satellites or 

energy loss features to consider.  

While Equation 4 can be used explain and interpret the features in a spec-

trum, it is not used for calculation of the binding energy from measurements. 

Instead, for PES measurements where both the sample and the analyser are at 

the same Fermi level (i.e. both are connected to the same ground) the binding 

energy (Ebin) can be calculated using   

𝐸𝑏𝑖𝑛 = ℎ𝜐 − 𝐸𝑘𝑖𝑛 − 𝜙𝑎𝑛𝑎𝑙𝑦𝑠𝑒𝑟   5 

where hν is the photon energy and Ekin is the kinetic energy of the photoelec-

trons. The work function of the analyser ϕanalyser can be measured using a ref-

erence sample, usually a sample of metallic gold (Au4f signal at 84 eV or 

Fermi edge at 0 eV). Adventitious carbon C1s signal set at 285 eV is some-

times used for reference, although this is unreliable as the binding energy of 

adventitious carbon tends to depend on the work function of the sur-

face [86,87] rather than the Fermi level. Moreover, for some measurements 

we can use the core levels of the measured sample for reference, referred to as 

an internal reference. 
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Most elements have a number of core levels that are suitable, i.e. narrow 

and intense enough for PES measurements. For the lead halide perovskites 

investigated in this thesis, the region from 0 eV to 85 eV is especially useful 

as it contains the valence band, Pb5d (≈ 20 eV), I4d (≈ 50 eV), Br3d (≈ 69 eV) 

and Cs4d (≈ 75 eV) core levels. These represent all inorganic components 

commonly used in lead halide perovskite from virtually the same probing 

depth (introduced below). However, it is also common to measure the more 

intense Pb4f (≈ 138 eV), I3d (≈ 620 eV) and Cs3d (≈ 725 eV) core levels. For 

the organic cation, the only options are N1s (≈ 400 eV) and C1s (≈ 285 eV), 

with the latter usually showing some signal from adventitious carbon contam-

ination. Figure 7 shows the binding energy spectra of the valence band and 

shallow core levels of a CsPbBr3 perovskite sample, calibrated against the 

Fermi level. The valence band consists of the lowest binding energy electrons, 

and we can get information of the position of the valence band maximum rel-

ative to the Fermi level, as well as the cross section weighted density of states 

(DOS). Slightly below the valence band there are three shallow core levels 

(Cs5p, Pb5d and Cs5s) followed by two slightly deeper core levels (Br3d and 

Cs4d).  

The binding energy at which core levels are observed in PES depends on 

the chemical state of the atom, an effect also referred to as the chemical shift. 

This includes the surroundings, chemical bonds and oxidation state of the 

atom.  An example of a chemical shift can be seen in the Pb5d core level 

spectrum (inset in Figure 7) where there are two different spin-orbit split dou-

blets, one originating from the Pb2+ in the perovskite and one originating from 

Pb0. The Pb0 doublet is shifted by about 1.8 eV towards lower binding energies 

compared to the Pb2+ doublet, while spin orbit splitting and ratio are unaf-

fected. As a first approximation, the binding energy of core levels decreases 

with the electron density on the atom and therefore increases with oxidation 

state of the element, as we observe here for Pb5d. However, this is not always 

the case. For example, the chemical shift of Cu2p core level shows a poor 

correlation with the binding energy of the main peak, as the latter is highly 

dependent on charge transfer from the surrounding atoms [84,85,88,89].  

The measured binding energies are commonly compared to tabulated val-

ues. However, the binding energy of the core levels in two seemingly identical 

materials is not necessarily identical. Most significantly is that the binding 

energy is defined relative to the position of the Fermi level in the band gap in 

semiconductors and insulators, which is affected by doping or, if the materials 

are in an interface, the band alignment with other materials. In these cases, it 

might be suitable to use the binding energy differences between two core lev-

els, for example I3d5/2 and Pb4f7/2, when investigating chemical state, as these 

are material constants unaffected by the position of the Fermi level or the cal-

ibration used.  
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Figure 7: The spectra of a CsPbBr3 perovskite sample measured using a photon en-
ergy of 3000 eV and referenced against Au4f at 84 eV.  
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4.2 Intensity 

The intensity of a core level depends on the probability of interaction between 

light and matter, i.e. the cross-section σ, which can be modelled by Fermi’s 

golden rule 

𝜎 ∝ |⟨𝛹𝑓|Δ|𝛹𝑖⟩|
2
  6 

with Ψf being the final state, Ψi being the initial state and Δ being an operator 

describing the transition between the states. In practice the measured intensity 

of the detected photoelectrons depends on additional factors described by the 

equation 

𝐼 ∝ 𝐼𝑝ℎ 𝜌 𝜎(ℎ𝜐, 𝜃)∫ 𝑒−𝑧/𝜆 𝑑𝑧
∞

0

 7 

where I is the intensity of the core level, Iph is the intensity of the X-rays, ρ is 

the molar concentration of species, σ is the photoionisation cross section 

(equation 6) of the core level at the photon energy hν and emission angle θ 

relative to the polarisation of the incoming light, z is the distance the electrons 

travel in the material and λ is the inelastic mean free path (IMFP) of the elec-

trons. In order to determine the relative concentration of different elements 

and species, orbitals with similar binding energies are measured using identi-

cal photon energy and intensity, removing the effect of different X-ray inten-

sities and IMFP. The photoionisation cross section varies with energy but can 

be estimated theoretically (Figure 8a). Its effect can therefore be compensated 

for leaving only the concentration of the species. The concentrations can then 

be compared to other species to get the relative concentration of the species in 

the sample. 

However, the IMFP is still important for the analysis of the measurements. 

The IMFP is the average distance a photoelectron is able to travel through the 

material before scattering and losing energy, and this is highly dependent on 

the kinetic energy of the electrons, see Figure 8b. The IMFP can be calculated 

by the TPP-2M equation from the properties of the material [90]. Most lab X-

ray photoelectron spectroscopy (XPS) setups use AlKα (1486.6 eV) while 

most ultraviolet photoelectron spectroscopy (UPS) use He(I) (21.2 eV) or 

He(II) (40.4 eV). This gives the XPS and UPS systems a maximum IMFP of 

about 2 nm and 0.4 nm, respectively, and as a result these techniques are very 

surface sensitive. This makes it difficult to probe buried interfaces such as 

those that occur in perovskite solar cells. However, since the IMFP increases 

with increasing kinetic energy of the electron it is possible to use higher pho-

ton energies to probe deeper into the sample, a technique called hard X-ray 

photoelectron spectroscopy (HAXPES). It is also possible to increase surface 

sensitivity by using lower photon energies which is typically called soft X-ray 

photoelectron spectroscopy (SOXPES). Figure 8c shows the probability of 
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escaping to the detector for low binding energy photoelectron depending on 

the depth of emission using sources with different excitation energies. This 

shows that majority of the intensity from techniques such as UPS, SOXPES 

and XPS come from below 2 nm, 5 nm and 10 nm, respectively. This can be 

compared to HAXPES where a significant amount of intensity comes from 

deeper than 10 nm. Because of the high probability of photoelectrons to inter-

act with matter the measurements need to be performed in ultra-high vacuum 

(UHV). 

 
Figure 8: a) The photoionisation cross section of Pb5d, Br3d and Cs4d between 0 
and 800 eV [91]. b) The dependence of the IMFP for a large number of different 
materials and the typical photon energies used by different techniques. Adapted 
from [92] with permission. c) The probability of photoelectron escaping the sample 
depending on depth of emission and kinetic energy.  
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4.3 Line shapes 

Photoelectron spectra can be rather complex, especially when multiple peaks 

overlap. Least square fitting is often used to separate the different contribu-

tions of the spectra, and to determine the intensity and position of each contri-

bution. The shape of the photoelectron peaks can be expressed by a Voigt 

function, which is a convolution of a Gaussian and Lorentzian function, shown 

in Figure 9a. However, calculating the convolution of the Gaussian and Lo-

rentzian function is computationally slow, and as a result it is common to use 

a pseudo-Voigt profile. In my work I have used the sum of a Gaussian and 

Lorentzian function proposed by Thompson et al. [93].  

The Gaussian functions contribution is created when a large number of in-

dependent random factors affect the resolution of the peak. These can be due 

to the resolution of the incoming X-rays, either due to the X-ray generation 

and monochromation, or due to the resolution of the electron analyser. This 

can also be due to disorder of the sample, i.e. variations in the surface structure 

in the sample. The area normalised Gaussian function can be calculated using 

the following equation 

𝑃(𝐸) =
2

𝑤𝑔
√
ln(2)

𝜋
𝑒
4 ln(2)(

𝐸−𝐸𝑏𝑖𝑛
𝑤𝑔

)
2

  8 

where wg is the width (FWHM) of the Gaussian function and Ebin is the binding 

energy of the core level. 

The Heisenberg uncertainty principle (ΔEΔt ≥ ℏ /2), which says that a short-

lived state (small Δt) will have a large uncertainty in energy of that state (ΔE), 

puts a fundamental limit on the energy resolution we can achieve. More spe-

cifically, the peak width will depend on the life time of the core hole, which 

in turn depends on the time it takes for the core hole to be filled trough Auger 

decay or X-ray emission. The decay of the core hole will follow as exponential 

decay which results in the peak broadening having the shape of the Lorentzian 

function. The area normalised Lorentzian function can be calculated using the 

following equation 

𝑤(𝐸) =
2𝑤𝑙

𝜋

1

4(𝐸−𝐸𝑏𝑖𝑛)
2+𝑤𝑙

2  9 

where wl is the FWHM of the Lorentzian function.  

Some photoelectron peaks are asymmetric, for example metallic peaks and 

those of some molecules. In this work this asymmetry peak shape is generated 

by a modified version of the shape created by Stancik and Brauns [94,95].†  

  

                               
† The following correction factors are needed to preserve the peak area (valid for -3 ≤ as ≤ 3): 

𝐶𝑔 = 0.172𝑒
−0.739𝑎𝑠2 + 0.826   

 𝐶𝑙 = 1.00 + 0.0077|𝑎𝑠| + 0.0412|𝑎𝑠|
2 + 0.0149|𝑎𝑠|3 + 0.00181|𝑎𝑠|4 
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Essentially the width (wtot) is decreased before and increased after the peak 

according to the equation  

𝑤𝑡𝑜𝑡(𝐸) =  
2𝑤𝑡𝑜𝑡

1+𝑒−𝑎𝑠/𝑤𝑡𝑜𝑡(𝐸−𝐸𝑏𝑖𝑛)
  10 

where as is the asymmetry factor, the effect of which is shown in Figure 9b. 

As described earlier, the inelastic scattering of the photoelectrons will pre-

vent many of the photoelectrons from reaching the detector without losing 

energy. The electrons that lose energy in the scattering but still reach the de-

tector will instead contribute to the background signal. Such increases in the 

intensity of the background across the photoelectron peaks can be modelled 

by a Shirley background [96] while a change in slope over the photoelectron 

peaks can be modelled using a Herrera-Gomez [97] background, see Figure 

9c. The Shirley background can be described using the iterative equation 

𝐵𝑆,𝑖(𝐸) = 𝑘𝑆 ∫ (𝐼(𝐸′) − 𝐵𝑆,𝑖−1(𝐸
′))𝑑𝐸′

+∞

𝐸
  11 

where i is the iteration, kS is a scattering factor giving rise to the step, the I(E´) 

is the measured intensity at the energy E´. The Herrera-Gomez background is 

very similar to the Shirley background, but generating a slope instead of a 

step. This can be described using the iterative equation 

𝑑𝐵𝐻𝐺,𝑖(𝐸)

𝑑𝐸
= 𝑘𝐻𝐺 ∫ (𝐼(𝐸′) − 𝐵𝑆,𝑖−1(𝐸

′))𝑑𝐸′
+∞

𝐸
  12 

where i is the iteration and kHG is the scattering factor giving rise to the slope.  

In addition, many backgrounds can also be modelled by using a simple pol-

ynomial equation which will save computation time compared to the iterative 

methods. A combination of polynomial, Shirley and Herrera-Gomez back-

grounds may also be used. 

 
Figure 9: a) Examples of a Gaussian, Lorrentizian and Voigt function with the same 
height and width (FWHM). b) The effect of different asymmetry factors on the peak 
shape c) The shape of a Shirley and Herrera-Gomez background. 
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4.4 Electron spectrometers 

In photoelectron spectroscopy the kinetic energy of the photoelectron needs 

to be measured with high accuracy (≪ 1 eV) to be able to determine the bind-

ing energy according to Equation 5. There are two types of electron energy 

analysers used in my work, the hemispherical spectrometer and the angle re-

solved time of flight spectrometer (ArTOF). The most common is the hemi-

spherical analyser which consists of two concentric hemispherical electrodes, 

between which a voltage can be applied such that electrons of a certain energy 

(called the pass energy Ep) follow a circular orbit between the two electrodes, 

shown in Figure 10a. Electrons with energy below Ep will fall towards the 

inner electrode and electrons with higher energy than Ep will fall towards the 

outer electrode, causing the electrons to spread out depending on their energy. 

If the electrons are faster (i.e. at higher pass energy) they will spend less time 

between the electrodes and therefore spread out less. This allows both the se-

lection of energy resolution and energy window by changing the pass energy. 

The impact point of the electrons is detected using a position sensitive detector 

placed at one side of the hemispherical analyser. At the other side of the hem-

ispherical analyser there is an entrance slit allowing electrons to enter. Before 

this entrance slit there are a number of electrostatic lenses to guide and accel-

erate or decelerate electrons. This allows the detection of electrons of any ki-

netic energy while keeping the energy resolution and window constant. Con-

trolling the lenses also allows a larger energy window to be measured by grad-

ually stepping the picked kinetic energy, called swept mode. 

The ArTOF spectrometer is different from the hemispherical analyser by 

not using the orbit of an electron through an electric field to determine its 

kinetic energy. Instead, time of the arrival of the electron and the position and 

the length of the flight path are used to determine its energy, see Figure 10b. 

However, this requires a pulsed X-ray source such as a synchrotron or a higher 

harmonic generation (HHG) laser. The ArTOF uses the combination of an 

electrostatic lens system and a time- and position-sensitive detector system. 

This allows for the accurate determination of the kinetic energies of electrons 

from a wide emission cone (± 15 degrees or even more) [98]. As a result, the 

ArTOF has a significantly better electron transmission efficiency compared to 

a hemispherical analyser. The drawback is that the determination of kinetic 

energies becomes less accurate for shorter flight times (i.e. higher kinetic en-

ergies) and therefore the energy resolution decreases for higher kinetic ener-

gies. Based on the experience from the work presented in this thesis, the en-

ergy resolution of an ArTOF becomes better or comparable to hemispheric 

analyser for kinetic energies below about 250 eV.  
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Figure 10: a) The design and function of a hemispherical electron analyser. b) The 
design and function of the ArTOF spectrometer. 

4.5 X-ray sources 

4.5.1 X-ray anodes 

Monochromatic X-rays can be generated in multiple ways. However, the most 

common methods are using X-ray anodes or synchrotrons. X-ray anodes work 

by accelerating electrons from cathode towards a target anode using high volt-

age. When the electrons impact the anode about 1 % of the energy will be 

emitted as X-rays. Some of these X-rays will be emitted as “Bremsstrahlung”, 

that have a smooth continuous spectrum generated by the deceleration of the 

electrons hitting the anode. There are also characteristic X-rays which are 

emitted at specific energies originating from electron transitions between the 

electron orbitals of the anode material (X-ray fluorescence). Because the char-

acteristic X-rays have known energies they are used in both XPS and XRD. 

For XPS the most commonly used materials are aluminium (AlKα at 1486.7 

eV) and magnesium (MgKα at 1253 eV) and for XRD the most commonly 

used material is copper (CuKα at 8.04 keV or 1.5418 Å). AlKα can be mono-

chromated using quartz crystals which increases the energy resolution of the 

X-rays, removes X-ray satellites and the Bremsstrahlung. For UPS, where the 

energies are significantly lower (He(I) at 21.2 eV, He(II) at 40.8 eV), helium 

discharge lamps are used to generate the light which is then monochromated 

using a grating. The simplicity of X-ray anodes and helium lamps makes them 

common in commercial lab scale systems, however the intensity is limited by 

heating of the anode.  
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4.5.2 Synchrotrons  

If higher X-ray intensities or a free choice of X-ray energy are needed the 

alternative is to use synchrotron radiation. Here bunches of electrons are trav-

elling near the speed of light around a “circular” orbit inside a storage ring 

which is kept at UHV to avoid collisions between electrons and matter.  

The ring is surrounded by a number of bending magnets which create a verti-

cal magnetic field that accelerates the electrons inwards keeping them in their 

orbit, as shown in Figure 11a. 

When any charge is accelerated it will emit electromagnetic radiation. For 

the high energy electrons accelerated by the bending magnet this radiation will 

range from low energy infrared to high energy X-rays [99,100]. Because the 

electrons are travelling at relativistic speeds this radiation will be focused in 

the direction of travel [99,100]. This creates a brilliant, i.e. very bright and 

focused, beam of X-rays. The X-rays are then directed into a beamline where 

they are monochromated using either a silicon crystal (photon energy ≳ 2000 

eV) or a plane grating monochromator (photon energy ≲ 2000 eV) and further 

focused using X-ray optics to an endstation where measurements are per-

formed. The energy given off as radiation will gradually slow the electrons 

unless compensated for by acceleration using a radio-frequency (RF) cavity. 

For even higher brilliance X-ray beams, insertion devices are inserted in 

straight sections of the synchrotron. These consist of arrays of magnets that 

accelerate the electrons back and forth (“wiggle”) to increase the amount of 

X-rays generated, appropriately called wigglers. For a further increase in bril-

liance an undulator can be used, which is constructed of an array of magnets, 

similar to wigglers [99]. However, the magnets are arranged so that the elec-

tromagnetic radiation emitted by the electrons will stack up on itself (coher-

ence), similar to the sonic boom generated by an object travelling at the speed 

of sound. This causes X-ray spectrum generated by an undulator to form nar-

row peaks which can be shifted by changing the separation of the magnets in 

the undulator. Figure 11b shows the spectra generated by different types of 

X-ray sources. 
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Figure 11: a) A simplified model of a synchrotron, showing a single beamline and 
two endstations. b) Example of the spectra generated by different X-ray sources. 

4.6 Photoelectron spectroscopy on perovskites 

PES is a common technique used  for characterisation of the surface chemistry 

of different materials, including lead halide perovskites [101]. This can be 

made more sophisticated by varying the photon energy and thereby probing 

depth, thereby measuring the depth distribution of different perovskite com-

ponents at the surface  [102,103]. Ambient pressure PES have also been used 

in some studies, where the perovskite was exposed to water vapour during 

PES measurements to study the degradation process [104,105]. PES is also 

used for characterising the electronic properties, including partial density of 

state (DOS) [106,107], the binding energy of the valence band maximum 

(VBM) as well as the work function, ionisation potential and electron affin-

ity [68,108,109]. For a more detailed review of the literature on photoelectron 

spectroscopy of lead halide perovskites see Photoelectron spectroscopy inves-

tigations of halide perovskite materials used in solar cells by Philippe, Man 

and Rensmo [110]. 

4.6.1 A practical guide to PES measurements 

When measuring perovskite and related compounds with PES there are sev-

eral things to consider. The substrates used for PES measurements of thin film 

perovskite samples are typically the same as those in functional solar cell de-

vices, i.e. glass with a TCO layer and a selective contact, commonly TiO2 on 

fluorine doped tin oxide (FTO). If the film is completely covering it is com-

mon to detect Sn3d (≈ 485 eV) or Ti2p (≈ 460 eV) core levels from FTO or 
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TiO2 substrate, respectively. The presence of these or other oxides can also be 

detected by the O1s (≈ 530 eV) core level. 

During PES measurements photoelectrons are ejected from the sample 

which would leave it positively charged unless it is grounded to the sample 

plate, ensuring alignment of the Fermi level of the analyser and the sample. 

This is typically done using a conductive tape or paste such as carbon tape or 

silver paste. Perovskites themselves have good conductivity, however their 

precursors (e.g. MAI, FAI, CsI and PbI2) are significantly less conductive and 

can therefore charge during measurements, especially if the samples are thick. 

Before PES measurements the samples have to be introduced to the vac-

uum, which is almost always done in a separate, smaller, chamber called a 

load-lock. When the pressure in the load-lock is low enough the samples trans-

ferred to the measurement chamber. Figure 12a shows a sample plate in the 

load-lock being grabbed by the transfer arm. The transfer systems at most 

beamlines are manual using direct physical connection. This gives tactile feed-

back about the behaviour of the system to an experienced user, which can 

prevent mistakes during transfers. It is a matter of personal pride that I have 

not dropped a single sample plate during my PhD.  

Once the sample is in the manipulator in the measurement chamber, it needs 

to be aligned so that the spot where the X-rays impact the sample is directly 

in front of the spectrometer. It is then typically a good idea to find the edges 

of the sample, i.e. the positions were X-ray beam touches the edges of the 

sample, in order to know how many spots are available on the sample. Meas-

urements typically begin with a quick, low resolution and wide energy range 

(0 to 1000 eV) survey scan in order to determine which elements can be de-

tected and ensure that there is no contamination. 

When measuring perovskites, it is advisable to run the measurements in a 

loop and save each iteration individually, in order to detect shifts or other 

changes in the core levels between the iterations. This method can be used to 

study the evolution of the sample in response to a stimuli, for example light or 

voltage (Chapter 5.2.1 and 5.4).  More importantly, it can also be used to de-

tect charging of the sample or damage induced by X-rays, referred to as beam 

damage.  

4.6.2 Analysis of PES spectra 

Figure 12b shows two different ways of presenting the evolution of a PES 

spectra. This Pb5d spectra was measured on a CsPbBr3 sample under intense 

X-ray irradiation for about 150 minutes, where the X-ray results in the con-

version of Pb2+ to Pb0 (more details of this process can be found in Chapter 

5.2.2). The spectra are quite convoluted with several overlapping peaks and a 

changing background. The spectra can be fitted with a combination of Voigt 

functions and different backgrounds, described in Chapter 4.3, to determine 

both the binding energy and contributions of the different components. Figure 
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12c shows the fit of a single spectrum (marked red) using two doublets for 

Pb5d (Pb2+and Pb0) and a singlet (Cs5s) on a Shirley background. Both dou-

blets have the same separation, width and relative intensities, but the Pb0 has 

a strong asymmetry due to being metallic. By fitting all the 21 spectra in Fig-

ure 12b, one can determine the evolution of the relative amount of Pb0 in the 

sample over time (Figure 12d).  

Comparisons between to two components of the same core level, as de-

scribed above, are quite simple as they have the same cross section. However, 

if different core levels are used one needs to compensate for the different pho-

toionization cross section as well as any differences in probing depth, both of 

which have their own uncertainties. Due to these uncertainties, it is important 

to not over-interpret the quantifications. 

 
Figure 12: a) A sample plate being grabbed by the transfer arm at the LowDosePES 
endstation at BESSY-II. b) The core level spectrum and intensity vs. time and bind-
ing energy map of a CsPbBr3 thin film during X-ray irradiation. c) The least square 
fit and residual of the overlapping peaks in the Pb5d and Cs5s core level after 80 
minutes of X-ray irradiation (marked red). d) The percentage of Pb0 of total Pb as a 
function of time, derived from the area of the fitted Voigt function of their respective 
Pb5d components. 

  



 41 

4.7 Supplementary techniques 

4.7.1 X-ray diffraction 

X-ray diffraction (XRD) differs from photoelectron spectroscopy by using the 

elastic scattering of X-rays by the material instead of the photoionisation of 

the material. Because it measures outgoing X-rays instead of the electrons the 

probing depth is significantly higher making it a bulk sensitive technique. 

XRD uses the interference of the X-rays scattered on electrons in the materi-

als. In most angles these will destructively interfere but at some angles they 

will constructively interfere creating diffraction peaks at certain angles. These 

angles can be described using the Bragg law 

 

2𝑑 sin 𝜃 = 𝑛𝜆 

where d is the distance between planes in the material, θ is the angle between 

the incoming/diffracted X-rays and the plane of the material and λ is the wave-

length of X-rays. As such XRD can be used to determine the interplanar dis-

tances in the material and from this the structure of the material [7].  

4.7.2 Scanning electron microscopy 

A scanning electron microscope (SEM) produces an image of the sample with 

a resolution far below the resolution set by the diffraction limit of optical sys-

tems. It uses a highly focused electron beam, with a spot size below 10 nm, 

which is swept in a raster pattern over the sample. The secondary electrons 

generated or backscattered electrons are then detected allowing the creation 

of an image of the surface of the sample [7]. 

 
Figure 13. a) Scattering geometry for X-ray diffraction (XRD). b) A scanning elec-
tron microscopy (SEM) image showing the crystals of a CsXFA1-XPbI3 perovskite at 
a magnification of 100 000x. 
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5 Results and discussion 

In this thesis I have studied lead halide perovskite systems of increasing com-

plexity, starting with clean, single crystal, perovskite surfaces without external 

stimuli and thereafter moving to the effect of illumination and X-ray irradia-

tion on the surface of multicrystalline films. Furthermore, complexity has been 

increased by studying interfaces between perovskites and evaporated silver 

and copper, as well as the interfaces formed from SnOx deposited by atomic 

layer deposition (ALD). Finally, my studies have been extended to the func-

tional interfaces in a fully functional solar cell during operational conditions.  

5.1 Perovskite surface characteristics 

Most PES studies on perovskites are carried out on multi-crystalline thin films 

which are manufactured in advance of measurements and exposed to the am-

bient atmosphere before being introduced into vacuum. This is acceptable for 

most studies but there will be small variations in crystallinity between samples 

and the surface will always have some contaminants, either from manufactur-

ing or from the atmosphere. To eliminate or limit such variations and contam-

ination single crystals of PbI2, MAPbI3 and CsxFA1-xPbI3, cleaved in UHV, 

were measured at the FlexPES beamline at MAX-IV. This ensured that there 

was no surface contamination or grain boundaries, except for the interface be-

tween the surface and the vacuum. The results of this study are described in 

detail in Paper I and summarised below.  

The Pb4f, Pb5d, C1s, N1s, I4d and Cs4d core levels of the cleaved single 

crystal surfaces are shown in Figure 14a. The spectra were intensity normal-

ised and energy calibrated against Pb4f, resulting in identical intensity and 

binding energy for both Pb4f and Pb5d for all samples. The I4d intensity of 

both perovskites is identical while the PbI2 sample has an intensity 2/3 of the 

perovskites, as expected from the stoichiometry. There is also a weak Cs4d 

signal from the Cs+ cation in the CsxFA1-xPbI3 sample, estimated to 4% of all 

A-site cations.  

The most significant differences between the samples are observed in the 

N1s and C1s core levels which originate from the organic cations. The N1s 

intensity from the FA+ cation is about twice that of MA+, due to the former 

having twice as many nitrogen atoms per molecule as the latter. There is also 
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a difference in binding energy with the MA+ signal appearing at a higher bind-

ing energy (402.5 eV) and FA+ signal at a lower binding energy (400.9 eV). 

The intensity of C1s core level is almost identical for the cations, with both 

having the same number of carbon atoms per molecule. However, the binding 

energy relationship is inverted with the FA+ signal at a higher binding energy 

(288.5 eV) and MA+ signal at a lower binding energy (286.4 eV). Due to not 

having any organic component the PbI2 does not exhibit any strong N1s or 

C1s signal, although there is some C1s signal from adventitious carbon, which 

likely accumulated during and after the cleaving.   

There is also a clear asymmetry towards higher binding energies in the C1s 

signal from both organic cations, which we describe in greater detail in Paper 

I. In short, the MA+ cation asymmetry is strongly affected by the photon en-

ergy and can be described by two partially overlapping peaks, see Figure 14b. 

The intensity of the lower binding energy peak (286.4 eV) increases with pho-

ton energy while the higher binding energy peak (287.2 eV) decreases with 

photon energy. As the probing depth increases with photon energy this sug-

gests that the latter feature is originating from the perovskite surface. Using 

computer simulations of the perovskite surface we determined that this higher 

binding energy peak originates from the MAI terminated surface, while the 

lower binding energy peak originates from the deeper layers or a PbI2 termi-

nated surface. In contrast to MA+, the asymmetry from FA+ cation is inde-

pendent of photon energy and has even been observed by much more bulk 

sensitive HAXPES measurements [106,111]. This strongly indicates that this 

feature is intrinsic to the FA+ cation and not due to surface effects. 

 
Figure 14: a) The core levels of MAPbI3, PbI2 and CsxFA1-xPbI3, measured using a 
photon energy of 535 eV.  Intensity normalised and energy calibrated against Pb4f7/2 
at 138.5 eV. b) The fit of the C1s core level of the MAPbI3 measured at 3 different 
photon energies. 
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5.2 Photon induced degradation of perovskite surfaces 

Lead halides and lead halide perovskites are known to exhibit photo-induced 

degradation and phase separation. However, this process has mostly been 

studied using bulk sensitive techniques and, as a result, relatively little was 

known about the behaviour of the surface, which motivated the study in Paper 

II. In addition, the influence of the perovskite composition on this behaviour 

was unknown, motivating the study in Paper III. Finally, while it was known 

that lead halides and lead halide perovskites degraded during X-ray irradia-

tion, it had not been systematically investigated, motivating the study in Paper 

IV. There is significant overlap between these studies, and they will therefore 

be summarised together below. 

5.2.1 Effect of visible light illumination 

As described above, relatively little was known about the behaviour of the 

surface of lead halide perovskite during illumination, especially without the 

additional variable of X-ray damage. For this reason, we performed PES 

measurements on thin film samples of FA0.85MA0.15PbBr0.45I2.55 deposited on 

mesoporous TiO2 at the LowDosePES endstation at BESSY-II. This end-

station is equipped with an ArTOF spectrometer, designed for very low X-ray 

flux density, ensuring that the X-ray damage is negligible. The endstation is 

also equipped with a 515 nm laser allowing for illumination of the sample 

during measurements. 

Figure 15a shows a map of intensity vs. binding energy and time of the 

Br3d, I4d and Pb5d core levels during and after illumination with a laser 

power of 0.52 mW (estimated to 1100 mW/cm2). The photon energy was ad-

justed to ensure the electron kinetic energy (65 eV), and therefore probing 

depth (below 2 nm) and detector resolution, remained constant. The method 

and results are described in detail in Paper II. Before illumination the intensity 

of all core levels remains constant. However, with illumination there are sig-

nificant changes in all core levels. The Br3d signal (68.9 eV) shows a signifi-

cant increase in intensity during illumination, which partially reverses after 

illumination. The opposite occurs in the I4d signal (49.5 eV), with a slight 

decrease during illumination that appears to partially reverse after illumina-

tion. The Pb5d signal (19.8 eV) intensity also decreases during illumination 

but, unlike the halides, does not reverse after illumination. Additionally, for-

mation of a new Pb5d signal (18.0 eV) is observed during illumination, at-

tributed to Pb0 (which is marked in cyan in the figure). After illumination the 

amount of Pb0 decreases but never disappears. In addition to the changes in 

intensity, there are also clear shifts in the core levels during and after illumi-

nation which are discussed in depth in Paper II and will be discussed further 

below. 
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The measurements were fitted using a Gaussian profile with a polynomial 

background in order to quantify the observed changes. The change in intensity 

of the Br3d, I4d and Pb5d signals, relative to their initial intensity, is shown 

in Figure 15b. This clearly shows the increase of Br3d signal intensity and a 

slight decrease in I4d and Pb5d signal intensity during illumination followed 

by a partial reversal in the intensity of the Br3d and I4d signal after illumina-

tion.  

The measurements of the Pb5d signal were repeated for laser powers of 1.3, 

0.21 and 0.13 mW, estimated to 2800, 450 and 280 mW/cm2, in order to de-

termine the effect of different light intensities. Figure 15c shows the percent-

age Pb0 of total Pb vs. time. During illumination the percentage of Pb0 in-

creases linearly and then decreases exponentially after illumination, but never 

returns to 0 %.  The percentage of Pb0 immediately after and 30 minutes after 

illumination appears to increase with the light intensity. By plotting the per-

centage of Pb0 versus light intensity a clear linear dependence can be seen, 

shown in Figure 15d. 

 
Figure 15: a) The evolution of the Pb5d, I4d and Br3d spectra measured with a pho-
ton energy of 90, 120 and 139 eV, respectively. Measured before (< 5 min.), during 
(5-30 min.) and after (> 35 min.) laser illumination (0.52 mW). The formation of 
new Pb5d spin doublet, assigned to Pb0, is highlighted in cyan. b) The intensities of 
Pb5d, I4d and Br3d vs. time, normalised to the intensity before laser illumination. c) 
The percentage Pb0 of total Pb vs. time. d) The percentage Pb0 of total Pb vs. laser 
power, immediately after and 30 minutes after the laser was turned off. 

To investigate the effect of sample composition on the light induced degrada-

tion 4 new compositions were created by varying the Br to I ratio and the 

addition of small amounts of Cs+. The original MA0.17FA0.83PbBr0.51I2.49 

(17:83) was modified by first changing the Br:I ratio to 50:50 resulting in 
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MA0.17FA0.83PbBr1.5I1.5 (50:50). About 5% of Cs+ was then added to both com-

positions resulting in Cs0.05MA0.15FA0.80PbBr0.51I2.49 (17:83+Cs) and 

Cs0.05MA0.15FA0.80PbBr1.5I1.5 (50:50+Cs). The measurements were carried out 

at the same beamline using the same photon energies but with a laser power 

of 0.21 mW, corresponding to 450 mW/cm2.  

For this series, we estimated the amount of halides and could better under-

stand how they changed during the illumination. Figure 16a shows the esti-

mated halide/Pb2+ ratio of the different samples before, during and after illu-

mination. In the 50:50 and 17:83 samples there is a significant increase in the 

amount of Br and a decrease in the amount of I during illumination which 

partially reverses after illumination, as shown above. The effects of illumina-

tion are reduced by the addition of small amounts of Cs+ in the 50:50+Cs sam-

ple and are almost completely suppressed in the 17:83+Cs sample. Similar 

trends are also observed in the percentage of Pb0, shown in Figure 16b. Here 

the largest amount of Pb0 formation is observed in the 50:50, followed by the 

17:83, 50:50+Cs and finally the 17:83+Cs, with the latter showing no Pb0. We 

also studied the shift in the binding energy of the core levels, exemplified by 

the shift in the Pb5d shown in Figure 16c. Before illumination the binding 

energy is relatively stable but with illumination there is a shift of about 0.1 eV 

towards higher binding energy. For the samples where degradation is observed 

(50:50, 50:50+Cs and 17:83) the shift gradually decreases during the illumi-

nation while for the stable sample (17:83+Cs) the shift is relatively constant. 

After illumination the shift decreases rapidly but only the stable sample 

(17:83+Cs) returns to the initial binding energy while remaining samples 

shifting to lower than initial binding energies. This clearly indicates a correla-

tion between these persistent shifts in binding energy and degradation during 

illumination. 

All samples showed an excess in halides, i.e. a halide/Pb2+ ratio greater than 

3. Moreover, when photo-degradation was observed, the amount of excess 

halides increased significantly together with the amount of organic cations, 

which indicated the formation of organic halide salt (MAI, MABr, FAI and 

FABr). The most stable composition (17:83+Cs) was compared to a composi-

tion where all MA+ was replaced with Cs+ (Cs0.17FA0.83PbBr0.51I2.49) using 

higher laser intensities (0.91 mW, 706 mW/cm2). The latter composition was 

more stable during illumination, indicating that MA+ is a source of instability. 
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Figure 16: Intensity changes and binding energy shifts determined from the core 
level spectroscopy of different perovskite samples before, during and after illumina-
tion. The time of the illumination is indicated by the yellow area. a) The evolution of 
I- (◊) and Br- (X). The initial value is set to their ratio towards Pb2+ as determined 
from characterisation. b) Percentage Pb0 of total Pb. c) The shift in the Pb5d5/2 core 
level relative to the initial binding energy. 

The changes in the surface composition can be explained by two simultaneous 

processes, shown in Figure 17a. First, the formation of Pb0, halogen gas and 

organic halide salts according to the following reaction  

𝑀𝐴𝑃𝑏𝐼3/𝐹𝐴𝑃𝑏𝐼3
ℎ𝜈
→ 𝑃𝑏0 +𝑀𝐴𝐼/𝐹𝐴𝐼 + 𝐼2(𝑔) 13 

with I2 gas escaping into vacuum when at the surface leaving only Pb0 and the 

organic halide salts. A similar reaction has been observed in lead halides dur-

ing illumination as early as 1965 by Dawood et al. [112]. This is attributed to 

transfer of electron density from the I5p dominated valence band states to the 

Pb6p dominated conduction band states during photoexcitation [41]. The re-

action is promoted by defects in the material [113], to which the addition of 

Cs+ has been found to effectively supress [20]. This is likely the reason why 

changing the halide ratio also affects the formation of the Pb0. 

Secondly, there is a partially reversible light induced phase separation into 

a Br- rich phase at the surface and I- rich phase in the bulk, which explains the 

change in halide ratios during illumination. This is similar to what has been 

observed in the bulk sensitive measurements by Hoke et al. [70] and oth-

ers [71,72].  

The initial shift in binding energy during illumination can be attributed to 

the charge separation of electron-hole pairs at the interface between the per-
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ovskite and the TiO2 substrate, shown in Figure 17a. The electrons are ex-

tracted from the perovskite into the TiO2 leaving the holes behind in the per-

ovskite. This will generate an electric field in the interface that causes a split-

ting in the Fermi level, which we observe as shift to higher binding energies 

(more difficult for photoelectron to escape), shown in Figure 17b. After the 

laser is turned off, the interface will return to equilibrium. This is exactly the 

behaviour observed in binding energies of the stable samples, but not in the 

samples which degrade under light. Instead, there is a gradual shift in the core 

levels, most likely attributed to a combination of ion migration due to electri-

cal fields in the material [58] and the formation of defects leading to self-dop-

ing, for example n-doping by the presence of Pb0 [114]. 

 
Figure 17: a) Schematic showing the charge separation process and the changes in 
the surface composition during illumination: formation of Pb0, I2 (some escaping to 
vacuum) and organic halide salts; diffusion of halides with Br- going to the surface 
and I- away from the surface. b) Illumination leading to charge separation and a 
splitting of the Fermi levels resulting in a shift towards binding energies in the per-
ovskite. 

To conclude, we have shown that photo-degradation and ion migration occur 

at the surface of the perovskite but can also be effectively suppressed by 

tweaking the composition. This study also laid the groundwork for the remain-

ing studies presented in this thesis.  In these studies, the perovskite composi-

tion Cs0.17FA0.83PbI3 is commonly used, which is resistant to the formation of 

metallic lead and cannot exhibit any halide phase segregation. For photoelec-

tron spectroscopy, this composition also offers an additional advantage, as 

each element, and therefore core level, only has one contributing component. 

All these properties were important for studying how lead halide perovskites 

degrade under X-ray irradiation. 

5.2.2 Effect of X-ray irradiation 

Lead halide perovskites have also been shown to degrade under X-ray irradi-

ation through the formation of Pb0 or through the loss of the organic cation. 
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However, the degradation process had not been well characterised or under-

stood which motivated the study in Paper IV. Thin films of Cs0.17FA0.83PbI3, 

the composition resistant to formation of Pb0 under visible light, were meas-

ured using HAXPES (3000 eV) at the I09 beamline at Diamond. Comparable 

measurements were also performed on thin films of CsPbBr3, an inorganic 

lead halide perovskite, at the GALAXIES beamline at SOLEIL. The X-ray 

flux density (photons per time and area) was changed by detuning the undula-

tor at Diamond and using the built-in filters at SOLEIL. The samples were 

measured at multiple X-ray intensities. An example of the changes observed 

is shown in Figure 18a and Figure 18b for CsPbBr3 and Cs0.17FA0.83PbI3 sam-

ples, respectively. 

The CsPbBr3 sample clearly shows the conversion of Pb2+ to Pb0, as indi-

cated by the formation of a lower binding energy Pb5d signal (18.0 eV), the 

decrease of the Pb2+ signal (19.8 eV) and the appearance of a Fermi edge. We 

also observe a significant decrease in the total intensity of the Br3d signal 

(68.6 eV), indicating a loss of Br, and a slight decrease in the Cs4d perovskite 

signal (75.7 eV). This decrease is partially compensated by a higher binding 

energy Cs4d signal (76.8 eV) which, together with a similar higher binding 

energy signal in the Br3d spectra (69.8 eV), is associated with the formation 

of CsBr. Unlike the inorganic perovskite, the Cs0.17FA0.83PbI3 sample shows 

no formation of Pb0, expected around 136-137 eV. However, there is a signif-

icant decrease in both the N1s (400.7 eV) and C1s signals (288.5 eV) associ-

ated with the FA+ cation. At the same time there is a decrease in the I4d signal 

(49.2 eV) by about 1/3, but very little change is seen in the Cs4d signal (75.8 

eV).  
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Figure 18. a) The Cs4d, Br3d, Pb5d core levels and valence band (Fermi enlarged) 
of the CsPbBr3 sample measured at SOLEIL using an X-ray flux density of 7.2x1015 
photons/s/cm2 and a photon energy of 3000 eV. Energy calibrated against Pb5d5/2 
signal (Pb2+) at 19.8 eV and intensity normalised against total Pb5d intensity. b) The 
N1s, C1s, Pb4f7/2, Cs4d and I4d core levels of the Cs0.17FA0.83PbI3 sample measured 
at Diamond using an X-ray flux density of 4.6x1014 photons/s/cm2 and a photon en-
ergy of 3000 eV. Energy calibrated and intensity normalised against Pb4f7/2 signal 
(Pb2+) at 138.5 eV. 

This suggests that there are two different, but not mutually exclusive, reaction 

pathways responsible for the X-ray degradation of the perovskite, shown in 

Figure 19a. The inorganic perovskite follows a degradation pathway that is 

very similar to degradation during visible illumination (formation of Pb0, CsBr 

and loss of Br) which be explained by the reaction 

𝐶𝑠𝑃𝑏𝐵𝑟3
ℎ𝜈
→ 𝑃𝑏0 + 𝐶𝑠𝐵𝑟 + 𝐵𝑟2(𝑔) 14 

where Br2 is able to escape from the sample into the vacuum. The reaction 

mechanism is likely to be similar to that proposed for the organic-inorganic 

perovskite samples during illumination, namely excitation of charge carriers, 

which in presence of defects, can catalyse the formation of Pb0.  

The other pathway, exemplified by Cs0.17FA0.83PbI3, is driven by the radi-

olysis of the organic cation followed by the breakup of the perovskite struc-

ture. There is clear indication that the degradation products of the organic cat-

ion can react with Pb0, preventing or even reversing its formation, resulting in 

a composition similar to PbI2. However, the binding energy does not match 

what is expected from PbI2, which could indicate that some amorphous phase 

is formed.  
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Because these measurements were carried out at many different X-ray flux 

densities, we are also able to analyse the kinetics of the degradation of both 

materials. This data has been condensed into Figure 19b where the percentage 

of perovskite remaining is plotted vs. X-ray fluence (photons/cm2). The 

amount of perovskite was determined by the N/Pb ratio relative to its initial 

value for the Cs0.17FA0.83PbI3 sample and fraction Pb2+ of total Pb for the CsP-

bBr3 sample. We found that the radiolysis of the organic cation can be mod-

elled by a first order reaction (red line in Figure 19b) with regards to X-ray 

fluence, i.e. the amount of organic cation decreases exponentially with the 

number of X-ray photons/area, with a rate constant of 1.6x10-18 cm2/photon or 

3.3 cm2/mJ. As a result, reducing X-ray intensity only slows the decomposi-

tion but does not stop it. The radiolysis of the inorganic perovskite does not 

follow a first order reaction, instead it appears to be stable until a fluence 

around 1019 photon/cm2 has been reached (blue line in Figure 19b), thereafter 

it degrades relatively quickly. A possible mechanism is that during X-ray ir-

radiation there is an accumulation of defects and when a certain defect density 

is reached the reaction is able to start, resulting in more defects and rapidly 

accelerating the degradation process. 

 
Figure 19: a) Schematic showing the two different degradation pathways of lead 
halide perovskites. b) The percentage of perovskite as a function of X-ray fluence. 
The red line indicates a first order (exponential decay) fit of the Cs0.17FA0.83PbI3 and 
the blue line indicates the threshold for degradation of the CsPbBr3. 

5.3 Interfacial degradation  

The studies described in the previous sections show that complex and inter-

esting chemistry occurs at the surface of the perovskite, even when in vacuum. 

One may expect the interfaces in a perovskite solar cell to be even more com-

plex as these surfaces are then covered by contacts that are able to extract the 

photo-excited charges. It is therefore important to study the behaviour of the 

interfaces with the perovskite in detail. 
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5.3.1 Interactions with evaporated silver and copper 

The role of the back contact electrode in a solar cell is to extract charge carriers 

from the selective contact underneath, thereby reducing the resistance losses 

of the cell. Most research lab cells use gold electrodes, which perform well 

but are too expensive for widespread commercial application. The two other 

group 11 metals (silver and copper) could potentially be used as gold substi-

tutes. However, it is not clear whether copper and silver have the corrosion 

resistance to ensure long term stability of the solar cell. Specifically, there are 

concerns that the perovskite will react with the electrodes forming metal hal-

ides (AgI and CuI). At the time of the study there was no consensus on the 

interfacial reaction and degradation mechanisms which motivated the studies 

on silver and copper presented in Paper V and Paper VI. 

To gain further insight into the interfacial degradation and reaction mech-

anisms, silver was evaporated directly on three different perovskite composi-

tions, without barrier or selective layers. The three perovskite compositions 

were: MA0.17FA0.83PbBr0.51I2.49 (MAFA-Mix), Cs0.17FA0.83PbBr0.51I2.49 (CsFA-

Mix) and finally MA0.17FA0.83PbBr3 (MAFA-Br). The behaviour of MAFA-

Mix is very similar to CsFA-Mix, which is why the latter is excluded from 

this summary (details can be found in Paper V). The samples were measured 

using XPS, XRD, SEM and ultraviolet-visible spectroscopy at different times 

after silver evaporation.  

The XRD measurement, performed 2 weeks after evaporation, showed no 

change in the bulk perovskite structure and the formation of AgI and AgBr in 

the MAFA-Mix and MAFA-Br respectively, although the latter also retained 

some metallic Ag (Figure 20a). The presence of Ag metal was observed in the 

XPS spectra of the Ag3d core level and valence band. The SEM images show 

that the silver initially forms particles on the surface and changes the morphol-

ogy of the perovskite from multi-crystalline to amorphous-like, see Figure 

20b. These particles gradually react with the perovskite forming AgI on the 

MAFA-Mix sample and AgBr on the MAFA-Br sample with some of the sil-

ver diffusing into the perovskite.  

The XPS spectra, measured 1 day and 7 days after evaporation, where fitted 

using a Voigt profile and the relative amount of each component was calcu-

lated and normalised to those of the perovskite (Figure 20c). Comparing the 

amounts of silver on day 1 and day 7 there is a clear decrease of about 2/3 for 

both compositions, with the silver likely migrating into the bulk over this time. 

Furthermore, there is significantly less silver on the MAFA-Mix than MAFA-

Br at day 1, indicating that there is diffusion of Ag into the perovskite imme-

diately upon evaporation. There is also a decrease in organic cations and an 

increase in the amount of oxygen between day 1 and day 7, especially in the 

MAFA-Mix sample, indicative of the degradation of perovskite and the for-

mation of PbO. Finally, there is the appearance of iodide in the MAFA-Br 

sample over time. 
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Notably, there is no significant amount of organic halide salts which would 

be associated with the formation of I2, as observed during illumination (de-

scribed in Chapter 5.2). We therefore suggested that the main degradation 

pathway is the reaction of Ag0 with HI or HBr generated from degradation of 

the perovskite. The iodide observed in the MAFA-Br sample can then be ex-

plained by cross-contamination by gaseous HI, or similar degradation prod-

ucts, during storage. Generally, it appears that the MAFA-Br sample is signif-

icantly more stable in contact with Ag than the MAFA-Mix, with the former 

showing less degradation of the perovskite and diffusion of silver. 

 
Figure 20: a) The XRD of both samples at day 14. b) The SEM images of the perov-
skite surface of samples with silver films at day 1. c) The composition of the 
MAFA-Mix, MAFA-Mix/Ag, MAFA-Br and MAFA-Br/Ag at day 1 and day 7 de-
termined from core level XPS spectra. Fraction is normalised to the sum of the per-
ovskite components. 

Another alternative electrode material is copper, which, although it is signifi-

cantly more susceptible to oxidation, could offer advantages when compared 

to silver. Like silver, copper offers excellent conductivity as well as a suitable 

work function. Even more encouraging is that CuI, an expected degradation 

product with lead-iodide perovskites, is used as a HTM in the cells and as an 

additive to the perovskite layer [36,115,116]. This shows the potential of cop-

per to be self-passivating trough the formation of CuI and to remain benign 

even if intermixing should occur. We studied the reaction of copper and per-

ovskite without any barrier or selective interlayer, similar to the study on sil-
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ver. We were also able to measure the interface after evaporation without ex-

posing it to air. The experiments, summarised in Paper VI and below, show 

that the reaction mechanisms for copper with the perovskite are more complex 

than for silver. 

The perovskite samples, spin-coated films of Cs0.17FA0.83PbI3 on mesopo-

rous TiO2, were sputtered and annealed in vacuum to remove some of the sur-

face contaminants before evaporation. Figure 21a shows the Cu3p, Cs4d, I4d, 

Pb5d, O2s, N1s, C1s and Pb4f7/2 core levels and the Fermi edge measured 

using a photon energy of 535 eV at the CoESCA endstation at BESSY-II. 

Before evaporation of copper (black trace in Figure 21a), we observe all the 

signals associated with the perovskite: Pb4f7/2 signal at 138.5 eV (Pb2+), I4d at 

49.4 eV (I-), Cs4d at 75.7 eV (Cs+), C1s at 288.7 eV and N1s at 401.0 eV 

(FA+). There is also a small amount of Pb0, as indicated by the Pb4f7/2 at 136.7 

eV from the sputtering. 

After the copper evaporation (orange trace in Figure 21a), we detect the 

presence of copper by the Cu3p signal at 77.7 eV while all core levels of the 

perovskite can still be detected, indicating incomplete coverage. The Pb4f7/2 

shows the formation of additional Pb0 together with a relative increase in io-

dide (I4d at 49.4 eV) in relation to Pb2+, which indicate the reduction of Pb2+ 

to Pb0 and the formation of CuI. In addition, there is also the formation of a 

new nitrogen signal (N1s at 397.6 eV), which we attribute to the formation of 

a copper-nitrogen complex.  

After exposure to air for 10 min (green trace in Figure 21a), the Pb0 signal 

completely disappears but a clear Cu3p signal and weak Fermi edge can still 

be detected indicating that some metallic copper still remains.  The FA+ signal 

also disappear while there is significant increase in the new nitrogen signal, 

indicating complete degradation of the perovskite in the interface with the for-

mation of large amounts of copper-nitrogen complexes. Moreover, there is a 

significant broadening in the Pb4f7/2 signal (Pb2+) and the formation of a broad 

O2s core level (23 eV), indicating the formation of Pb-O compounds.  

These processes continue with further exposure to air but there is also a 

reduction of copper signal intensity, indicating the migration of copper into 

the perovskite. However, during the measurements there were no changes in 

the sample, indicating that the reactions mainly occur during evaporation or 

exposure to air. 

To study the effects on bulk perovskite properties, thicker films (40 nm) of 

copper were evaporated on Cs0.17FA0.83PbI3 films and the samples were meas-

ured using XRD, immediately and 2 months after evaporation (Figure 20b). 

Immediately after evaporation there is the appearance of a diffraction peak at 

43.3o, associated to Cu0, but no significant changes in the diffraction peaks of 

the perovskite. However, after 2 months there is a significant decrease in all 

the perovskite diffraction peaks and the formation of a number of new diffrac-

tion peaks attributed to CuI and [Pb4(OH)4][Cu2I6], a mineral known as si-

idraite. 
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As a comparison, similar reactions also occur between copper and the per-

ovskite precursor materials. Copper evaporated on PbI2 resulted in the for-

mation of Pb0, CuI and siidraite, while FAI resulted in the formation of new 

nitrogen species. It is also noted that the evaporation of copper on MAPbI3 

resulted in the formation of CuI and siidraite but no new nitrogen species, 

suggesting that this reaction is limited to FA+. 

 
Figure 21: a) The Cs4d, Cu3p, I4d, Pb5d, N1s C1s, Pb4f7/2 core levels and Fermi 
edge normalised to the Pb2+ component of the Pb4f core level. Energy calibrated by 
putting I4d at 49.35 eV and I3d at 619.25 eV. b) X-ray diffractogram (counts on log 
scale) of the perovskite film, with and without copper, measured using CuKα with a 
θ of 2o.  

To summarise, there are both similarities and differences in the degradation 

pathways observed for silver and copper evaporation on perovskite materials, 

with a model for both cases shown in Figure 22. Both metals diffuse into the 

bulk perovskite and result in the formation of metal halides (AgI, AgBr and 

CuI).  

Starting with the silver, one would expect it to be evenly distributed over 

the bare perovskite surface during or immediately after evaporation. However, 

there appears to be considerable diffusion of silver across as well as into the 

perovskite surface, resulting in the formation of silver particles and severe 

changes in the morphology of the perovskite surface. The formation of silver 

particles significantly reduces the rate of migration due to the smaller contact 
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area between the silver and the perovskite. This leaves a damaged but bare 

perovskite surface with silver particles that slowly lose silver to the perovskite 

and react with HI/HBr produced by the perovskite, a process that continues 

until all the perovskite or silver are consumed.  

For the evaporation of copper, we were able to eliminate the exposure to 

oxygen between the evaporation and the first PES measurements. This al-

lowed us to observe the initial formation of CuI, and corresponding reduction 

of Pb2+ to Pb0, during the evaporation of copper. The metallic lead is then 

susceptible to oxidation by air, resulting in the formation of Pb-O compounds, 

which will continue to react with CuI resulting in the formation of siidraite. 

Copper is significantly more reactive to the perovskite than silver, with the 

immediate decomposition of all surface perovskite upon exposure to air and 

significant long term bulk degradation. However, one of the biggest differ-

ences is that neither of the organic cations appears to form any new com-

pounds with silver. This is not the case for copper where we observe the for-

mation of copper-nitrogen complexes from a reaction between the organic 

FA+ cation and the copper.  

This has clear implications for the long-term stability of these electrode 

materials. The reaction with silver can occur through the gas phase, requiring 

a hermetical barrier, considerably complicating the design of barrier layers. In 

the case of copper two new reaction pathways have been found, resulting in 

either the formation of siidraite or nitrogen-copper complexes and substantial 

degradation of the perovskite. This raises stability concerns, not only for cop-

per electrodes, but potentially other copper based materials. 

 
Figure 22: Model of the degradation at the interface between the perovskite and Ag 
(top) or Cu (bottom) when the metals were evaporated directly on top of the perov-
skite. 
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5.3.2 Effect of atomic layer deposition of SnOx 

The degradation discussed above is not limited to the evaporation of metals 

but interfacial reactions can also occur during deposition of other layers, in 

this case a ETL. This study, described in detail in Paper VII, was carried out 

on an interface between the perovskite and films of SnOx deposited by ALD.  

The study used multiple characterisation techniques, including SOXPES and 

HAXPES measurements performed at the I09 beamline at Diamond which 

will be the focus of this summary.  

Figure 23a shows the N1s, Pb4f7/2, Br3d and I4d core level of the bare 

perovskite surface, and after 50 and 500 cycles of ALD. The spectra were 

measured using a photon energy of 758 and 2200 eV, corresponding to a prob-

ing depth of 4.5 and 8 nm, respectively. There is a number of differences in 

the 50 cycles sample compared to the bare perovskite or the 500 cycles, rep-

resenting bulk SnOx. This is indicated by new signals in the N1s, Pb4f7/2 and 

Br3d spectra, all of which are stronger in the more surface sensitive measure-

ments at a photon energy of 758 eV. These findings indicate the formation of 

a  thin (2-5 nm) interfacial layer of new compounds from intermixing of the 

two materials, shown in Figure 23b. In the N1s signal, we observe the for-

mation of a new lower binding energy signal (399.6 eV) which we attribute to 

metal-N complexes. This is similar to what we observed with evaporated cop-

per (Chapter 5.3.1), although in this case it is only limited to the interface. 

There is also a new higher binding energy Pb4f7/2 signal (139.3 eV) which we 

attribute to the formation of Pb-O compounds. Finally, there is a new higher 

binding energy Br3d signal (68.8 eV), which we attribute to the formation of 

a Br-rich SnOx layer and has been observed in the oxidation of 

MASnBr3 [117]. This effect appears to not be limited to the interface as we 

observe some of this Br in the 500 cycle sample. The formation of this inter-

face layer, although very thin, might block the extraction of charges resulting 

in the poor performance of the cells made using this method. 
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Figure 23: a) The N1s, Pb4f7/2, Br3d and I4d photoelectron spectra of the bare per-
ovskite surface and after 50 or 500 ALD cycles. Measured using a photon energy of 
758 eV (top row) and 2200 eV (bottom row) at the I09 beamline at Diamond. The 
perovskite and 500 cycles SnOx intensity is normalised against I4d and Sn3d signal 
(now shown) of the 50 cycles sample, respectively. b) Schematic showing the thin 
interfacial layers between the perovskite and SnOx. 
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5.4 Interfacial photovoltage and band-alignment using 
HAXPES  

Finally, in parallel to the studies reported above, and by using the experience 

and findings from these studies, I have developed PES for investigating the 

interfaces in a complete solar cell during operation. Solar cells were designed 

with extremely thin back contacts in order to allow the photoelectrons from 

each layer (electrode, HTM, perovskite) to escape to the analyser without scat-

tering inelastically, enabling PES measurements. To ensure high conductivity 

and corrosion resistance a 7 nm layer of thermally evaporated gold was used 

as an electrode. The HTM could either be thermally evaporated (7 nm of 

CuSCN) or spin coated (10 nm of P3). These layers are exceptionally thin, 

decreasing reliability and increasing series resistance of the cells. The latter 

could be significantly reduced using bus bars, which also improved overall 

cell reliability. The cells were measured using a photon energy of 3000 eV at 

the GALAXIES beamline at SOLEIL. The cells were connected to an external 

circuit, allowing for the measurement and application of voltage (bias), and 

could be illuminated using a custom made LED during measurements (Figure 

24a). The X-ray intensity was minimised using the built-in filters and the 

measurements were performed with the spectrometer fixed to one kinetic en-

ergy at pass energy of 500 eV to compensate for the low X-ray intensity. For 

more information on the design of the cells or measurement setup, see Paper 

VIII.  

5.4.1 Photovoltage and band alignment under open circuit 

One of the solar cell architectures studied was a Au/P3/Cs0.17FA0.83PbI3/TiO2 

stack (Figure 24a), with the Au electrode and the P3 HTL having a thickness 

of 7 nm and 10 nm, respectively. The cell was measured in short-circuit (SC) 

in darkness, i.e. in equilibrium, and in open-circuit (OC) with a duration of 

illumination, i.e. generating its maximum voltage. The intensity vs. time and 

binding energy map of the latter is shown in Figure 24b, where the Pb4f7/2, 

C1s and Au4f7/2 originate from the perovskite, P3 and Au electrode, respec-

tively. The corresponding peak position during the SC and OC measurements 

is indicated by the black and white error bars, respectively.  

In OC under illumination there is a significant shift in the binding energy 

of the core levels in relation to SC in darkness. However, the shifts are not of 

the same magnitude (Figure 24c) for the different layers. The shift in the Au4f 

core level closely tracks with the OC voltage, indicating that it is due to the 

photovoltage generated by the cell. Interestingly, the shifts of the other layers 

are smaller than the Au electrode, i.e. there is a photovoltage and electric field 

at each interface. Quantitative analysis (Paper VIII) of these photovoltage 

shifts indicated that 70 % of the photovoltage is generated within the probing 
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depth of PES, evenly distributed between the Au/P3 and P3/perovskite inter-

face, with the remaining 30 % being generated below the probing depth. 

Moreover, by measuring a bare perovskite and P3 film we are able to de-

termine the core level to valence band maximum (VBM) binding energy dif-

ference. This may be considered a material constant, unaffected by the posi-

tion of the Fermi level, and therefore n- or p-doping. This assumption allows 

the determination of the binding energy of the VBM and, from the band gap, 

the conduction band minimum (CBM) from the binding energy of the core 

levels, shown in Figure 24d for SC conditions in darkness and OC conditions 

in light.  

The analysis indicates that the P3/perovskite interface is well aligned in 

darkness, with a small offset that allows holes to be extracted, while the CBM 

functions as a barrier, blocking the extraction of electrons. However, when 

illuminated at open circuit conditions the VBM forms a barrier of about 0.3 

eV to the extraction of the holes, while the barrier to the excited electrons 

decreases significantly. 

 
Figure 24: a) Illustration showing the design of the solar cell. b) The intensity vs. 
time and binding energy map of the Pb4f7/2, C1s and Au4f7/2 measured before, dur-
ing and after illumination. The binding energy of the core level indicated with the 
white error bars and the corresponding binding energy SC with no illumination (not 
shown) is indicated by the black error bars. c) The OC voltage generated by the cell 
and the binding energy shift between OC and SC in the Pb4f, C1s and Au. d) Illus-
tration of the band alignment at back contact determined from the core level binding 
energy and reference measurements of the material. Binding energy is relative to the 
Fermi of the FTO and spectrometer. 



 61 

5.4.2 Interfacial photovoltage during IV-measurements 

Solar cells do not typically operate at OC or SC as no electrical power is gen-

erated at these conditions. Instead a more appropriate operating condition is 

found along the IV-curve, where the solar cell generates both a voltage and a 

current, and therefore also electrical power. Figure 25a shows the Pb4f7/2, 

I3d5/2, Cu2p3/2, Au4f7/2 core levels from a Au/CuSCN/Cs0.17FA0.83PbI3/TiO2 

stack along an IV-curve (Figure 25b) measured under illumination. The esti-

mated peak positions of the core levels are indicated by the white error bars, 

while the corresponding positions at equilibrium (SC in dark) are indicated by 

black error bars. 

Figure 25c shows the binding energy shift of core levels between the IV-

measurement and the SC in darkness. The shift of all core levels correlates 

well with the applied voltage. It appears that in this case, unlike the previous 

cell, no photovoltage is generated at the interfaces at the back contact but that 

the voltage is generated in the perovskite or at the front contact. Overall the 

VOC of this cell is 0.5 V, i.e. significantly lower than the 1.2 V generated by 

the previous cell. 

Together the systems described in Chapter 5.4 demonstrate the ability to 

determine the potential differences and band alignment at a heterojunction in 

a solar cell during operation. In the future this technique could be applied solve 

specific problems in perovskite solar cells or similar systems (Chapter 7). 

 
Figure 25: a) A map of intensity vs. binding energy and time of the Au/CuSCN/Per-
ovskite interface during IV-measurements under illumination. The error bars indi-
cate the peak positions during IV-measurement and illumination (white) and short 
circuit in darkness (black). b) The IV-curve during the PES measurement.  c) The 
binding energy shift between IV-measurement under illumination and short circuit 
in darkness. 
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6 Conclusions 

To conclude, I have used and developed photoelectron spectroscopy as a 

method for investigating the behaviour of surfaces and interfaces in perovskite 

solar cells. By using the limited probing depth of this technique, I have been 

able to study chemical states but also the electrical fields in very thin surfaces 

and interfaces.  

I have used PES to study the properties of a clean perovskite single crystal 

surface, partly serving as a reference for more complex studies (Figure 26a). 

These measurements showed a clear asymmetry in C1s signal in both the 

MA+, which was attributed to the MAI terminated surface layer, and the FA+, 

which was independent of the surface.  

I was also able to study the behaviour of the perovskite surface under visi-

ble and X-ray photon irradiation (Figure 26b). I found that the photo-excita-

tion of the material causes the formation of Pb0, halogen gas and halide salts 

according to the reaction 

𝐴𝑃𝑏𝑋3
ℎ𝜈
→ 𝑃𝑏0 + 𝐴𝑋 + 𝑋2(𝑔) 15 

where A is MA, FA or Cs and X is I or Br. The surface also exhibits halide 

phase segregation, becoming Br-rich during visible light illumination. These 

reactions at the perovskite surface are highly affected by composition, and 

could be suppressed by the addition of Cs+ and optimisation of the halide ratio. 

Under X-ray irradiation, there is an additional degradation pathway that 

causes the breakup of the organic cation and results in the re-oxidation of Pb0. 

I have also been able to probe the interface between perovskite and ther-

mally evaporated silver and copper as well as SnOx deposited by ALD, allow-

ing me to directly study the rich chemistry that occurs between these materials 

(Figure 26c). The reaction pathways of copper and silver metal with the lead 

halide perovskite showed many similarities. These include the formation of 

silver and copper halides, diffusion of the metal into the bulk perovskite, dam-

age to the perovskite surface and formation of Pb-O compounds. In the copper 

coated perovskites, the CuI and Pb-O compounds would continue to react, 

resulting in the formation of siidraite. There is also an additional reaction be-

tween the copper and the organic FA+ cation resulting in the formation of 

metal-nitrogen complexes. The interface between a perovskite and SnOx, de-

posited by ALD, was significantly more stable. However, the interaction and 

intermixing of the two materials resulted in the formation of a thin interface 
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(2-5 nm), consisting of damaged perovskite and Br-containing SnOx, that 

could hinder charge extraction.  

Finally, using what I have learned from these previous studies I have been 

able to extend PES to study the interfaces in a working perovskite solar cell 

under operating conditions (Figure 26d). This has allowed the detection of the 

photovoltage generated at interfaces of the back contact. These measurements 

can also be used, together with reference measurements of the material, to 

determine the band alignment at the interface under different operating condi-

tions. 

To summarise, in this thesis I have used PES to study the dynamics of a 

simple model system in response to different stimuli. This has been followed 

by work on more complex systems, starting with interfacial interactions and 

finally studying the charge separation in a complete solar cell under operating 

conditions.  

 
Figure 26: Schematic summarising the work presented in this thesis. a) The surface 
properties of different single crystals. b) The photon induced degradation processes 
of the perovskite surface in response to intense visible and X-ray illumination. c) 
The interfacial degradation occurring between thermally evaporated silver and cop-
per, as well as SnOx deposited by ALD. d) Measurements of interfacial photo-
voltage and band alignment using HAXPES. 
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7 Outlook 

While reading this work one might notice a focus on the degradation processes 

that occur in lead halide perovskites, specifically the surface degradation and 

the degradation occurring at interfaces. This is a niche which is still relatively 

underexplored as the goal is generally to prevent degradation rather than in-

duce it. We have, for example, attempted to study the behaviour of perovskite 

thin films during heating but with poor reproducibility, however, this could 

potentially be improved by using single crystals. There are even more oppor-

tunities for new studies of the reaction processes between perovskite and other 

materials (electrodes, HTL and ETL), simply from the large number of per-

mutations. For example, the investigation of the interaction between the per-

ovskite and other potential metal electrodes. 

In addition to degradation processes, I have shown how HAXPES can be 

used to measure both the photovoltage and band alignment in the interfaces of 

the back contacts. This technique could be applied to address specific ques-

tions. For example, wider band gap perovskite solar cells suffer from a signif-

icantly larger Voc deficit (the difference between Voc and the bandgap) than 

the narrow bandgap perovskite solar cells [118]. The exact origin of this is 

unknown but models suggest that it is related to misalignment of the bands at 

the interfaces between the perovskite and selective contacts [118], which can 

be directly measured using operando HAXPES. This technique is not only 

limited to perovskite solar cells but can be applied to other types of thin film 

solar cells, for example CIGS, CdTe and organic photovoltaics. 

The usage of the ArTOFs has been essential for much of the work carried 

out in this thesis as we are able to avoid any X-ray damage. However, ArTOFs 

are limited to lower kinetic energies and, as a result, measurements on perov-

skites are currently held back by the lack of HAXPES instrumentation spe-

cialised on radiation sensitive samples. This is especially the case for operando 

studies which often require long measurement times. Regardless, operando 

measurements are becoming more popular and should soon be possible to per-

form at additional HAXPES beamlines within a near future. 
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10  Populärvetenskaplig sammanfattning 

Denna avhandling är en sammanfattning av mina studier av blyhalidperovski-

ter, ett lovande nytt solcellsmaterial. Jag har studerat dessa med fotoelektron-

spektroskopi vilket ger information om atomerna i materialens ytor. Syftet 

med denna avhandling är att ge en bakgrund till och sammanfatta mina resul-

tat. Förhoppningen är också att ge en möjlighet för de som inte är akademiskt 

institutionaliserade att förstå mitt arbete. Mina resultat återfinns också i detalj 

i artiklarna i slutet på den tryckta versionen av denna avhandling. 

Få har undgått att vi idag står inför stora miljöproblem i form av klimatför-

ändringar, vilket kan bland annat kopplas till att vi bränner fossila bränslen för 

att producera energi. Dessa skulle delvis kunna ersättas av solenergi, produ-

cerad från solceller med relativt liten miljöpåverkan. Solceller kan liknas till 

ett soldrivet batteri, dvs. de skapar en spänning och ström, men istället för 

energin lagrad i kemikalier så använder de solens strålar. 

Solceller gör detta med hjälp av effekterna som sker när en halvledare och 

ljus interagerar. Elektroner i halvledare kan befinna sig i två olika energiband, 

ett med låg energi som är fyllt av elektroner (valensband) och ett med hög 

energi som är tomt (ledningsband), men aldrig mellan dem. En perovskitsol-

cell består av tre olika halvledare: en elektronledare, en absorbator och en hål-

ledare (Figur 1a). Energiskillnaden (bandgapet) mellan banden i absorbatorn 

är ungefär samma, eller lite mindre, än det för en solljuspartikel (foton) vilket 

gör att när ljus absorberas så används energin i ljuset för att lyfta en elektron 

över bandgapet från valens- till ledningsbandet, vilket skapar ett positivt lad-

dat hål i valensbandet. Här kan man tänka på elektronen som en vattendroppe 

och hålet som en bubbla, där droppen kommer att försöka falla nedåt och 

bubblan kommer att försöka stiga. Vi kan utnyttja detta för att ta ut elektronen 

och hålet från absorbatorn genom att man lägger en halvledare med ett lite 

lägre ledningsband än absorbatorn (elektronledare) och en halvledare med 

högre valensband än absorbatorn (hålledare) på varsin sida av absorbatorn. 

Hålet kommer då söka sig till hålledaren och elektronen till elektronledaren, 

vilket skapar en spänningsskillnad mellan sidorna. Denna process kallas ladd-

ningsseparation och är fokusen i en av mina studier. Kontakter kan nu läggas 

på båda sidorna för att ta ut laddningarna och skapa en ström som kan använ-

das för att driva en elektrisk krets. Solcellens funktion kräver att absorbatorn 

inte skadas av solljuset samt att gränsskikten mellan alla material är stabila 

och inte blockerar laddningarnas rörelse, något som jag också har studerat i 

detalj och går igenom nedan. 
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Utöver de elektronerna som finns i lednings- och valensbandet så har alla 

grundämnen, utom de lättaste, elektroner som är hårdare bundna till atomkär-

nan på nivåer under valensbandet (kärnnivåer). Hur hårt de är bundna be-

stäms både av grundämnet och kan påverkas av atomens kemiska tillstånd. 

Genom att beskjuta materialet med röntgenfotoner med en hög, känd energi 

(ERöntgenfoton) så kan vi slå elektroner fria från både valensbandet och kärnnivå-

erna (fotoelektroner), vilket visas i Figur 1b. Genom att mäta fotoelektronens 

energi (EFotoelektron) så kan vi beräkna bindningsenergin (EBindning) som 

𝐸𝐵𝑖𝑛𝑑𝑛𝑖𝑛𝑔 = 𝐸𝑅ö𝑛𝑡𝑔𝑒𝑛𝑓𝑜𝑡𝑜𝑛 − 𝐸𝐹𝑜𝑡𝑜𝑒𝑙𝑒𝑘𝑡𝑟𝑜𝑛 1 

Genom att mäta energin för tusentals fotoelektroner så kan man rita upp ett 

diagram av hur många elektroner som slås fria från varje bindningsenergi 

(fotoelectronspektroskopi), vilket också visas i Figur 1b. Vi kan därmed ta 

reda på bindningsenergin på kärnnivåerna, som beror både på grundämnet och 

dess kemiska tillstånd. Fotoelektronerna har en tendens att kollidera med ato-

mer i materialet och förlora energi vilket gör att de elektronerna man kan mäta 

kommer från mindre än 10 nm från ytan (ungefär en tiotusendel av bredden 

på ett hårstrå). Det är denna ytkänsligheten som gör denna teknik speciellt 

lämplig för de studier jag utfört då viktiga processer sker vid ytorna 

 
Figur 1: a) Schematisk bild som visar hur ljus absorberas och bilder en elektron och 
ett hål, hur elektronen och hålet separeras och hur de separerade laddningarna resul-
terar i en användbar spänning och ström. b) Schematisk bild som visar hur en fotoe-
lektron kastas ut från kärnnivårer av en röntgenfoton och det resulterande fotoe-
lektronspektrumet med många utkastningar från valensbandet och kärnnivåer med 
elektroner.  
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Perovskitsolceller är en relativt ny teknik och det är mycket som inte än är 

känt. De har relativt hög verkningsgrad (hur stor andel av energin i solljuset 

som blir elektrisk energi), jämförbart med de kiselsolceller vi använder på våra 

tak idag, men är instabila vilket begränsar deras livslängd. Mycket av denna 

instabilitet är kopplat till kemiska reaktioner i ytan eller i gränsskikten på sol-

cellerna. Gränsskikten är också viktiga för funktionen av solcellerna då det är 

där elektroner och hål separeras från perovskiten. Med fotoelektronspektro-

skopi har jag kunnat studera både de kemiska reaktioner och laddningssepa-

rationen som sker i ytan och i gränssnitten. 

Mina resultat är strukturerade så att jag går från enkla system till system av 

ökande komplexitet, se Figur 2. Det enklaste systemet jag har studerat var 

ytan på enkristaller av perovskiter och relaterade material (Artikel I). Denna 

studie fungerar som en referens för fortsatta studier, utöver de intressanta yt-

effekter vi såg hos perovskiten. Jag har också studerat hur ytan regerar på be-

lysning med intensivt synligt ljus (Artikel II och III) samt intensiv röntgen-

strålning (Artikel IV). Här fann jag att perovskiten kunde brytas ner till me-

talliskt bly, halogengas och organiska halogensalter under stark belysning, 

men att detta kunde förhindras genom att tillsätta små mängder cesium eller 

justerar förhållandet mellan olika halider. Jag fann också att röntgenstrålning 

kunde slå sönder den organiska komponenten i perovskiten, vilket resulterade 

i process som konsumerar istället för att bilda metalliskt bly (Pb0).  

Detta är följt av studier av gränsskikt, specifikt med silver (Artikel V), kop-

par (Artikel VI) och tennoxid (Artikel VII). Här fann jag att både silver och 

koppar korroderade snabbt genom att bilda silver- och koppar-halider vilket 

också orsakade skada till perovskiten. Hos koppar bildades också två nya 

material och reaktionen var speciellt aggressiv vilket orsakade skada djupt in 

i perovskiten. Tennoxid var mycket stabilare men bildade ett tunt (5 nm) 

gränsskikt med perovskiten vilket gjorde det svårt att plocka ut elektroner. 

Slutligen så har jag också utvecklat och använt en teknik för att studera hur 

laddningsseparationen går till och spänningen byggs upp i gränsskikten i sol-

cellen (Artikel VIII). Förhoppningen är att den kunskapen jag har fått fram 

ska leda till utveckling av effektivare, stabilare och billigare solceller och där-

med bidra till att minska vår klimatpåverkan. 

 
Figur 2: De studerade systemen, från enkla ytor av kristaller till komplexa gräns-
skikt i solceller. 
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