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Abstract 

Perovskite solar cell (PSC) is one of the most promising next-generation photovoltaic 

technologies that can provide low-cost, alternative renewable energy.  The main 

hindrances to the deployment of PSC panels are instability issues. Deterioration in the 

power conversion efficiency of PSCs over time greatly originates from perovskite light 

absorbers. Hence, in this thesis, the stability of lead and tin perovskites is investigated. 

Some key factors to improve the stability of perovskite materials are discussed, 

including processing, materials, and understanding degradation mechanisms in particular. 

I introduce a state-of-the-art characterisation technique, near-ambient pressure X-ray 

photoelectron spectroscopy (NAP-XPS), to investigate the surface stability and 

degradation process of perovskites.  We propose the moisture-induced degradation 

behaviour of a prototypical halide perovskite, methylammonium lead iodide (MAPI): 

MAPI decomposes into lead iodide and hydrocarbon chains by releasing hydrogen iodide 

and ammonia gases. For processing, we find that MAPI films made by aerosol-assisted 

chemical vapour deposition (AACVD) generally have better stability in humid air than 

their spin-coated counterparts, which can be attributed to larger grain sizes. Moreover, 

surface passivation plays a crucial role in the improved stability against moisture. This 

can be achieved using excess CH3NH3I (to react with a Pb(SCN)2 precursor) or bulky 

ammonium iodides for MAPI films. 

Formamidinium (FA)-based mixed-cation mixed-halide perovskites and Cs2SnI6 

double perovskite not only have better water resistance but also undergo different 

degradation routes compared to MAPI. Upon H2O vapour exposure, the FA cation 

transforms into CH3NH3
+
 first, whilst the degraded species of Cs2SnI6, CsI, remains at the 

surface. It will be shown that these insights can pave the way towards stable PSCs.  
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Chapter 1 Introduction 

1.1 Background and Motivation 

Although rapid industrialisation has brought human beings tremendous convenience, it 

has also given rise to the colossal emission of greenhouse gases, such as carbon dioxide 

(CO2), leading to severe global warming. This further causes extreme weather conditions 

and climate change that significantly impact ecological systems, and could induce the 

extinction of humanity.[1] To make all life on earth sustainable, it is crucial to halt the 

course of global warming. 

The majority of greenhouse gas production is attributed to the burning of fossil fuels, 

which supplies the great portion of electricity generation, surpassing 50%.[2] In order to 

reduce the emission of greenhouse gases, other electricity supply sources urgently need to be 

developed to replace conventional fossil fuel sources such as coal, oil, and natural gas. 

Renewable energies are ideal substitutes for fossil fuels since they are sustainable and 

generally clean and safe to operate. Apart from nuclear energy, they are unlikely to bring 

catastrophic disasters and in general they do not produce wastes that are difficult to handle. 

Amongst all the renewables, solar power is the most abundant renewable energy source (ca. 

120,000 terawatts incident on the earth [3]) and one that can perpetually provide the earth 

with sunlight. The most efficient way to utilise such energy is through photovoltaic (PV) 

devices that can directly convert light into electricity. However, since the cost per watt has 

not been sufficiently competitive, further improvements in power conversion efficiency 

(PCE) and cost reduction are required without delay to boost the market share of PVs in 

electricity generation. 
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Currently, mainstream PV panels are composed of single-junction crystalline silicon 

solar cells, with a record PCE of 26.1% (non-concentrator).[4] To date, over 95% of 

market production has been based on these solar cells, mainly due to their rapidly declining 

manufacturing costs and high efficiencies, which are now typically higher than 20%, if 

n-type monocrystalline wafers are applied.[5] However, the conventional silicon solar 

cells are quite rigid and fragile and hence do not well adapt to curved surfaces and to 

building-integrated PV (BIPV).  Thin-film PV technologies, such as copper indium 

gallium selenide (CIGS) and CdTe, are proving to be promising for deployment in the real 

world due to their light weight, transparency, and flexibility, as they can be fabricated on 

plastic substrates. However, CIGS and CdTe currently are not competitive compared to 

silicon-based solar cells, partially owing to the use of expensive (In and Ga), toxic (Cd), or 

scarce (Te) elements, respectively. Therefore, alternative thin-film technologies urgently 

need to be commercially developed to compete with or complement silicon-based solar cells 

in order to promote PVs as the primary electricity source worldwide. 

In addition to classical thin film solar cells mentioned above, third-generation PV 

cells such as dye-sensitised solar cell (DSSC) and quantum dot solar cell (QDSC) have 

also attracted notable attention partially due to their potentially low cost. However, the 

PCEs of these emerging PV technologies are lower than 20%, which is uncompetitive with 

mainstream silicon solar cells.[4] Amongst all newly developed PVs, perovskite solar 

cells (PSCs) have emerged as one of the most promising solar power technologies in recent 

years due to the unprecedented PCE enhancements, from 3.8% to 25.2% (single-junction 

PSC) within just a decade.[4, 6] Perovskite/Si tandem devices have further boosted the 

efficiency to 28%, where PSC acts as an effective auxiliary on the top of silicon solar 

cells.[4] Such progress has attracted more and more attention from both academic and 
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industrial researchers due not only to their high efficiencies but also their potentially low 

manufacturing costs, i.e. low cost per watt.  The light absorbers (e.g. CH3NH3PbI3, 

methylammonium lead iodide (MAPI), the prototype of halide perovskites) of PSCs are 

typically composed of inexpensive, abundant elements. If 25-terawatt PSC panels need to 

be installed, Pb for use in PSCs only consumes around one-day Pb production capacity 

(Figure 1.1) based on the current production status,[7] which means that key raw material 

acquisition would not be problematic in large-scale commercial PSC production. 

Contrarily, Si for use in silicon-based solar cells requires over one-year Si production 

capacity to meet 25-terawatt solar panel installation, indicating that the annual supply may 

fail to meet the demand. This suggests if PV market dramatically grows to terawatt-level 

market in the future, the silicon-based solar cell is less likely to be dominant. More 

surprisingly, the key elements applied in other PV technologies, such as CIGS, CdTe, and 

GaAs, would need a thousand years at current production rates to deliver a 25 terawatt PV 

installation, as shown in Figure 1.1. This is a strong indication that those technologies are 

unlikely to dominate the major PV market in the future. PSC is therefore expected to play a 

vital role in the future PV market and any effort that advances the development of PSCs is 

important. This is why this thesis focuses on the PSC area. However, the key factor 

impeding PSC commercialisation is the lifetime issue — PSCs currently cannot sustain 

operation for > 20 years, which is the current market standard.  The main cause of 

instability in PSCs originates from the perovskite layers themselves. Therefore, in this 

thesis we concentrate the investigation on the stability of halide perovskites for use in PSCs. 
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Figure 1.1 Annual material production (in 2015) versus material required to deliver 5% 

(left end of the bar), 50% (circle), and 100% (right end of the bar) of a potential 25- 

terawatt PV installation for perovskite, silicon, GaAs, CIGS, and CdTe.[7] 

1.2 Aims and Outline of the Thesis 

This thesis builds on the investigation of the stability of metal halide perovskites. As 

the progress of PSCs is primarily constrained by instability that mainly arises from the 

perovskite light absorbers, improving the stability of these halide perovskites is the top 

priority for current research in the PSC area. Therefore, the thesis selectively focuses on 

the stability of perovskite materials instead of concentrating on the PCEs of PSC devices that 

have already reached competitive standard. This work is expected to pave the way to 

stable PSCs by discussing some key factors of improving the stability of metal halide 

perovskites, including materials, processing, and understanding the degradation mechanism. 

In particular, surface characterisations as a function of degradation are crucial in aiding 

understanding the degradation mechanism of perovskite materials. 
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Chapter 2 describes the relevant background of PSCs, including progress in improving 

efficiency, materials, and processing, with an emphasis on the stability issues highlighted in 

Section 2.4. Prior to the discussion of PSCs, a fundamental knowledge of semiconductors 

and the principles of solar cells is required, so this information is presented in the later 

sections of this chapter. Chapter 3 introduces the techniques and theory used in association 

with this work, with a stress on the basics of X-ray photoelectron spectroscopy (XPS), since 

this research involves significant XPS studies.  In particular, this thesis pioneers the 

introduction of near-ambient pressure XPS (NAP-XPS) into the PSC sphere. 

From Chapters 4 to 8, we present the results of this thesis, composed of five published, 

submitted and draft papers. In Chapter 4, the degradation mechanism of MAPI upon 

exposure to water vapour is investigated by NAP-XPS.[8] The environment provided 

during the experiment corresponds to relative humidity (RH) of up to ca. 30%, which 

simulates realistic conditions. Chapter 5 focuses on the same material, MAPI, but we 

apply a different approach, aerosol-assisted chemical vapour deposition (AACVD), to 

produce MAPI thin films. In this work, lead thiocyanate is utilised as the lead precursor in 

order to gain better stability in ambient processing and ageing. Various characterisations in 

conjunction with the NAP-XPS study assist in discovering how to make halide perovskite 

films more stable.  The reasons why AACVD can produce relatively stable films 

compared to spin coating are discussed in this chapter. Chapter 6 further employs a 

distinct method to improve the stability of MAPI using bulky ammonium iodides to 

passivate the surface. The moisture-induced degradation behaviour and stability of MAPI 

films with and without surface functionalisation are investigated using NAP-XPS. 

Chapter 7 contains a discussion of thermal stability and stability against moisture 

separately, and also of the effect of a combination of thermal stress and water vapour for 
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mixed-cation perovskites.  This chapter compares the stability and degradation 

mechanisms of dual-cation (Cs and formamidinium (FA)) and triple-cation (plus 

methylammonium (MA)) perovskite films.  Chapter 8 concentrates on lead-free 

perovskites in order to reduce the toxicity of halide perovskite materials. We employed 

AACVD to deposit an inorganic tin double perovskite, Cs2SnI6.[9] The results reveal a 

strong dependence of stability on processing method for Cs2SnI6 material, by comparing 

AACVD-grown and spin-coated films. The reasons why AACVD can produce relatively 

stable films compared to spin coating are also discussed in this chapter. Finally, the key 

findings and the outlook of this thesis — namely, to achieve stable halide perovskites for use 

in PSCs — are summarised and presented in Chapter 9. 

1.3 Semiconductors 

PV devices usually contain semiconductor materials. A semiconductor, as its name 

suggests, is not as conductive as a metallic conductor but can conduct carriers to a certain 

extent. Materials can be generally classified into three categories: metal, semiconductor, 

and insulator. From metal to insulator, the electrical conductivity significantly reduces due 

to differences in the band structure. The band structure can be simplified in an energy band 

diagram, as shown in Figure 1.2. In this diagram, it can be seen that metals do not have 

energy bandgap, so electrons at the Fermi level (EF) can move into empty states close in 

energy (within ± kBT, where kB and T are Boltzmann constant and temperature, respectively) 

and do not require being excited under illumination to conduct. Hence, a metal is capable 

of conducting electricity at low temperature. However, when the temperature of a metal 

increases, the thermal vibration of metallic atoms enhances resistance to moving electrons, 

resulting in a decrease in electrical conductivity. In a metal at absolute zero, the Fermi 
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energy/level is defined as the energy of the highest occupied electronic states. At any 

given temperatures, the Fermi level can be considered to be a hypothetical energy level of an 

electron such that at thermodynamic equilibrium this energy level has a 50% probability of 

being occupied by an electron at any given time.[10] 

 

Figure 1.2 Energy band diagrams for metals, semiconductors, and insulators. The 

blank space between conduction and valence bands depicts the forbidden energy gap. 

Semiconductors have a relatively small energy bandgap (typically, 1–3 eV) between 

valence band (VB) and conduction band (CB) compared to insulators. VB is the highest 

range of occupied electronic states, where its top is the valence band maximum (VBM). 

CB is the lowest range of vacant electronic states, where its bottom is called the conduction 

band minimum (CBM). The properties of semiconductors greatly depend on the position 

of the Fermi level. If the Fermi level is roughly located at the centre of the bandgap, the 

material is called an intrinsic semiconductor, such as undoped Si. If the Fermi level is 

close to the VBM or CBM, the material is a p-type or n-type semiconductor (both known as 

an extrinsic semiconductor), respectively, as shown in Figure 1.2. The shift in the Fermi 

level occurs as a result of the presence of dopants/impurities in an intrinsic semiconductor. 
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If the dopant provides an extra electron or hole (e.g. P or B in Si), an additional donor or 

acceptor level is generated slightly below or over the Fermi level (Figure 1.2) within the 

bandgap region, respectively.  In a n-type material donor level is close to the CBM so that 

electrons at the donor states can be easily excited to the CB, whereas for a p-type material 

the dopant level accepts electrons excited from the VB, leaving mobile holes in the VB. 

For organic materials, long-range delocalisation giving continuous bands does not typically 

exist, and the VBM and CBM are conventionally labelled the highest occupied and lowest 

unoccupied molecular orbitals (HOMO and LUMO), respectively. When the bandgap is 

larger (typically, at least 3 eV), the electrons in the VB have a very low probability of being 

excited to the CB. Therefore, the electrical conductivity is quite low and such a material 

can be deemed an insulator. 

The conductivity (n-type or p-type) of semiconductors can be tuned by doping 

impurities to enhance electron or hole conductivities, based on requirements. Taking the 

intrinsic semiconductor Si for example, if boron (which has one fewer electron than Si) is 

doped into the Si structure, this can be deemed to increase the hole concentration and is an 

electron acceptor. The doped extrinsic material is called a p-type semiconductor, whereas 

when phosphorus (an electron donor) is doped into silicon the substance becomes an n-type 

semiconductor. If an n-type semiconductor is in contact with a p-type one, a p-n junction 

can be formed by carrier migration, and the Fermi level reaches an equilibrium position, as 

shown in Figure 1.3. 
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Figure 1.3 Diagram of the formation of a p-n junction after the Fermi energy reaches 

equilibrium. The depletion region generated is highlighted. Evac is the vacuum energy 

level. 

In order to reach the equilibrium state, diffusion of the carriers across the p-n junction 

occurs; i.e. holes diffuse from p-type to n-type materials, whereas electrons move from the 

n-type to the p-type semiconductor at the junction. This leads to opposite charging of the 

two semiconductors at the junction (namely, positive ions at the n-type side and negative 

ions at the p-type edge), generating a depletion region which has a built-in electric field.[11] 

This electric field stops the further diffusion of the majority carriers in the semiconductors. 

When photons are absorbed in the depletion region, the electron–hole pairs can be separated 

by the built-in electric field. In this way, electrons transport to the n-type side, whereas 

holes move to the p-type material, generating a drift current in the opposite direction to the 

diffusion current. 

If the electron–hole pairs are produced outside the depletion region, there is no driving 

force through drift; namely, the transport is dominated by diffusion in the opposite direction 

of the current produced from a PV device. Hence, increasing the width of the depletion 

region can produce more effective electron–hole pair separation. This can be realised by 
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inserting an intrinsic layer between the p- and n-type semiconductors, forming a p-i-n 

junction.  However, intrinsic semiconductors are typically less conductive, potentially 

resulting in an increase in the series resistance of a PV device. Therefore, the thickness 

requires optimisation to prevent a reduction in efficiency in p-i-n solar cells. 

1.4 Principles of Solar Cells 

The photovoltaic effect can be traced back to the early years of the nineteenth century 

when it simply described the electrical voltage and current in a material that was generated 

under light illumination.[12] Such PV materials are typically semiconductors that can 

produce an electrical potential difference through excitation of electrons across the energy 

bandgap when the material is radiated. Basically, a solar cell contains a diode or p-n 

junction where electrons and holes pass through the n- and p-type semiconductors 

respectively to the external circuit. The working principles of a PV device involve several 

processes, as shown in Figure 1.4. First, light absorbing materials sandwiched between 

two conducting electrodes (front and back contacts, typically metal) only absorb that 

portion of the light with photon energies larger than their bandgap energy, whilst other 

photons with various wavelengths can be transmitted, or reflected by the material or by the 

metal contacts under irradiation. Subsequently, photon absorption creates an electron–hole 

pair or a so-called exciton, with a specific exciton binding energy, that depends on the 

material. An exciton is a bound state of an electron and a hole that attract to each other 

through the electrostatic Coulomb force, which can be deemed as an electrically neutral 

quasiparticle. In accordance with the characteristics of excitons, they can be classified 

into two types, depending on the dielectric constant of the material: Frenkel exciton and 

Wannier–Mott exciton, as shown in Figure 1.5. In materials with a relatively low 
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dielectric constant, an electron and a hole are tightly bound with an exciton binding energy 

on the order of 0.1 to 1 eV. Such an exciton is called Frenkel exciton, which can be 

typically found in organic semiconductors. In the case of excitons generated in a material 

with a relatively high dielectric constant (e.g. inorganic semiconductors), the exciton has 

relatively low binding energy on the order of 0.01 eV, which is called Wannier–Mott 

exciton. The electron and hole of the exciton in such system are relatively easy to 

separate, which is preferable to photovoltaic devices.  Organolead perovskites have 

exciton binding energies in the range of approximately 0.05 eV, sitting between the values 

for Frenkel and Wannier–Mott excitons.[13]    

Excess energy that surpasses the bandgap energy usually dissipates in the form of 

thermal energy, a process called thermalisation (Figure 1.6).[14] When the Eg is lower, the 

material potentially absorbs more photons and may produce a higher electric current. 

However, the lower bandgap means the electrical voltage is limited. Therefore, there is a 

bandgap range (ca. 1.1–1.4 eV) that produces optimised efficiencies for single-junction 

solar cells by balancing the electric current and voltage, according to the theory of Shockley 

and Queisser (which assumes a standard solar spectrum (AM 1.5)).[15] The bandgap 

energies of crystalline Si (1.1 eV) and MAPI (1.55 eV) are roughly located within this range. 
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Figure 1.4 Working principles of a typical PV device. The range of n- and p-type 

materials is the light absorbing region sandwiched by two electrodes connected to the 

external circuit. 

 

Figure 1.5  Types of excitons (Frenkel and Wannier–Mott exciton) exist in 

semiconductors. The distance between an electron (red minus) and a hole (green plus) is 

comparable or larger than the size of a crystal (circles) in the material for Frenkel and 

Wannier–Mott excitons, respectively. 
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Figure 1.6 A thermalisation process when a semiconductor absorbs light with energy 

greater its optical bandgap. 

The excitons generated must then be separated; otherwise, the electron and hole may 

recombine. The charge separation mechanism is associated with the p-n junction, which 

has been described in Section 1.3. In brief, electrons tend to move towards the n-type side, 

whilst holes move in the p-type semiconductor direction, as shown in Figure 1.4. Then 

both charge carriers with different polarity are possibly collected by the corresponding 

electrodes. In fact, the charge carriers created do not necessarily deliver electrical output. 

When an electron travels through the materials and interfaces of the cell, it may still 

encounter a hole and recombination may occur. The diffusion length (LD) of a material can 

evaluate the extent of carrier recombination and be defined as below equation: 

 𝐿D  =  √𝐷𝜏, (1.1) 

where D is the diffusion constant or diffusivity (m
2
/s) and τ is the lifetime in seconds. The 

diffusion length is the average distance that a carrier moves between generation and 

recombination. According to this equation, for fixed D, long diffusion length is associated 
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with a prolonged lifetime, which means that the carriers can survive for longer in the 

material. The diffusion constant is a function of several factors, as shown below: 

 𝐷 =
 𝜇𝑘B𝑇

𝑞
, (1.2) 

where , T, kB, and q are carrier mobility, temperature, Boltzmann constant, and elementary 

charge, respectively. The carrier mobility is also a material-dependent factor, and electron 

and hole mobility typically have different values. The recombination mechanisms can be 

classified into two main categories: radiative (photon) and non-radiative (phonon or Auger 

electron), depending on the form of released energy as a result of the recombination, as 

shown in Figure 1.7. Compared to non-radiative recombination, radiative recombination 

is preferred to a photovoltaic device since the emitted light could be reabsorbed by the light 

absorber (so-called photon recycling effect).[16] Radiative recombination is typically a 

band-to-band recombination, where electrons in the CB directly recombine with holes in 

the VB without significant carrier momentum (Figure 1.6). Non-radiative recombination 

typically involves traps generated within the band gap. The recombination induced by 

traps is called trap-assisted recombination or the Shockley–Read–Hall process.[17] These 

localised deep-level traps can absorb momentum differences between electrons and holes, 

resulting in energy dissipation in the form of phonon excitation. The light emitted through 

radiative recombination may cause electrons (so called Auger electrons) emitted or excited 

to higher into the conduction band from the sample. This process is known as Auger 

recombination, as shown in Figure 1.7. 
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Figure 1.7 Recombination mechanisms in semiconductors, where solid and hollow 

circles are electron and hole, respectively. 

If the carriers successfully avoid recombination to reach the electrodes, the overall 

current generated under illumination can be expressed as: 

 𝐽tot  =  𝐽light  − 𝐽dark. (1.3) 

Without illumination, a current is still produced (dark current, Jdark) due to a built-in 

field, which is typically in the reverse direction to the photocurrent. When carriers can 

reach the electrodes, an electric current and voltage can be produced, and the electrical 

output can be defined via the power conversion efficiency (PCE), which can be calculated by 

the following equation: 

 PCE =  
𝐽max×𝑉max

𝑃in
, (1.4) 

where Pin is the input power and PCE is the maximum output power. The maximum power 

point (MPP, Pmax) is obtained when the product of the current density (Jmax) and the voltage 
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(Vmax) is maximised, as shown in the purple diamond of Figure 1.8. As revealed in the 

figure, Jmax and Vmax are not the highest current density and voltage, respectively; instead, 

these are given by the short-circuit current (Jsc, when voltage applied is zero) and 

open-circuit voltage (Voc, when there is no current density detected). The ratio of the Pmax 

to the product of Jsc and Voc is the so-called fill factor (FF): 

 𝐹𝐹 =  
𝐽max ×𝑉max

𝐽sc ×𝑉oc
. (1.5) 

FF is thus the ratio of the areas of the green and red rectangles as shown in Figure 1.8. 

Therefore, PCE is conventionally expressed as the following equation: 

 PCE =  
𝐽sc×𝑉oc ×𝐹𝐹

𝑃in
. (1.6) 

Accordingly, it can be seen that higher Jsc, Voc, and FF give better PCEs. 

 

Figure 1.8 A representative graph of current density versus voltage for a typical PV 

device. The blue curve is the so-called J-V curve and the purple diamond is the 

maximum power point (MPP, Pmax).  
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Chapter 2 Perovskite Solar Cells (PSCs) 

Perovskite solar cell (PSC) is one of the most promising next-generation PV 

technologies to compete with or to be in tandem with mainstream crystalline silicon solar 

cells.[18] The reason PSCs attract tremendous attention is their high power conversion 

efficiencies (PCEs), surpassing 20% at relatively low costs.[19] At present, two of the 

three key components of the golden triangle (Figure 2.1), which describes the feasibility of 

commercialisation of solar panels, have been met by PSCs, namely the efficiency and the 

cost of manufacturing and raw materials.[19] However, the lifetime of PSCs (ca. 1 year) is 

currently far lower than that of commercialised silicon solar cells (ca. 25 years, with at least 

a 20-year warranty). One of the major causes of the instability of PSCs originates from the 

poor stability of perovskite materials themselves, which is discussed further in Section 2.4. 

This issue significantly hinders progress in the real-world deployment of PSC panels. 

Therefore, it is urgent to put more effort into improving the stability of metal halide 

perovskites, which is the core theme of this thesis. 

 

Figure 2.1 Diagram of the golden triangle to gauge the capability for commercialisation 

of PV technologies (efficiency, cost, and lifetime).[19] 



 

49 

 

The stability of PSCs is comparatively important compared to other devices in the 

current research stage because the PCEs are now relatively satisfactory.  The 

unprecedented improvement in PCEs is the key element attracting so much interest from 

worldwide researchers. Hence, the advances in the PCEs of PSCs are discussed in Section 

2.1. 

The typical structure of a PSC is shown in Figure 2.2, where the light illuminates on the 

glass side. On the top of the glass, a transparent conducting oxide (TCO), such as indium 

tin oxide (ITO) or fluorine-doped tin oxide (FTO) is utilised to conduct electrons to an 

external circuit. A hole blocking layer (HBL) is located on the TCO film to reduce carrier 

recombination; compact TiO2 (c-TiO2) is often used.  Then, an electron transporting 

material (ETM) like mesoporous TiO2 (m-TiO2) sits on the HBL; if a mesoporous layer is 

absent in the structure, this is the so-called planar architecture. Next, the key component, 

the perovskite light absorber, infiltrates in the mesoporous layer and a thin perovskite 

capping layer on the top of the mesoporous scaffold is preferred, as shown in Figure 2.3.[20] 

The commonly used perovskite, methylammonium lead iodide (MAPI; CH3NH3PbI3), is a 

typical material.  (More perovskite materials are introduced in Section 2.2 and the 

processing of those materials is presented in Section 2.3). Over the perovskite layer, a hole 

transporting material (HTM) like Spiro-OMeTAD and a metal electrode are deposited. 

Precious metals are often applied to connect to the external circuit to improve electrical 

conductivity. If the perovskite layer is deposited on an HTM, this architecture is called an 

inverted structure. In an inverted device, the HTM used is typically not a mesoporous layer, 

so an inverted device is often a planar structure. 
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Figure 2.2 Illustration of the conventional architecture of a PSC. Note the height of the 

blocks does not reflect the real relative thickness of each layer. 

 

Figure 2.3 Scanning electron microscopy (SEM) images of a perovskite capping layer on 

a mesoporous (mp) TiO2/perovskite composite layer.[20] 

2.1 Advances in Power Conversion Efficiency 

The overall view of advances in the PCE of PSCs can be seen in Figure 2.4; all the 

associated works in the figure are described in the below text. The first demonstration of 

PSCs was to employ nanocrystalline MAPI or methylammonium lead bromide (MAPB) as 

light sensitisers with a liquid electrolyte to deliver PCEs of 3.8% and 3.1%, respectively, 

back in 2009.[6]  The architecture is based on liquid-state dye-sensitised solar cells 

(DSSCs) by simply replacing the dye molecules with perovskites. Following this, MAPI 
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has gained more attention than MAPB due not only to the higher beginning efficiency but 

also the bandgap of MAPI (ca. 1.55 eV) which is relatively close to the optimised bandgap 

(1.1–1.4 eV) according to the Shockley–Queisser treatment.[15]  Hence, MAPI is 

commonly considered the prototype for PSCs and dominates the early stage of the 

development of the organometal halide perovskites. 

PSCs received little attention prior to 2011 due to the low efficiency and extremely 

short lifetime as a result of the use of liquid electrolytes. Inspired by quantum dot solar 

cells (QDSCs), the crystalline size of MAPI was reduced to quantum-dot dimensions (less 

than 10 nm) for use in PSCs to yield a PCE of 6.5%.[21] These cells employed a liquid 

electrolyte for the redox couple transport and thus the PCE and stability of the PSCs were 

still limited. However, an important trend in the efficiencies was observed, namely that a 

thinner mesoporous TiO2 layer (still in micrometre range) gave better efficiencies.[21] 

This finding was critical for later studies since researchers became aware that the properties 

of halide perovskites might be quite different from dye molecules. Important progress was 

made from 2012. 

 

Figure 2.4 Advances in the PCE of PSCs. All concerned works are described in the 

main text. Note not all the PCEs shown in this figure were certificated. 
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Just a year later from the quantum-dot perovskite work, the same research group led by 

Park reported the realisation of solid-state PSCs using as an HTM layer to replace liquid 

electrolyte, which produced a PCE close to 10%.[22]  This also led to a significant 

improvement in long-term stability because the problem of dissolution of MAPI into the 

liquid electrolyte was removed. In that work, it was again reported that a PSC containing 

thinner mesoporous TiO2 (0.6 m) generates better PCE due to a reduction in electron 

transport resistance. HTM-free PSCs were produced by creating a direct contact between 

MAPI and an Au electrode; however the PCE is lower (5.5%).[23] 

Another key breakthrough made in 2012 was presented by Lee et al.; they first applied 

a mixed-halide perovskite (CH3NH3PbI2Cl) on an Al2O3 scaffold to construct a PSC with a 

PCE of 10.9%.[24] The work demonstrated that perovskites themselves can conduct 

electrons well so that the ETM layer, TiO2, is not essential in the PSC architecture. They 

also found that chlorine-doped MAPI is more adapted to air processing, focussing attention 

on mixed-halide perovskites.  Building on a similar structure containing a 

low-temperature-processed Al2O3 scaffold (processed at 150 
o
C compared to 500 

o
C in the 

former work), CH3NH3PbI3-xClx-based PSCs were produced which achieved better 

performance with a PCE of up to 12.3%.[25] This low-temperature-annealing process 

potentially allows meso-superstructured PSCs to be fabricated on flexible substrates. 

Heo and co-workers deposited MAPI on mesoporous TiO2, forming a PSC with a PCE 

of 12.0% by employing poly-triarylamine (PTAA) as the HTM.[26] They tried various 

polymer-based HTMs and found that PTAA is the best candidate amongst them. Whilst the 

aforementioned organolead perovskites were all made via a one-step method, a sequential 

deposition (two-step process) was firstly proposed by Burschka et al. to produce 

high-quality perovskite films to yield a PCE of ca. 15%.[27] The advantage of this method 
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is that PbI2 is easier to infiltrate into the nanopores of a TiO2 layer compared to MAPI. 

Then, the PbI2 film is converted into MAPI by dipping the film into a CH3NH3I solution. 

This gives an improved pore-filling. 

Vapour deposition was then introduced to fabricate pinhole-free CH3NH3PbI3-xClx 

perovskite films, allowing highly efficient (PCE 15.4%) planar PSCs to be made without the 

introduction of a mesoporous layer.[28] Meanwhile, Stranks et al. further verified that 

using CH3NH3PbI3-xClx perovskites can significantly increase the diffusion lengths (to > 1 

m) compared to that in MAPI and thus the film thickness can be thicker (ca. 500 nm), 

which can offer better light absorption.[29] Chiang et al. utilised [6,6]-Phenyl C71 butyric 

acid methyl ester (PC71BM) in PSCs to extract electrons, boosting the PCE up to 16.3% 

based on a planar architecture with the use of PEDOT:PSS as the HTM.[30]  The 

architecture of this inverted PSC device is shown in Figure 2.5, where no metal oxides 

were employed as the electron/hole transporting materials of the cell. 

 

 

Figure 2.5 The architecture of an inverted PSC device containing PCBM as an electron 

transporting layer.[30] 
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In order to decrease the bandgap of MAPI to absorb more light, Eperon et al. replaced 

the MA cation with a larger formamidinium (FA) cation to form FAPI.[31] The resultant 

PSCs have achieved PCEs of 14.2% and a high short-circuit current (Jsc, >23 mA cm
-2

) due 

to a reduction in bandgap (from 1.55 to 1.48 eV on exchanging MA for FA). Zhou et al. 

further boosted the PCE of the PSCs to an impressive value of ca. 19.3% through interface 

engineering.[32] They doped yttrium into TiO2 to form an efficient ETM layer to extract 

and transport electrons better. The ITO film was also modified to possess a reduced work 

function to match the conduction band minimum (CBM) of the doped TiO2. Interestingly, 

they found that preparing CH3NH3PbI3-xClx-perovskite films in a controlled relative 

humidity of ca. 30% provided a higher electrical output compared to those fabricated in 

completely dry conditions. In parallel, Im et al. optimised the two-step process to produce 

a high-quality MAPI film composed of well-defined cuboid perovskite grains, leading to 

reduction of standard deviations in PCEs, as shown in Figure 2.6.[33] The concentration 

of MAI solution in the sequential spin-coating step was found to be important to make 

efficient PSCs with PCE up to ca. 17%. 

 

Figure 2.6  SEM image of a MAPI film containing cuboid perovskite grains.[33] 

Top-left view is the photograph of the sample. The scale bar is 500 nm and the time 

shown on the image is the loading time in MAI solution in the second step. 
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Mitigating the phenomenon of the hysteresis of J-V curves is also crucial in order to 

improve the PCEs of perovskite devices. The hysteresis effect is often observed in PSCs 

and represents the difference in the J-V curves of a PV device when measured in forward- 

(Jsc to Voc direction) and reverse-bias (Voc to Jsc direction) scans, as shown in Figure 2.7. 

In the figure, it can be seen that by inserting a PCBM layer between MAPI and TiO2 the 

extent of hysteresis was significantly alleviated. Inverted PSC structures, typically with 

lower hysteresis have also attracted great attention. Heo et al. further boosted the PCE of a 

hysteresis-less inverted-PSC device up to 18.1% using a one-step deposition process to form 

a MAPI perovskite.[34] The improvement in PCEs can be partially attributed to the 

addition of hydriodic acid into the perovskite precursor solution, which reduces the number 

of iodine defects. In 2015 PCEs reached more than 20% (20.2% in [35]), which meant that 

the power output could compete with mainstream PVs, such as crystalline Si and CdTe solar 

cells. The work employed an intramolecular exchange method using dimethylsulfoxide 

(DMSO)-intercalated PbI2 as the precursor to produce FAPI. Since then, research groups 

have shifted their attention from MA to FA-based PSCs. 

 

Figure 2.7 J-V curves (right) with different degree of hysteresis effect recorded from two 

architectures (left; SEM cross-section images).[36] 
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In recent years, mixed-cation perovskites have been used in order to produce more 

stable and efficient devices (with PCEs > 20%). Saliba et al. utilised caesium-containing 

triple-cation perovskites (FA, MA, and Cs) with mixed halides (I and Br) to achieve a 

stabilised PCE of 21.1%.[37] The same authors subsequently added one more inorganic 

cation, Rb, into the perovskite structure to further increase the PCE up to 21.6%.[38] The 

PCE of FA-based perovskites was then further raised to 22.1% by reducing iodine 

deficiencies in 2017.[39]  Jeon and co-workers developed a new HTM with a 

fluorine-terminated structure to reach a PCE of 23.2% (certified 22.6%).[40] It is noted 

that although in the latest National Renewable Energy Laboratory (NREL) efficiency chart 

there is a record PCE of 25.2% achieved by KRICT/MIT,[4] the corresponding paper has not 

yet been published to date. 

The above-presented content is based on single-junction PSCs; however, 

multiple-junction PSCs in tandem with various PVs to maximise light absorption have also 

been produced. Briefly, a PSC can either be combined with other PSCs having different 

bandgaps,[41] or with other types of solar cells such as silicon (typically PSCs are on the top 

due to better transparency as a result of larger optical bandgap).[18] The top cell with 

better transparency allows a portion of sunlight to reach the bottom cell. It was reported 

that PSCs containing FA and Cs in combination with Si solar cells form two-terminal tandem 

PV devices with the best PCE (23.6%).[42]  Sahli et al. further applied the texture 

technique to give additional light absorption to reach a PCE of 25.2%.[43] Textured 

coatings are often applied to form an anti-reflective layer in order to prevent light from 

escaping from light absorbing regions. As shown in Figure 2.8, the bottom silicon cell 

was pyramidally textured in order to trap more light within the device. Using a PSC/Si 

architecture, now efficiencies as high as 28% have been achieved by Oxford PV.[4] The 
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multiple-junction tandem PSC is promising since it can potentially reach PCEs surpassing 

30%,[44] overcoming the Shockley–Queisser limit of single-junction devices. Hence, 

there is still plenty of room to further improve the PCEs of PV devices containing PSCs. 

 

Figure 2.8 Cross-sectional SEM images of a perovskite top coated on a pyramid-textured 

silicon heterojunction (SHJ) bottom cell. 

2.2 Metal Halide Perovskites 

The perovskite light absorber is the key component of a PSC and the focus of this thesis, 

thereby requiring detailed discussion in this section. Generally, metal halide perovskites 

can be classified into mainstream lead (Section 2.2.1) and lead-free perovskites; in the latter, 

tin perovskites are dominant (Section 2.2.2) but other lead-free perovskites (Section 2.2.3) 

have also attracted great attention. A typical perovskite structure, ABX3 (exemplified by 

the prototype CH3NH3PbI3 or MAPI), is shown in Figure 2.9. Typically, the A site can be 

occupied by an inorganic metal ion like Cs
+
 or an organic cation such as MA (CH3NH3

+
) and 

FA (CH(NH2)2
+
); B is Pb

2+
 or Sn

2+
 and X denotes halide ions (Cl

-
, Br

-
, and I

-
). Actually, 

additional elements and molecules could be potentially fitted into the perovskite structure, 

depending on the tolerance factor.[45] The theory of the tolerance factor was proposed by 

Goldschmidt to estimate the structural stability of a perovskite compound, as shown in the 

following equation:[46] 
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 𝑡 =  
𝑟A + 𝑟𝑋

√2(𝑟B + 𝑟X)
, (2.1) 

where t is the Goldschmidt tolerance factor, and rA, rB, and rX are the ionic radius of the 

ions at A, B, and X sites in ABX3 perovskite structure, respectively. For lead iodine 

perovskites, only Cs, MA, and FA sit at the acceptable tolerance-factor range from 0.8 to 1.0 

in turn, as shown in Figure 2.10.[45] APbI3 compounds with Goldschmidt tolerance 

factor out of the range indicated above are structurally unstable. Alkali metals (e.g. K and 

Rb) are too small to fit the structure well so that they typically act as dopants, which will be 

discussed later. 

 

 

Figure 2.9 The perovskite structure (ABX3) of MAPI. The methylammonium cation 

(A) is located at the central site surrounded by eight corner-sharing PbI6 octahedra (B = Pb 

and X = I).[47] 
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Figure 2.10 Tolerance factor of APbI3 perovskites with A cations that are too small (Na, 

K, and Rb), applicable (Cs, MA, and FA), or too large (imidazolium (IA), ethylamine (EA), 

guanidinium (GA)).[45] 

2.2.1 Lead Perovskites 

Lead perovskites currently dominate PSCs, despite the toxicity of lead, mainly due to 

apparently higher efficiencies. Lead is a notorious element that can either harm the human 

body or easily spread into the environment to cause serious environmental issues. 

However, Snaith, commenting on the perovskite/Si tandem PV manufacturing process, has 

claimed that lead perovskites only contribute 0.27% or less to the total freshwater 

ecotoxicity and human toxicity of the total toxicity contribution from all process to produce 

a perovskite/Si tandem PV device.[7] Therefore, the research and development on lead 

PSCs should be continued in parallel with the investigation of other less toxic materials. 

Lead perovskites have extraordinary properties that make them ideal for 

optoelectronics applications, such as solar cells as well as light-emitting diodes (LEDs). 

Taking the prototype MAPI as an example, it has a direct bandgap of ca. 1.55 eV, 

approaching the optimised Shockley–Queisser bandgap (1.1–1.4 eV) only applicable for 
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single-junction PV devices.[48]  For a single-junction PSC, changing the chemical 

composition of perovskite light absorbers to adjust the optical bandgap to the Shockley–

Queisser range is preferred in order to further boost the PCE. However, if halide 

perovskites are applied to visible-light LEDs (photon energy of 1.8–3.0 eV) or the top cell 

of a tandem cell, enlarging the optical bandgap of lead perovskites is required in order to 

well fit the corresponding applications, which can be done by substituting halide atoms. 

If the iodine is completely replaced by bromine and chlorine, the optical bandgap can be 

extended to approximately 2.25 and 3.00 eV, respectively.[48] 

The substitution of the halide in lead perovskites does not allow the bandgap to be 

reduced to preferred values for a single-junction PV device. However, the replacement of 

MA by a larger organic cation (i.e. FA) has opened an avenue to realising a lower bandgap. 

FAPI can deliver not only a bandgap of ca. 1.48 eV but also a long diffusion length (6.6 m 

for single crystals), higher than that of MAPI (hundreds nm).[49] This suggests that FA is a 

good choice to replace MA for use in PSCs. However, a phase stability issue impedes the 

use of pristine FAPI in PV devices. At room temperature, it can convert into either a 

photoactive black phase () or a photoinactive yellow phase ().[50] This has become a 

great concern for the use of pure FAPI films despite numerous approaches proposed to solve 

this issue. 

Compared to FAPI, MAPI has more stability problems, including a structural phase 

transition at temperatures as low as 55 
o
C and degradation when exposed to heat and/or 

moisture.[8, 51] Consequently, it is still worth pursuing attempts to obtain structurally 

stable FAPI perovskites in order to achieve relatively stable and efficient FA-based PSCs. 

The phase instability of FAPI may originate from a high tolerance factor very close to 1 and 

therefore doping smaller monovalent cations is one of the best ways to structurally stabilise 
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FA in the perovskite structure.[37] In recent years, FA-based mixed-cation perovskites 

have been produced, including dual- (FA and Cs [18]), triple- (FA, MA, and Cs [37]), and 

even quadruple-cation perovskites (KCsFAMA [52]). In most of the mixed-cation cases, 

the perovskites still contain MA, which potentially degrades under thermal stress. 

MA-free triple-cation perovskites (RbCsFA) have recently been proposed to solve the 

MA-containing issue and the poor reproducibility of the CsFA perovskites.[53] 

The lead perovskites presented above all have a conventional three-dimensional (3D) 

perovskite structure. 2D perovskites have also been proposed and investigated since they 

potentially extend the PSC lifetime.[54]  The 2D perovskite is also called a layered 

perovskite because the typical use of a larger organic cation (e.g. n-butylammonium (BA)) 

can isolate the anionic Pb–I layers, as shown in Figure . The most common layered 

perovskites for use in PSCs is Ruddlesden–Popper (R-P) phase.[54] In a 3D perovskite 

structure (Figure 2.9), PbI6 octahedra are three-dimensionally surrounded by organic 

cations, whilst in an R-P structure the inorganically anionic layers and organically cationic 

spacers are alternative to each other (Figure 2.11). Depending on the ratio between 

organic cations and inorganic anions (e.g. lead iodide) in the 2D perovskite structure, the 

crystal structure can be tuned and the physical properties vary as a result. The fundamental 

physics of 2D perovskites can be explained by the quantum well model, as shown in Figure 

2.12. The thickness of organic-cation layers in 2D perovskites can be deemed as the 

width of a quantum well.[55] When the thickness increases, the wave function of an 

electron has lower ground-state energy and is less likely to penetrate the barrier due to 

quantum confinement. Therefore, the electron movement in the organic-cation layer is 

relatively constrained in 2D direction. 

Due to the promising stability of 2D perovskites, they have gained great attention in 
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recent years.[56] However, to date, the PCEs are apparently lower than those of their 3D 

perovskite counterparts. Therefore, more efforts should be placed on developing more 

efficient 2D-lead-perovskite-based PSCs with enhanced stability.  Pure inorganic 

perovskites are equally important regardless of their low efficiencies since they do not 

contain relatively vulnerable organic cations.[57]  In this category, CsPbI3 shows the 

greatest potential due to its relatively low optical bandgap of ca. 1.75 eV. Nevertheless, 

like FAPI, its photoactive phase (-CsPbI3) is not stable at room temperature and it typically 

requires a high annealing temperature of up to 300 
o
C to form, which impedes its 

deployment in flexible substrates. A breakthrough has been made by reducing the size of 

CsPbI3 to quantum-dot dimensions (typically ≤10 nm) to stabilise the photoactive cubic 

phase.[58]  Not only do CsPbI3 quantum dots significantly improve the PCEs of 

CsPbI3-based PSCs but a certified PCE record of 13.43% for QDSCs has also been achieved. 

In has also been observed that  organic 2D perovskites can stabilise the -CsPbI3 phase and 

allow phase stability at room temperature to be maintained for months.[59] 

 

Figure 2.11  Crystal structure of the Ruddlesden–Popper (BA)2(MA)2Pb3I10 and 

(BA)2(MA)3Pb4I13 layered perovskites.[54] 



 

63 

 

 

Figure 2.12 Diagram of the quantum confinement effect in 2D perovskites. Various 

thicknesses of organic-cation layers in 2D perovskites lead to the different widths of 

quantum wells (black lines; equivalent to CBM energy level in a semiconductor). The 

(blue) curve is the wave function of an electron and the (grey) dash line indicates the 

lowest energy (ground state) of the wave function. 

2.2.2 Tin Perovskites 

In order to replace the toxic lead in halide perovskites, tin perovskites with less toxicity 

have been investigated due to their similar properties to lead and lower optical bandgaps. 

The first attempt to make tin-based PSCs, methylammonium tin iodide (MASI, 

CH3NH3SnI3), was reported in 2014.[60]  In that work, a CH3NH3SnIBr2-based PSC 

reached a PCE of ca. 6%. The preparation requires care because Sn
2+

 is easily oxidised to 

Sn
4+

, leading to heavy p-type doping.  FASI-containing (FASnI3) PSCs were used to 

generate a PCE of up to 6.22%, based on a planar inverted architecture.[61] Recently, the 

efficiencies of Sn-based PSCs have been enhanced to values approaching 10%,[62, 63] 

triggering more on-going research in this area. Shao et al. mixed a small amount of 2D tin 

perovskites into 3D FASI to improve efficiencies.[63] Based on this strategy, Jokar and 

colleagues further boosted the PCE to 9.6%.[62] As in lead perovskites, FA is found to be 

more stable than MA (offering a lower oxidation rate) and can offer better efficiencies. 

Until now, compared to MAPI or FAPI, Sn-based PSCs have comparable short-circuit 

current density and fill factor but a significantly lower open-circuit voltage. This suggests 

severe carrier recombination, which must be urgently addressed to reach higher PCEs. 
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Inorganic tin perovskites, which potentially possess better stability compared to MASI 

and FASI, have also been widely studied. CsSnI3-based PSCs (using hydrazine to suppress 

the formation of Sn
4+

)
 
have reached a PCE of 4.81%.[64] Although many approaches to 

solving the oxidation issue have been proposed, the formation of Sn
4+

 is still inevitable in tin 

(Sn
2+

) perovskites. Based on this fact, the double perovskite structure (Cs2SnI6; see Figure 

2.13) has gained interest from researchers since this
 
is a Sn

4+
 compound. According to the 

figure, Cs2SnI6 can be deemed as removal of half Sn in the structure of CsSnI3. Cs2SnI6 

was firstly utilised in DSSCs as a HTM and showed promising physical properties, such as a 

low optical bandgap of ca. 1.3 eV and satisfactory electron mobility (310 cm
2
/V·s).[65] 

These properties suggest the potential to apply Cs2SnI6 as a light absorber for use in PSCs. 

However, to date, these materials reveal a range of physical properties, probably depending 

on the preparation process.[9, 66, 67] It does, however, show excellent air stability both 

during and after fabrication. Qiu et al. applied ageing as a process to transform CsSnI3 to 

Cs2SnI6 and obtained a device with PCEs below 1%.[66] They ascribed the low PCEs to 

the mismatch of energy level alignment (ELA) between the TiO2/perovskite/HTM layers. 

By optimising preparation processes, Lee and co-workers demonstrated a pristine 

Cs2SnI6-based PSC with a PCE of approximately 1.5%, whilst Cs2SnI4Br2-based PSCs can 

reach ca. 2%.[68] The use of Sn-doped TiO2 facilitates the electron extraction from the 

double perovskite due to better ELA. It is worth noting that the architecture used was not 

the classic type due to the occurrence of a short-circuit in the classical structure as a result of 

an incomplete coverage. The light absorber was sandwiched by two substrates rather than 

deposited on one substrate as the conventional form. A 2018 patent reports the PCE has 

been further improved to 5.21% (not yet published as a journal paper), which is comparable 

with that of CsSnI3-based PSCs but with much better stability.[69] Although the promise 
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of this material is unclear, there is still great room to improve the performance of the devices, 

making use of its excellent stability. 

 

Figure 2.13  Crystal structures of the CsSnI3 perovskite (left) and Cs2SnI6 double 

perovskite (right).[70] 

2.2.3 Other Lead-Free Perovskites 

Tin perovskites not only suffer oxidation issues, but currently also show low PCE. 

Therefore, other lead-free materials have been investigated to replace toxic lead. Based on 

the requirement for stability, most of the studies on non-tin lead-free perovskites relate to 

materials having the double perovskite structure. Amongst these, bismuth (Bi) has recently 

emerged as a potential less toxic element compared to Pb for use in PSCs.[71] Unlike 

Cs2SnI6, Cs2AgBiBr6 possesses different elements in the B site with the same total valence 

electrons (Bi
3+

 and Ag
+
) of 4 as Sn

4+
 in Cs2SnI6.[71] The bandgap of this material is close 

to 2 eV, which may make it a good candidate in tandem with silicon solar cells. 

Encouragingly, Cs2AgBiBr6 has quite a long carrier recombination lifetime (ca. 660 ns), 

suggesting the potential for use in PSCs. By changing the dimensionality, Bi-based 
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perovskites can adopt the form of Cs3Bi2I9 for example, with a bandgap of 1.9 eV.[72] To 

date, the PCEs of Bi-based PSCs have reached approximately 1.26% (for Cs2AgBiBr6).[73] 

Other major non-tin lead-free perovskites are antimony (Sb)-based materials, such as 

Cs3Sb2I9.[74] Sb has similar properties (less toxic than Pb) and abundance (Figure 2.14) 

to Bi, and, recently, Cs3Sb2I9-based PSCs have reached an efficiency of around 1%.[75] 

 

Figure 2.14 Diagram of the abundance of elements in the upper continental crust.[76] 

2.3 Processing 

Compared to semiconductor manufacturing, the fabrication of PSC devices is relatively 

simple and facile, so they have a low manufacturing cost.  The synthetic details of the 

preparation of the perovskite light absorber play a vitally important role in achieving highly 

efficient and stable solar cells. Thus, the processing is discussed below. This thesis focuses 

on the fabrication of halide perovskite films only. 
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2.3.1 Solution-Based Methods 

Solution-based preparation is predominant in the fabrication of halide perovskites due 

to its simplicity and low cost. Spin coating is applied in most academic studies and 

lab-scale preparations. Spin coaters are ubiquitous in chemical labs and their parameters, 

such as rotational speed, are easy to tune. Typically, spin coating only allows small 

substrates (less than 3 cm
2
) to be uniformly coated.[77] Therefore, the scalability of the 

spin coating is a great concern but it enables PSCs to be investigated easily in the lab. 

Spin coating for halide perovskites is classified into two main routes: one-step 

(single-step) and two-step (sequential deposition). Taking MAPI as an example, in the 

single-step process typically PbI2 and MAI are dissolved into N,N-dimethylformamide 

(DMF) to form a 1M (molar concentration) precursor solution. The disadvantage of this 

method is that perovskite molecules are too big to infiltrate well into the pores of 

mesoporous TiO2.[27] Hence, the pore filling may be insufficient to afford efficient PSCs. 

In order to solve the pore-filling issue, the Graetzel group developed a sequential 

process in which PbI2 is deposited first and subsequently reacted with MAI to form the 

perovskite structure.[27] The first step is typically spin coating and the second step can be 

dip coating,[27] spin coating,[78] or vapour deposition [79]. Amongst them, dip coating is 

the dominant route for this sequential step as a result of simplicity, and the as-formed PbI2 

film is typically immersed into a 2-propanol (IPA) solution containing MAI with suitable 

concentration (e.g. 10 mg ml
-1

) for a few seconds.[27] The selection of IPA is because it is 

a poor solvent for PbI2 and the perovskites. However, the sequential process may lead to 

incomplete conversion to perovskites.  Therefore, adding some MAI into the PbI2 

precursor was proposed to alleviate this problem.[80] The optimised ratio of MAI/PbI2 is 



 

68 

 

typically found to be approximately 20%.[81] 

Apart from PbI2, other lead precursors have been utilised to form perovskites, e.g. 

PbCl2:MAI 1:3 in molar concentration.[82]  Chlorine incorporation into the film was 

found to be negligible but it tends to aggregate at the TiO2 interface.[82] MAPI films 

prepared from different lead precursors appear to have distinct properties, especially 

differing in stabilities in air. Generally, the use of other lead precursors (such as PbCl2, [25] 

lead acetate (Pb(Ac)2), [83] and lead thiocyanate (Pb(SCN)2) [78]) instead of PbI2 can give 

better ambient air stability. In particular, Pb(SCN)2 enables ambient-air processing (Figure 

2.15) to obtain satisfactory efficiencies, but the current PCEs still remain at ca. 15%. 

 

Figure 2.15 Illustration of fabrication of perovskite films from Pb(SCN)2 precursor using 

a sequential (two-step) process.[78] 

The use of DMSO in the solvent mix revolutionises the spin-coating process. Unlike 

DMF or -butyrolactone (GBL), DMSO acts as not only a solvent but also as a functional 

additive to form a PbI2–DMSO–MAI intermediate that retards rapid self-assembly 

crystallisation.[84] This control of the nucleation rate allows the perovskite deposition to 

be uniform and dense films are produced. These deposition processes are typically carried 

out in conjunction with the use of an antisolvent to make the films more uniform and dense. 

The requirement of an antisolvent is that it cannot dissolve the perovskite materials and is 

miscible with the other solvents used.[84] Generally, the antisolvent used is dripped onto 
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the surface during spinning (Figure 2.16). The exact dripping timing depends on the type 

of the antisolvent used and the perovskite system. 

To date, a variety of antisolvents have been applied to the preparation of perovskite 

films, e.g. toluene,[84] chlorobenzene[85], ether and acetate associates.[85] Toluene and 

chlorobenzene are the most common antisolvents integrated into the spin-coating process, 

typically under low relative humidity conditions. In an ambient atmosphere with high 

relative humidity (RH) of above 50%, methyl acetate and ethyl acetate (EA) are the 

preferred antisolvents since they are expected to extract water molecules from the perovskite 

films as they form.[86, 87] Therefore, the use of EA is selected in this thesis (Chapter 5) to 

enable air processing of MAPI. 

 

Figure 2.16  Illustration of the spin-coating process involving an antisolvent step 

highlighted.[84] 

2.3.2 Non-Solvent Deposition 

Typically, for manufacturing processes requiring high-quality films, a non-solvent 

method or vapour-based deposition is favoured to produce pinhole-free, homogenous films. 

The spin-coating method for the fabrication of PSC devices has limited scalability, which 

hinders progress in the commercialisation of PSC panels. Although vapour deposition, 

which typically requires the employment of a vacuum system, has a higher cost than 
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solution-based methods, it possesses numerous advantages over spin coating. For example, 

vacuum vapour deposition can easily enable multilayer deposition. In contrast, the use of 

solution-based methods typically leads to the dissolution of the first-layer perovskite film 

when depositing the second-layer perovskite solution.[88]  This confines PSC 

architectures deposited by this route to those containing single-layer perovskites only, 

limiting further improvements in PCEs. 

Vapour deposition was first utilised in PSCs by Liu et al. to produce efficient planar 

devices with a PCE of 15.4% from dual sources of MAI and PbCl2.[28] Vapour deposition 

has also been used to fabricate MAPI films from PbI2 in an inverted architecture, showing 

excellent smoothness of the films.[89] Although better scalability is expected through 

vapour deposition, most of the studies using vapour deposition are still based on small-area 

devices. A first attempt to make a relatively larger active area device (ca. 1 cm
2
) was 

carried out by Malinkiewicz et al.[90]  A PCE of around 11% was obtained, a reduced value 

compared to the corresponding small-area devices. Until now, perovskite films fabricated 

via vapour deposition have not produced better PCEs than spin-coated films, probably due to 

reduced flexibility in controlling the morphology of the films.[91] 

2.3.3 Hybrid Processes 

Hybrid processes that combine the concepts of solution-based and non-solvent methods 

have also gained attention in order to further improve the efficiency and stability of PSCs. 

The most typical hybrid process is to use spin coating as the first step and vapour deposition 

as the sequential step. For instance, Chiang and co-workers used MAI vapour to convert 

PbI2 and Pb(SCN)2 to perovskite films.[79]  This kind of approach is called a 

vapour-assisted solution process (VASP) and leads to full surface coverage and small surface 
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roughness. [92] Whilst the majority of the VASP vapour deposition processes are carried 

out in a vacuum system, Yin et al. conducted the vapour deposition step under ambient 

pressure to obtain efficient PSCs with PCEs over 18%.[93] 

Another related process that combines elements of solution processing with vapour 

deposition is aerosol-assisted chemical vapour deposition (AACVD). The deployment of 

the AACVD technique into the PSC area was first achieved by Lewis et al. for the 

fabrication of CH3NH3PbBr3.[94]  Subsequently, a few studies were dedicated to 

AACVD-grown perovskite films, through either single-step, [95-98] or sequential step 

processes.[99, 100] All works cited previously focus on lead perovskites, particularly 

MAPI films. The first synthesis of a lead-free perovskite by AACVD (Cs2SnI6 double 

perovskite) is presented in Chapter 8.[9] For AACVD-grown MAPI, only PbI2 had been 

used as a precursor prior to this work. In this thesis, a pseudohalide lead precursor, 

Pb(SCN)2, is utilised to enable air annealing and enhance the stability against humid air; the 

details are presented in Chapter 5. Since AACVD is one of the key components in this 

report, a detailed introduction is given below and the instrumentation is presented in Section 

3.3.3. 

2.3.3.1  Aerosol-Assisted Chemical Vapour Deposition (AACVD) 

AACVD is a solution-based variant of the conventional CVD process and can be 

operated under atmospheric pressure. The solution used is typically more dilute than that 

used for spin coating and the solvent needs to be capable of being nebulised; i.e. it must 

transform into a mist or aerosol. An aerosol is generated from the precursor solution by an 

ultrasonic humidifier/nebuliser. Then, a carrier gas is input to bring the mist generated to 

the connected CVD reactor or furnace where substrates are placed and heated. When the 
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precursor aerosol droplets travel from the solution at room temperature to the heated 

substrate, the solvent evaporates as a result of experiencing increasing temperature, as 

shown in Figure 2.17. The temperature set needs to be high enough to evaporate the 

solvent(s) and enable the desired chemical reaction. However, if the temperature is too 

high, the solvent of the aerosol droplet could completely evaporate and the aerosols become 

powders prior to reaching the substrate such that the resulting film may have unsatisfactory 

adhesion to the substrate and can be porous.  Therefore, correct adjustment of the 

temperature profile along the reactor is extremely important for the AACVD process. 

Compared to conventional CVD techniques, the deposition rate in AACVD is higher, so in 

principle it has a greater production capacity. Furthermore, AACVD allows a greater 

range of precursors to be used; e.g. lead thiocyanate cannot be utilised in vacuum deposition 

due to its relatively low decomposition temperature compared to its vapourisation 

temperature. 

 

Figure 2.17  Schematic illustration of the mechanism and processes of AACVD.[101] 

2.4 Progress in Stability 

The instability of PSCs constrains their commercialisation, despite the fact that the 

efficiencies of the devices have made them competitive with other photovoltaic technologies. 
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Until now, the best PSCs can only achieve lifetimes (defined as a PCE drop of less than 20% 

of its original value) of approximately 1 year, far lower than those of commercialised silicon 

solar cells (ca. 25 years).[19] The device with a one year lifetime only has a PCE of ca. 

11%.[102] The lifetimes of PSCs with efficiencies higher than 20% reach only around one 

to two months; thus, great effort is required to improve the stability of PSCs.[103] 

The instability of PSC devices mainly originates from the perovskite light absorber 

itself and its interfaces in contact with carrier transporting layers. The sources that induce 

degradation of perovskites are classified into three types: atmospheric, thermal stress, and 

light, as detailed below. 

2.4.1 Atmosphere-induced Degradation 

Typical halide perovskites, such as MAPI, are notorious for their vulnerability to 

ambient air during or after formation. This is the reason that perovskite materials are 

typically prepared in a controlled environment, e.g. a drybox or glovebox. Two main 

factors in the air that cause degradation of perovskites are oxygen and moisture. 

Oxygen-induced degradation can originate from external or internal factors, i.e. oxygen gas 

in the air or oxygen from metal oxides used as electron/hole transporting materials, 

respectively. The oxygen-induced degradation of perovskite materials generally occurs 

under light illumination. When light is present, photo-excited electrons are generated in 

the perovskite absorber, which can transform the oxygen gas contacted with the perovskite 

surfaces into superoxide (O2
-
).[104] Then the superoxide generated can react with the 

organic components of the perovskites, e.g. MA
+
 in MAPI, leading to deprotonation of 

CH3NH3
+
 to CH3NH2, along with the decomposition of MAPI.[104] Aristidou et al. found 

that the degradation rate of MAPI varied as a result of the distinct amounts of superoxide 
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produced in different metal oxide scaffolds used (with the rate of degradation higher for an 

Al2O3 scaffold than for TiO2).[104] These authors proposed that in TiO2, the photo-excited 

electrons are extracted quickly by TiO2, resulting in reduced time to form superoxide. In a 

later study, the same research group found that the smaller the perovskite grain sizes, the 

more severe the degradation. It was also found that iodine vacancies are the preferred 

locations to induce this degradation.[105] Although the above-mentioned studies suggest the 

decomposition of MAPI directly to PbI2, it was also suggested that superoxide could adsorb 

at iodine vacancy sites to form Pb−O bonds in the perovskite.[106] Sun et al. further 

suggests oxygen-induced degradation can commence during the fabrication of perovskite 

films.[107] 

Another ubiquitous source to degrade perovskite films is water (vapour). Wang et al. 

found that moisture can infiltrate into the grain boundaries and intergranular films, leading to 

grain degradation.[108] Interestingly, after placing perovskite films in humid air for a few 

hours, the PCEs were improved, suggesting that an environment with moderate relative 

humidity (RH ca. 50%) is preferred for the fabrication of perovskite films.[109] It was also 

found that H2O molecules can assist the formation of larger grains. This is proposed to 

occur when moisture located at the grain boundaries acts as an adhesive leading two adjacent 

grains to merge together.[110] 

However, longer ageing times in humid air can lead to the decomposition of the 

perovskite. Upon H2O exposure, it is proposed that MAPI turns into hydrates first and then 

into PbI2, which has been observed by in situ X-ray diffraction.[111] There have been a 

number of proposals for the degradation mechanism in the presence of water.   Niu et al. 

suggested that, unlike oxygen-induced degradation, Al2O3 can provide better protection for 

MAPI compared to TiO2.[112] They also proposed that moisture induces MAPI to degrade 
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into MAI and PbI2 and then CH3NH2 may be released from the films. However, there is no 

clear evidence to show the formation of MAI from MAPI. Yang et al. suggested that 

before forming MAI, hydrated MAPI ((CH3NH3)4PbI62H2O) is produced upon exposure to 

moisture.[111] At this stage, the process is reversible. Leguy and co-workers further 

suggested that prior to the formation of MAPI dihydrate, MAPI monohydrate 

(CH3NH3PbI3H2O) forms on exposure to moisture.[113] However, once PbI2 is formed 

after exposure to sufficient H2O molecules, the degradation becomes irreversible.[114] 

Whilst all reports agree on the eventual formation of PbI2 upon water exposure, there is 

still some debate regarding whether the by-product containing nitrogen is MAI, MA, or NH3. 

[113-116] However, through XPS study, Li et al. found that under H2O exposure, the 

carbon atoms of the MAPI surface actually remain following loss of nitrogen, suggesting 

that the nitrogen is lost as ammonia gas.[116] In this thesis, we further support this 

inference by using the NAP-XPS technique to probe the reaction of MAPI with water 

(Chapter 4). The increased amount of hydrocarbon bonds matches the decrease in the 

nitrogen concentration, suggesting that the loss of nitrogen cannot proceed by the escape of 

MA.[8] 

2.4.2 Thermal Stability 

Halide perovskites can degrade and decompose even under gentle thermal stress, 

particularly the types containing organic cations such as MA. MAPbCl3 can undergo 

decomposition at around 150 
o
C, whilst MAPI and MAPbBr3 can tolerate higher 

temperatures of up to ca. 240 
o
C, as revealed by in situ X-ray diffraction (XRD).[117] 

However, it was found that when MAPI is annealed at 130–150 
o
C, the efficiency of the 

PSCs starts to significantly drop due to the formation of PbI2.[118] In that work, the film 
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has fully converted into PbI2 at only 170 
o
C, which may be attributed to different preparation 

methods.  Apart from the heating temperature, the duration of heating also requires 

consideration; Franeker et al. found that at an annealing temperature of 92 
o
C, 5-minutes is 

the optimum heating time to give the best PCEs.[119]  These authors used XPS to 

determine the surface composition of MAPI films and discovered that after 5 minutes’ 

annealing, the N/Pb ratio is close to 1 (the stoichiometric value). 

Although MAPI films are typically stable when heated up to 100 
o
C, the phase 

transition can de-stabilise the perovskite films. At an increasing temperature exceeding 60 

o
C, the crystal structure of MAPI may transform from a tetragonal to a cubic system.[120] 

This also raises the concern regarding long-term stability at 85 °C, since such a temperature 

is easily achieved on exposure to sunlight. Conings et al. performed a detailed study of 

MAPI heated at 85 
o
C in various atmospheres (N2, O2, and ambient air).[121] They 

discovered that humidity is primarily responsible for the degradation, in conjunction with 

thermal stress and oxygen. 

The carrier transporting material in contact with the perovskite layer also plays an 

important role in thermal-induced degradation.  Several studies have found that ZnO 

accelerates the degradation under thermal stress due to the presence of hydroxides on the 

surface of ZnO.[122, 123] The OH
-
 leads to the dissociation of iodine in MAPI films to 

form CH3NH3OH which easily further degrades into CH3NH2 and H2O under thermal stress. 

Thus, ZnO may not be a good choice for use in PSCs. 

FAPI, which can be heated up to ca. 150 
o
C, is relatively thermally stable compared to 

MAPI.[31] Doping inorganic Cs into FAPI can improve both the phase and thermal 

stability of FAPI.[18] Long et al. conducted a detailed thermal degradation study of 
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Cs0.17FA0.83PbI2Br.[124] It was found that at temperatures over 160 
o
C, PbI2 impurities 

start to form. In addition, FA and Br are congruently lost from 100 
o
C in the form of FABr 

gas, resulting in decomposition. Therefore, Long et al. proposed FABr post-treatment to 

enhance the stability of the perovskites; this could pave the way towards highly stable PSCs. 

Although FA is more stable than MA, FA-based perovskites are still not sufficiently 

stable to prevent degradation upon heating caused by light soaking. Using Cs to replace 

organic MA and FA can improve the thermal stability since both CsPbI3 and CsPbI2Br can 

tolerate temperatures over 300 
o
C.[57, 125] However, due to their low structural tolerance 

factor, some approaches are required to stabilise the photoactive phase. For example, Zeng 

et al. found that adding Pb(Ac)2 as an additive into CsPbI2Br can form PbO that passivates 

grain boundaries and not only improves the phase stability but also lowers the fabrication 

temperature from 350 to 150 
o
C.[125] To sum up, improving thermal stability is mainly 

addressed by composition tuning to increase the decomposition barrier, whilst the 

atmospheric instability may be solved by encapsulation techniques.[19] 

2.4.3 Photostability 

Photodegradation of perovskites is a critical issue to be solved as they are the light 

absorbers in PSCs. Tang et al. used many in situ techniques to identify the photoinduced 

degradation of MAPI films; they found that under illumination, MAPI degrades more in the 

air and in a vacuum than under nitrogen.[126] In a vacuum, MAPI directly decomposes 

into lead iodide and metallic lead, whilst in the air, MAPI can degrade into Pb(OH)2 and 

PbCO3, in addition to PbI2 and Pb
0
, due to the presence of oxygen atoms in molecular 

oxygen and water. Interestingly, in dark and ambient air environments, the MAPI film 

does not undergo any obvious change, suggesting that light accelerates the deterioration of 
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MAPI films in the air. Recently, Yang and co-workers performed a comprehensive study 

of the photostability of various perovskites (MAPb(I0.83Br0.17)3, FA0.83MA0.17Pb(I0.83Br0.17)3, 

and Cs0.1(FA0.83MA0.17)0.9Pb(I0.83Br0.17)3, abbreviated as MA, FAMA, and CsFAMA 

respectively).[127] According to XRD, under light illumination, CsFAMA has the least 

PbI2 impurities and exhibits the best photostability. These authors also found that the 

degradation is more obvious in UHV than in N2 environments since the organic components 

of the perovskite tend to vapourise in vacuum with pressures lower than their vapour 

pressures. 

In sunlight, the UV component has a key role in degradation since UV light easily 

causes the decomposition of perovskite films if a mesoporous layer, such as TiO2, is 

present.[128] Leijtens et al. proposed that the prevalent surface defect of TiO2, Ti
3+

, acts 

as an effective electron-donating site to interact with adsorb O2 from the atmosphere.[128] 

UV light can photoexcite TiO2 (Eg ~3.2 eV) and the photoexcited electrons can react with 

O2 via Ti
3+

 surface states. Therefore, O2
-
/Ti

4+
 coupling complex is formed as a result of 

charge transfer.[129]  Subsequently, the superoxides generated attack neighbouring 

perovskite materials, especially the organic parts, as mentioned in Section 2.4.1.[104] It is 

noted that the work by Aristidou et al. as described in Section 2.4.1 applied a tungsten 

halogen lamp (visible light) rather than a UV light source.[104] Therefore, the light 

degradation of MAPI was contrarily alleviated by applying TiO2 mesoporous layer, 

showing some discrepancies in the outcome of these two works.[104, 129] The quality of 

the TiO2 film used in PSCs, i.e. the concentration of Ti
3+

, in contact with halide perovskites 

can also affect the light-induced degradation behaviour of the perovskite films. The UV 

degradation issue may be solved by introducing a UV filter, but some electrical output is 

sacrificed.  
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Chapter 3 Techniques and Theory 

3.1 X-ray Photoelectron Spectroscopy (XPS) 

3.1.1 Theory of Photoemission 

X-ray photoelectron spectroscopy (XPS) is a surface characterisation technique that 

can provide the quantitative information of a sample with an atomic sensitivity down to 

0.1%. The working principles of XPS are based on the photoelectric effect that describes 

the emission of electrons when light illuminates a material. X-rays are used as the light 

source in XPS. An incident X-ray of energy (h) excites electrons, causing them to be 

emitted from the surface (mostly within 1–2 nm). In an ideal situation, some of the 

electrons coming from the sample do not undergo kinetic energy (KE) loss after being 

excited by X-rays. As a consequence, the kinetic energy of the electrons measured by an 

electron energy analyser can be obtained from the equation (3.1): 

 𝐾𝐸 =  ℎ − 𝐵𝐸 – Φ. (3.1) 

BE is the binding energy of the electron excited in an atom and Φ is the work function 

that describes the minimum photon energy required to remove an electron from the Fermi 

level (EF) of a given material to the vacuum level (Evac) outside the material. The binding 

energy of an electron can be defined as the energy difference between the initial state and 

the final state of the atom/ion and the free photoelectron.[130] The value is equal to the 

negative of the orbital energy, based on the Koopmans’ theorem.[130] 

An illustration of the photoelectric effect is shown in Figure 3.1; a photo-excited 

electron (the solid circle) needs to overcome two barriers, i.e. the binding energy and the 
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work function to reach the electron energy analyser, with the remaining kinetic energy to 

be recorded. Following the electron emission from the atom, the atom is left positively 

charged. A hole (the hollow circle) then is left in the original energy state. As shown in 

the diagram, the binding energy of a core-level electron (a discrete energy state) is higher 

than that of a valence electron (a continuous band associated with bonding between the 

neighbouring atoms). Therefore, photo-exciting a valence electron requires less energy 

compared to a core-level electron. 

According to Figure 3.1, the work function of the sample is not essential to obtain the 

binding energy. Since the spectrometer and the sample probed are in electrical contact, 

their Fermi levels are aligned. Hence, only the kinetic energy (KEspec) measured and the 

work function of the spectrometer (Φspec) are required to obtain the BE of the sample. 

 

Figure 3.1  Diagram of the principles of the photoelectric effect.  The solid ball 

represents an excited photoelectron, leaving a hole (hollow circle) at its initial state 

position. 
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Practically, the binding energy estimated by Koopmans’ approximation is typically 

too large compared to the experimental results since it does not take the other electrons into 

account. The presence of the other electrons results in screening of the core hole 

generated. Therefore, the interaction between the emitted electron and core hole changes, 

leading to the breakdown of Koopmans’ theorem.[131]  In addition, the processes 

presented above are actually simplified by assuming that only one atom is present in the 

sample. In reality, the three-step model can describe a photoemission process in a better 

way.[132] The first step (excitation): upon X-ray illumination, atoms are ionised by 

absorption of the photon, so the atom becomes positively charged. The second step 

(diffusion and energy loss): the electron needs to pass through a number of other atoms in 

the sample prior to leaving from the surface of a solid. Typically, only the electrons from 

a depth of less than 10 nm can escape from the surface without loss of energy, if a 

conventional lab-based XPS is applied due to inelastic collision (see Section 3.1.1.3). 

The third step of the model is that the electron at the interface between the sample and 

vacuum escapes from the sample and passes to the vacuum to reach the analyser. In this 

process, the electron can still lose kinetic energy due to collision with gas molecules. 

The kinetic energy of the emitted electron is dependent on the binding energy which 

is characteristic for a particular element and the atomic orbital from which it is emitted. 

The binding energy of an element can change with the chemical environment. For 

example, metallic lead has a binding energy of ~137.0 eV whilst the binding energy of lead 

iodide sits at ~138.8 eV.[133] Such an effect is called a chemical shift, allowing different 

chemical bonding to be identified. For example, typically the binding energy of a 

metallic element in a metal oxide would have a higher binding energy than metal due to 

screening effects.[134] 
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The photoelectric effect describes the photoemission processes in association with 

both core and valence electrons.  The latter is typically associated with electrons 

relatively far from the nucleus and involved in bonding with neighbouring atoms. In 

general, the energy states of valence electrons are not discrete; instead, they form a 

continuous band structure at low BEs, typically between 0 and 10 eV. In this thesis, we 

do not discuss valence band spectra owing to the fact that, typically, lab-based XPS has a 

low cross-section for photoemission for valence band electrons compared to ultraviolet 

photoelectron spectroscopy (UPS).[135] Typical lab-based UPS instruments employ a 

helium lamp to generate He I UV light with a photon energy of 21.2 eV or He II (h = 40.8 

eV) to investigate the electronic structure at low binding energy regions. The kinetic 

energy of photoelectrons generated in UPS is too low to allow them to escape from the 

deep surface; hence, UPS is even more surface sensitive than XPS. 

Core electrons do not generally participate in chemical bonding and are highly 

localised on an atom. Each element generates a distinct set of core-level peaks in an XPS 

spectrum. The binding energy of core-level orbitals is highly dependent on the chemical 

environment such that the shifts in binding energy due to different chemical states are 

called a chemical shift. In core-level XPS spectra, photoemitted electrons related to s, or 

p, d, and f orbitals give rise to single or doublet peaks, respectively. The origin of doublet 

peaks or p, d, and f orbitals is discussed in Section 3.1.1.5. 

As well as photoemission of core and valence electrons in primary processes, Auger 

electrons are produced in the sample and appear as distinct spectral features. The 

emission of Auger electrons is a secondary process in which, following generation of a 

core hole by primary photoemission, the hole is filled by an outer electron, as shown in 

Figure 3.2. In this way, the excess energy needs to be released in the form of light or an 
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electron.  If the relaxation process induces the release of a photon, it is called 

fluorescence; if it induces the release of electrons, the electrons are called Auger electrons. 

In contrast to core photoelectrons, the kinetic energy of the Auger electrons detected is 

independent of the photon energy of the incident X-ray. This is because when a core hole 

generated is filled by a specific electron, the relaxation energy is fixed. In other words, 

the energy of the Auger electron only depends on the energy difference between the energy 

levels of the outer core electron and the core hole. Therefore, the spectral features from 

Auger electrons are easily identified by examining whether or not the kinetic energy is 

independent of the photon energy. 

 

Figure 3.2 Illustration of core hole relaxation processes after a photoelectron is emitted, 

leaving a core hole at its original core-level states. The core hole can be filled by an 

electron from the outer shell of the atom. The excess energy is released in the form of 

either light (so-called X-ray fluorescence) or an electron called Auger electron. 

3.1.1.1 Core-level Peak Shape 

The full width at half-maximum (FWHM) is used to measure the width of a peak in a 

sensible way and is influenced by three key factors: the specific core levels being measured, 

the X-ray source, and the analyser resolution. The core-hole lifetime contributes to peak 
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broadening due to the Heisenberg energy-time uncertainty, which can be expressed by the 

following equation: 

  =  
ℎ

𝑡
, (3.2) 

where t (unit: s) is the lifetime of the core hole generated and h (unit: eV·s) is the Planck 

constant and  is the line width of the emitted photoelectrons. According to the equation, 

a shorter lifetime gives rise to a broader peak. After photoemission, the excited electron 

experiences the interaction between the core hole and itself. If the hole is re-filled in a 

short period of time on the order of femtoseconds, the electron undergoes changes in the 

interaction and hence the width is broader due to variations in kinetic energy. The effects 

from these changes are final state effects and the inherent phenomenon results in a 

Lorentzian broadening of the detected peak. 

The X-ray source generates X-rays of a desired photon energy with a natural line 

width; e.g. a typical Al Kα X-ray has a line width of 0.85 eV.[136] Additional width 

broadening (Gaussian broadening) from the X-ray source can be partially attributed to the 

Bremsstrahlung effect, which arises from the deceleration of electrons, and X-ray satellites. 

These two components can be reduced by applying an X-ray transparent foil and a 

monochromator. The use of a monochromator can effectively narrows the photon energy 

distribution and hence decreases the width of the peak measured. 

Another key factor in broadening is the contribution from the resolution of the 

analyser used. Typically, the resolution of the electron energy analyser is adjusted by 

varying the pass energy. Generally, higher pass energy is used in survey scans and lower 

pass energy (such as 20 or 30 eV) is utilised in detailed core-level scans to obtain better 
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spectral resolution. The effect of analyser pass energy on resolution and, therefore, peak 

width is discussed in Section 3.1.2.4. In general for a high-resolution scan, it is noted that 

a peak with a wide FWHM (e.g. ≧ 2.0 eV) is typically the result of chemical shift; i.e. 

the element exists in various chemical bonding environments or spin-orbit coupling with a 

small doublet separation is present for the specific core level being probed (e.g. P 2p). 

3.1.1.2 Final State Effects in XPS Spectra 

As discussed above, core holes generated through the photoemission processes can be 

re-filled by outer electrons and, as a consequence, the electronic structure of the excited 

and surrounding atoms can rearrange. The state of the atoms after this rearrangement is 

the so-called final state. Hence, if the emitted electron experiences a change in the 

interaction between itself and those atoms due to the rearrangement, resulting in a change 

in kinetic energy, this is called a final state effect. A photoelectron can lose kinetic 

energy in several ways; e.g. it can excite an electron from the valence band into a higher 

unoccupied state. Depending on the sample, this can change the appearance of the 

core-level peak. If the specimen is a metal, the density of states around the Fermi level is 

continuous, resulting in a tail on the high BE side of the peak so that the core levels of 

metals often exhibit an asymmetric peak shape. For non-metallic samples, excitation 

across the band gap is between discrete states, giving rise to discrete “energy-loss” peaks 

just above the main photoemission peak. Such peaks are known as ‘shake-up’ satellites. 

If the electron is excited to a continuous state, then this contributes to the broadening of the 

core-level peaks or the inelastic background, resulting in so-called ‘shake-off’ satellites. 
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3.1.1.3 Inelastic Collisions 

A photoelectron can lose kinetic energy due to loss processes such as those discussed 

above and as a result will not contribute to the intensity of a core level or Auger peak. 

These inelastic collisions mean that the outgoing electrons involved do not give rise to 

discrete features, since the loss of energy can be arbitrary values. Instead, these electrons 

form the background of the XPS spectra. This results in an increasing background with 

binding energy. 

3.1.1.4 Surface Sensitivity 

The penetration depth of soft X-rays in a material is typically a few m [137] so XPS 

obtains its surface sensitivity due to the small inelastic mean free path (IMFP) of the 

photoelectrons. The IMFP is the average distance of an electron between two inelastic 

collisions in a specimen. It is dependent on the kinetic energy of the photoelectron and 

the material through which the electron is moving. The probability that an electron will 

escape from the sample surface with a depth of the IMFP (λ), is defined as 1/e. From the 

Beer–Lambert law,[138] the sampling depth is defined as the depth at which only 5% of 

the electrons escape without undergoing inelastic collisions, which can be expressed as: 

 
𝐼

𝐼0
 =  𝑒

−𝑑

𝜆 , (3.3) 

where I0 and I are the initial and final intensity, respectively, and d is the thickness of the 

sample probed. A knowledge of the IMFP can be very useful for the estimation of the 

thickness of an overlayer on a sample. The value can be estimated by theoretical models 

which require knowledge of some key parameters of the material being measured. There 
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are a few approaches to obtain IMFPs such as the ‘TPP-2M’ equation proposed by Tanuma 

et al.[139] It is used for the estimation of the IMFP of MAPI in this work (see Chapter 4) 

via the National Institute of Standards and Testing (NIST) software, called the NIST 

Electron Effective-Attenuation-Length Database.[8]  The TPP-2M equation requires 

knowledge of: (1) the elemental stoichiometry of the material probed; (2) the density; (3) 

the number of valence electrons per formula; (4) the bandgap. If the bandgap information 

of the specimen is unavailable, then the ‘Gries G1’ formula can be used to predict the 

IMFP values.[140] 

3.1.1.5 Spin-orbit Splitting 

As presented, core-level states with an angular momentum ≧1 (non-s orbitals) result in 

splitting of the photoemission peak, known as spin-orbit or doublet splitting. Such orbitals 

have two different total angular momenta (j) derived from the combination of the orbital 

angular momentum (l) and intrinsic angular momentum (s, spin), which can be expressed as 

the following equation (3.3): 

 𝑗 =  𝑙 + 𝑠, (3.3) 

The values of the orbital angular momentums for p, d, and f are 1, 2, and 3, respectively, 

and the intrinsic angular momentums can be ±1/2. For instance, p orbitals can have j 

values of 3/2 and 1/2, giving rise to p3/2 and p1/2 doublets. Each doublet from a specific 

element and the orbital has a particular separation value, e.g. 4.9 eV BE for Pb 4f. The area 

ratio of a doublet originates from the degeneracy (2j+1) of energy levels. The area ratios of 

various p, d, and f orbitals are summarised in Table 3.1. These values can be used in XPS 

spectra fitting; e.g. the area of the Ti 2p1/2 peak is equal to a half of the Ti 2p3/2 area. 
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Table 3.1 Area ratios of spin-orbit doublets from p, d, and f orbitals. 

Orbital Area ratio 

p 2:1 (p3/2:p1/2) 

d 3:2 (d5/2:d3/2) 

f 4:3 (f7/2:f5/2) 

3.1.1.6 Binding Energy Calibration 

All XPS spectra acquired in this study were processed using CasaXPS software 

(Version 2.3.18).[141] Prior to peak fitting, calibration of the BE is required. If a sample 

is not sufficiently conductive, the surface of the sample becomes positively charged due to 

the loss of emitted electrons. An electron flood gun (see Section 3.1.2.3) can be applied to 

compensate for the charging, but under or overcompensation can occur. Therefore, BEs 

are calibrated by reference to a relevant standard. The spectrometer is normally calibrated 

to the binding energy of a noble metal core level of known energy, (e.g. Au foil, 4f7/2 = 84.0 

eV), which allows a straightforward calibration for conducting samples. However in 

cases where charge compensation is required, calibrating BE to the C 1s peak at 284.8 eV 

from adventitious carbon is often applied. 

3.1.1.7 Quantification 

The quantification of XPS data obtained for a lab-based source of fixed photon energy 

requires correction of three key factors: the photoionisation cross section, the sampling 

depth, and the transmission function of the analyser. The photoionisation cross section is 

simply the probability of ionisation of a particular core level at a particular photon energy. 

The sampling depth is related to IMFP (see Section 3.1.1.4) and is therefore kinetic-energy 
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dependent. However, the kinetic energy cannot be fixed using lab-based equipment due 

to constant photon energy. For many measurements, relative sensitive factor (R.S.F.) 

databases based on empirical measurements can be applied to the data acquired, allowing 

the stoichiometric information of a surface to be obtained. In this thesis, CasaXPS 

sensitivity factors by Kratos are applied to calculate the stoichiometry of perovskite films. 

Some frequently used R.S.F. values in this study are listed in Table 3.2 for reference. 

Using a SrTiO3 single crystal, we found that the R.S.F. from the Kratos (F 1s = 1) database 

is also suitable to be applied for the data from the SPECS instrument. The stoichiometry 

of a sample in near ambient conditions cannot be derived due to the absence of analyser 

transmission-function-adapted at the higher gas pressures. The analyser transmission 

function affects the sensitivity of the analyser for the detection of electrons emitted with a 

certain kinetic energy. 

 

Table 3.2 A few representative values of the sensitivity factors used for calculating the 

stoichiometry of MAPI perovskite films. 

Core level Kratos C 1s (C 1s = 1) Kratos F 1s (F 1s = 1) 

C 1s 1 0.278 

N 1s 1.8 0.477 

Pb 4f7/2 12.73 4.76 

I 3d5/2 19.87 7.02 
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3.1.2 Instrumentation 

Conventional XPS experiments are usually performed under an ultra-high vacuum 

(UHV) environment, which encloses the sample, X-ray source and an electron analyser, to 

ensure the quality of the signals probed.  The in situ preparation/treatment of the sample 

can also be conducted in UHV, resulting in the removal of complication due to the 

presence of adventitious hydrocarbon or other possible atmospheric contaminants. Some 

essential components of an XPS instrument are introduced in the following sections. 

3.1.2.1 Vacuum System 

In order to achieve UHV conditions, a pumping system consisting of various types of 

pumps is required. In brief, roughing pumps (e.g. rotary or scroll pumps) take the 

pressure down to the order of 10
-3

 mbar from atmospheric pressure. Subsequently, UHV 

pumps can further reduce the pressure down to the UHV range (< 10
-9

 mbar). The 

different sorts of pumps used in XPS instruments are introduced below.[136] 

Rotary Pump  

The rotary pump is a mechanical pump composed of a rotor connected to vanes in a 

cavity, with oil as the lubricant. When the rotor is moving, a volume of gas from the inlet 

is sucked in and subsequently compressed and released from the outlet into air or vents. 

Scroll Pump 

The scroll pump uses two interleaving scrolls to pump air out. Typically, one of the 

scrolls is fixed, whilst the other scroll move eccentrically without rotation to pump air out. 

Nowadays, oil-free scroll pumps are often used in XPS instruments as roughing pumps, 



 

91 

 

resulting in a reduced chance of oil contamination of the vacuum. 

Turbomolecular pump 

The turbomolecular pump, also known as a turbo pump, possesses multiple stages of 

turbines. The spinning blades propel gas molecules from one session to the next stage to 

the exhaust which is backed by a roughing pump. 

 

Sputter-ion pump 

The sputter ion pump (also known as an ion pump) consists of an anode and a reactive 

cathode, such as titanium. By applying voltage, residual gas molecules which pass 

through the region are ionised and transported to the cathode as a result of the electric field. 

Subsequently, these gas ions are adsorbed on the surface of the cathode and therefore the 

pressure is reduced. In addition, some of the cathode material is sputtered, forming 

reactive ions to react with residual gas molecules to further decrease the pressure of the 

chamber. 

Titanium sublimation pump 

The titanium sublimation pump (TSP) contains a titanium filament that will sublime 

when the current is sufficiently high to heat the filament above the sublimation temperature 

of titanium. The titanium vapour produced traps gas molecules as it condenses on the 

chamber walls to reduce the pressure of the chamber. It provides a reactive coating on the 

walls or the chamber to which molecules adsorb. The coating needs to be replenished 

periodically by repeated heating of the TSP. 



 

92 

 

3.1.2.2 X-ray Source 

A lab-based X-ray source (also known as an X-ray tube) has a fixed photon energy, 

depending on the target material (anode) used. Common anodes are Al (Al K, 1486.6 

eV) and Mg (Mg K, 1254.6 eV). The X-ray is produced by bombarding the metal target 

anode with high energy electrons (beam current) accelerated onto the anode by applying 

high voltage, typically 15 kV. Core-level electrons of the bombarded material are 

released (~1%) from the atoms and the holes produced are subsequently filled by outer 

electrons, resulting in the production of an X-ray by fluorescence. It is noted that most of 

the energy generated by bombardment generates a great deal of heat so that a cooling 

system (typically cooling water) is essential in an X-ray gun.[142] A typical X-ray 

spectrum generated consists of characteristic lines and a broad background produced as a 

result of the deceleration of moving electrons, so-called Bremsstrahlung radiation. In 

addition, secondary lines of lower intensity are produced from different core-hole decay 

mechanisms.  These unfavourable background signals can be reduced by an X-ray 

transparent metallic foil (such as Al) in order to enhance the quality of the X-ray used as 

presented. Most modern X-ray sources are monochromated in order to get better quality 

spectral data. They allow a higher flux and remove X-ray satellites from the spectrum. 

The monochromator is an optical device that can narrow the window of light wavelength. 

It incorporates a single crystal (e.g. quartz for Al k mirror to selectively reflect a desired 

wavelength in accordance with Bragg’s law. 

3.1.2.3 Electron Flood Gun 

The electron flood gun or electron neutraliser is utilised to compensate for the positive 

charging of the sample measured by XPS, as discussed in Section 3.1.1.6. Charge 
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compensation is often applied unless the sample is sufficiently conductive. The gun emits 

low energy electrons towards the sample surface to counter the positive charge. 

3.1.2.4 Electron Energy Analyser 

The electron energy analyser probes the kinetic energy of photoelectrons emitted from 

the sample.  The type of analyser used for the work in this thesis is a hemispherical 

energy analyser. Essentially, such an analyser consists of two concentric hemispheres 

with radii of R1 (inner) and R2 (outer), as shown in Figure 3.3. The average radius of the 

hemispheres is R0, which also describes the electron pathway, for an electron at the pass 

energy, from the entrance slit to the exit slit just before reaching the detector. Briefly, 

photoelectrons pass through a series of lens system that focus the electron beam in order to 

precisely enter the entrance slit. In addition, the lens system retards the electrons so 

electrons with a desired kinetic energy arrive at the entrance slit at the pass energy. 

Electrons enter the hemispherical analyser and those with kinetic energies different from 

the pass energy are deviated by electrostatic fields between the inner and outer 

hemispheres.  Electrons with a kinetic energy equal to the pass energy are then 

transmitted to the detector. The energy resolution (∆E) of an analyser is related to pass 

energy (Epass) according to the equation (3.4) shown below: 

 ∆𝐸 = 𝐸𝑝𝑎𝑠𝑠  (
𝜔

2𝑅0
 +  

𝛼2

4
), (3.4) 

where ω is the width of entrance and exit slits and α is the maximum acceptance angle of 

the analyser. Accordingly, lower pass energy gives rise to better energy resolution 

(namely smaller ∆E), resulting in a reduced FWHM of core-level peaks. However, this 

reduces the transmission of electrons, leading to a lower intensity of photoelectron signals. 
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Figure 3.3 Illustration of a hemispherical electron energy analyser composed of two 

concentric hemispheres with radii of R1 (inner) and R2 (outer). The mean radius R0 and 

electron pathway are also shown. 

3.1.3  Near-ambient pressure X-ray Photoelectron Spectroscopy 

(NAP-XPS) 

Many technologically interesting chemical/physical reactions involve a solid/liquid or 

a solid/vapour interface, often at elevated pressures. The necessary operation of XPS 

instruments under high or ultra-high vacuum conditions has led to a “pressure gap” 

between operational conditions of the instrument and the materials/systems of interest.  

Near-ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) is a cutting-edge 

technique in the XPS sphere that has allowed this challenge to be addressed to some extent.  

Thanks to the development of differential-pumped lens system, samples can be placed in 

an environment at tens of mbar of pressure, very different from the analyser (10
-5–10

-7
 

mbar). In this way, samples exposed to more realistic pressures of gas can be studied in 
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situ. In the SPECS system used in this work, the sample is contained in a specially 

designed cell which can operate at pressures up to 15 mbar. The NAP cell is enclosed to 

prevent from the contamination of the UHV chamber and to maintain the cell pressure. 

The X-ray therefore passes through an X-ray transparent window, typically made of silicon 

nitride (SiNx) compounds, as shown in Figure 3.4.  Subsequently, the excited 

photoelectrons enter a lens system with decreasing pressures (P1 < P2 < P3) towards the 

main body of the hemispherical analyser, created by a well-designed differential pumping 

system. Generally, the pressure at the pre-lens (P1) is approximately in the order of 10
-4

 

mbar.[143] Various gases and mixtures, such as water vapour,[8, 9, 144] O2,[9] NOx,[145] 

COx,[146-148] etc, can be introduced into the system. 

 

 

Figure 3.4 Illustration of a NAP-XPS kit containing a SiNx X-ray transparent window 

and a differential pumping system. 
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3.2 Application of Photoemission Spectroscopy to the PSC 

field 

Photoemission spectroscopy (PES) plays an essential role in this thesis since XPS is 

utilised to investigate halide perovskite surfaces.  As discussed in Section 3.1, the 

usefulness of XPS to probe chemically compositional information to realise the initial 

(fresh) and final state (following degradation) of the perovskite films detected is well 

known. An overview of XPS as well as other PES techniques employed to the PSC field 

will be presented in the following sections. 

3.2.1 Energy Level Alignment 

Investigation of the energy level alignment (ELA) is important in solar cell areas in 

order to ensure that carriers can be efficiently extracted and subsequently transported to the 

electrodes and external circuit.  Unlike conventional XPS research for surface 

compositions, ELA mainly focuses on the VB region of XPS or ultraviolet photoelectron 

spectroscopy (UPS) spectra, with BE regions typically ranging from 0 to 10 eV with 

respect to the Fermi level (EF). The BE probed can be extended to 20 eV to cover the 

secondary electron cut-off (SECO) region in order to calculate the work function and the 

ionisation energy.  The appearance of the SECO edge arises due to the fact that 

photoelectrons with lower KEs than the edge cannot overcome the work function to be 

detected by the analyser. The practical use of these calculations will be discussed. 

The majority of the ELA studies involve probing TiO2/perovskite interfaces since 

such a junction is often applied in PSC devices.[149-151] Lindblad et al. performed hard 

X-ray photoelectron spectroscopy (HAXPES) to probe TiO2/MAPI interfaces with a 
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photon energy of 4000 eV where the MAPI films were fabricated by either a one-step or 

two-step method.[149] As shown in Figure 3.5, the VBM positions with respect to (w.r.t.) 

EF are quite similar for both the MAPI films made by the different preparation approaches. 

However, it is clear that the TiO2/PbI2 interface has a deeper VBM position (0.35 eV 

downshifted from the Fermi level), which is a similar value observed in its core-level shift 

(0.3 eV). Such a change in binding energies can be utilised to distinguish MAPI and PbI2 

if the energy resolution is good enough to resolve such a BE difference. 

 

 

Figure 3.5 (A) VB regions of the TiO2 film, TiO2/PbI2, and TiO2/MAPI films. (B) ELA 

diagram of the CBM and VBM of TiO2 and the MAPI films. (C) Bandgap region for the 

TiO2 film and perovskites.[149] 
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Moreover, this study demonstrates that in the ELA of TiO2/MAPI, electrons can be 

extracted by TiO2 from MAPI and holes can be prevented from moving towards TiO2 (see 

Figure 3.5B). They found that the results of CBM and VBM positions obtained by XPS 

are different from those acquired by UPS.[22] This occurs because UPS is extremely 

surface sensitive and is therefore influenced by surface-adsorbed species including 

contamination. The XPS results are in agreement with another study involving density 

functional theory (DFT) calculations.[152] However, the relative CBM position between 

TiO2 and MAPI shows a discrepancy in the work of Kim and co-workers using XPS at 

varying photon energies.[150] They found the CB edge of TiO2 is extremely close to that 

of MAPI (less than 0.1 eV) and their equilibrium Fermi level also approaches both the 

CBMs, which exhibits strong n-type behaviour. The difference is probably due to distinct 

compositions at the interfaces. In the reference cited, there is an additional peak found (at 

~400 eV BE) in the N 1s spectra as well as the MAPI component, which can be attributed 

to CH3NH2.[153] In addition, PbI2 is present at the TiO2/MAPI interface in accordance 

with the Pb 4f7/2 BE position (138.8 eV). Therefore, the films become even more n-type 

due to the presence of CH3NH2 and PbI2, as interstitial MA (MAi) and iodine vacancies (VI) 

have been demonstrated to be n-type dopants through first-principles calculations.[154] 

The TiO2/FAPI interface has also been probed by the PES technique. It was seen that the 

CBM of TiO2 is also significantly close to that of FAPI, as shown in Figure 3.6.[151] In 

addition, it was found that CB and VB edges shift upwards (to lower BE) if the FAPI films 

were deposited on ITO instead of TiO2, suggesting that substrates used can play an 

important role in ELA. 
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Figure 3.6 ELA diagrams for ITO/FAPI and TiO2/FAPI perovskite (PVSK) interfaces. 

EA and IP represent electron affinity and ionisation potential, respectively.[151] 

The figure illustrates that IP and EA values can also be obtained by PES techniques. 

Ionisation potential, more often called ionisation energy (Ei), is the minimum amount of 

energy required to remove the valence electron of an isolated neutral gaseous atoms or 

molecules from the surface to the vacuum level. The process can be simply expressed as 

the below equation (3.4): 

 X + 𝐸i  →  X
+  +  𝑒−, (3.4) 

where X is any neutral atom or molecule that can be ionised and X
+
 is its ionised form by 

giving out an electron e
-
. As in the ELA diagram, the highest occupied level of electrons 

is the VBM so the value of Ei is approximately the energy difference between the VBM 

and vacuum level. Therefore, ionisation energy is equal to the sum of the binding energy 

of VBM (BEVBM) and the gap between the vacuum level and Fermi level, i.e. the work 
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function (Φ), which can be expressed as the following equation (3.5): 

 𝐸i  = BEVBM +  𝛷. (3.5) 

The work function of the sample can be obtained by measuring the SECO region, as 

described later. The electron affinity energy (EEA) of a neutral atom or molecule is 

defined as the amount of energy released when an electron is added to a gaseous neutral 

atom or molecule to form a negative ion (X
-
), as shown below in equation (3.6): 

 X + 𝑒−  = X−  + 𝐸EA. (3.6) 

The electron can only be added into a lowest unoccupied state, namely, the CBM. 

Therefore, the absolute energy difference between the electron affinity and ionisation 

potential is the bandgap energy (Eg) that can be determined by 

ultraviolet-visible-near-infrared (UV-VIS-NIR) spectroscopy, photoluminescence (PL) 

spectroscopy, etc. Equation (3.7) can be used to relate these three properties: 

 𝐸i  =  𝐸EA  +  𝐸g. (3.7) 

It is shown in Figure 3.6 that the energy level positions of FAPI can be influenced by 

the type of substrates used.[151] This is the same for MAPI; Miller and co-workers 

performed XPS to detect the band positions of MAPI deposited on various substrates.[155] 
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Figure 3.7 Overall ELA results of MAPI films deposited on various substrates from XPS. 

The energy values refer to the Fermi level.[155] 

As shown in Figure 3.7, the vacuum level of MAPI on different substrates varies 

significantly due to discrepancies in the work function of material surfaces. It is noted 

that the p-type substrates do not convert inherently n-type MAPI films into real p-type 

films but, rather, become ‘less n-type’ in agreement with Fermi-level positions. A 

detailed work function study of thermally-evaporated MAPI films on different substrates 

was performed.[156] By observing the cut-off edge of the SECO region, work function 

information can be obtained, as shown in Figure 3.8. By using kinetic energy as the 

x-axis in a spectroscopic plot, the value of the work function of materials probed can be 

simply acquired. Secondary electrons have lower kinetic energy due to energy loss 

compared to primary electrons. In this way, if the remaining kinetic energy of those 

secondary electrons cannot overcome the work function of the sample to leave the surface, 
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the electrons cannot reach the analyser and therefore the spectrum shows a clear cut-off 

region. Hence, the work function of a sample can be expressed as below (3.8):[156] 

 𝛷 =  ℎ −  BESECO = KESECO. (3.8) 

 

Figure 3.8 Typical SECO region of the UPS spectra of the thermally-evaporated MAPI 

films on different substrates.[156] 

Until now, only iodine perovskites have been discussed but PES studies for other 

halide perovskites, such as methylammonium lead bromide (MAPB), have been 

studied.[157, 158] It was found that by fully replacing iodine with bromine, the CB edge 

shifts upwards for to ~0.25 eV whilst the VBM moves downwards by approximately 0.50 

eV.[157] MAPB keeps n-type behaviour but is less n-type compared to MAPI. The 

n-type nature of the MAPB surface is probably as a result of Pb segregation on the 

surface.[158] Mixed halide perovskites have also been investigated in order to have a 

better understanding of bandgap-adjustable halide perovskites.[159-163] Philippe et al. 

utilised synchrotron-based PES techniques (UPS and XPS using soft and hard X-rays) with 

varying photon energies in order to probe the electronic structure of 
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MA0.15FA0.85Pb(I0.85Br0.15)3 perovskites at various depths.[159]  They found that the 

appearance of the spectra recorded at different depths is quite distinct.  Such 

discrepancies can be ascribed to halide inhomogeneity with sampling depth. They clearly 

show that the Br/I ratio is higher at the shallow surfaces through core-level observation (Br 

3d versus I 3d). This leads to distinct valence band features at different depths, which 

matches the DFT calculations based on the combined results between MAPI and MAPB. 

Partially doping Br into MAPI films gradually moves CBM and VBM upwards and 

downwards, respectively, by expanding their bandgaps.[160] Similar to the case of pure 

MAPI and MAPB, the presence of Br has less effect on the position of the CBM compared 

to VBM, suggesting that halide substitution delivers more impact on the VB electronic 

structure. It was found that adding Cl into mixed iodine and bromine perovskites using 

PbCl2 has a similar effect on band structure.[161] Unlike the difference between MAPB 

and MAPI, methylammonium lead chloride (MAPC), however, has a significant shift in 

CBM (upwards) when replacing iodine with chlorine.[162] In that study, they also found 

that the bandgap values obtained by UV-VIS-NIR and PES techniques (UPS and inverse 

photoemission spectroscopy (IPES)) are different, i.e. CBM positions are higher using 

IPES. The difference between these values is useful to estimate the exciton binding 

energy, e.g. for MAPI it is 0.18 eV. Compared to UV-VIS-NIR, IPES is less often utilised 

to obtain CBM information. IPES is a technique used to study the unoccupied electronic 

states of surfaces with mechanism as follows. A low-energy electron beam (< 20 eV) 

illuminate on the sample probed to couple with the higher unoccupied electronic states. 

Then, those electrons decay to the lower unoccupied electronic states, resulting in emission 

of light that will be subsequently detected. Figure 3.9 shows a typically combined 

spectrum of the UPS and IPES spectra of a MAPI film.[163] The Fermi level of the film 
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in that work is relatively close to VBM, suggesting p-type behaviour, which is different 

from most of the studies, probably due to the substrate used and the defects present in the 

film. 

The electronic structure of perovskite films can also be tuned by annealing time.[164] 

By increasing the annealing time of MAPI from 10 to 100 minutes, the film becomes 

strongly n-type due to full conversion to MAPI from intermediate phases,[164] which have 

distinct electronic properties.[165] The electronic structure and ionisation energy of 

perovskite films appear to be highly process-dependent.[166] Emara et al. performed 

spin coating and vapour deposition with various parameters and found significant 

discrepancies in Ei and stoichiometry.[166] Generally, more PbI2 added (relative to MAI) 

in the precursor solution resulted in a higher Ei obtained. 

 

Figure 3.9 A combined UPS and IPES spectrum of the MAPI film, showing an Eg of 

1.66 eV.[163] 

Ng et al. further investigated the formation chemistry of perovskite films by probing 

the interfacial ELA between methylammonium halide (MAI or MABr) and lead halide 

(PbI2, PbBr2, or PbCl2) precursors of lead perovskites.[167] Band bending and a strong 
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interfacial dipole were observed, particularly for MAI/PbCl2 interfaces.  The study 

suggests MAI/PbCl2 can deliver better charge transfer in the formation of MAPI compared 

to MAI/PbI2. It was concluded that this was related to the ionic charge exchange process. 

Temperature can also affect the VBM position of perovskite films.[168] It was observed 

that with increasing temperature, the VB edge of MAPI shifts downwards. This suggests 

that when a PSC device is heated by sunlight or the environment, the ELA in a device may 

change. 

Perovskite films in contact with different carrier transporting materials and electrodes 

were also investigated.[169-172]  Schulz and colleagues investigated the ELA of 

Spiro-MeOTAD, a commonly used HTM, on different perovskite materials.[169] The 

results show the band alignments are all suitable to extract holes from the lead perovskites. 

They also found minor downward band bending of Spiro-MeOTAD with increased 

thickness. It was found that Au can induce upward band bending of MAPI at the 

Au/MAPI interface, facilitating the extraction of holes and preventing carrier 

recombination.[170] CuSCN has been demonstrated as a HTM for MAPI using air 

photoemission spectroscopy.[171]  The band positions of CuSCN are suitable to allow it 

to be inserted between PEDOT:PSS and MAPI. PEDOT:PSS is a widely used HTM in an 

inverted-structural PSC.  However, the semimetallic nature of PEDOT:PSS cannot 

efficiently prevent electron flow to the anode, causing a significant efficiency loss. The 

CBM of CuSCN is far higher that of MAPI, facilitating the blocking of back electron flow. 

Therefore, CuSCN is also a good choice for use as the HTM of MAPI in PSC devices. 

Although ZnO has been employed successfully as an ETM for MAPI, it cannot be used 

with FAPI due to its CBM being higher than that of FAPI by 0.05 eV.[172] The addition 

of CdSe quantum dots to a PSC device not only increases light absorption but also delivers 
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better charge extraction.[173] Through ELA studies, it was demonstrated that using CdSe 

quantum dots with a size of 2 nm, the electrons produced in the quantum dots can transfer 

to MAPI and the holes generated in MAPI can be extracted by the quantum dots. 

However, CdSe quantum dots with a size of 4 nm cannot transfer holes to Spiro-MeOTAD 

due to band misalignment. Hence, the size control of CdSe quantum dots for use in PSCs 

is crucial. 

ELA study of the inorganic perovskite, CsSnBr3, has also been conducted.[174] It 

was found that by doping SnF2 into the inorganic perovskite, both the CB and VB edges 

shift up whilst maintain the bandgap. The CBM of SnF2-doped CsSnBr3 becomes 

relatively close to that of TiO2, resulting in better charge transfer and giving higher 

efficiencies. However, the CB edge of TiO2 is still 0.15 eV higher than that of the 

perovskite layer, leading to inefficient electron injection from CsSnBr3 to TiO2. This 

could be the main reason for the low PCEs generated, suggesting that energy level 

alignment is a key factor for producing highly efficient PSC devices. Nevertheless, 

modifying the crystal structure can be an effective approach to adjust ELA. Zhang et al. 

investigated FTO/TiO2 and TiO2/TiO2 interfaces with different crystalline phases (rutile 

and anatase).[175] As shown in Figure 3.10, the ELA of a rutile compact TiO2 and an 

anatase mesoporous TiO2 mismatches, whereas the reverse crystalline phases for these 

layers can deliver efficient electron transfer. The results suggest that even for the same 

compound, the crystalline phase should be carefully considered to ensure relevant ELA for 

a device or an interface. 
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Figure 3.10 (a) The ELA between a blocking TiO2 (b-TiO2) layer with rutile polymorph 

and a mesoporous anatase nanocrystalline TiO2 (nc-TiO2) layer. (b) The ELA between a 

b-TiO2 layer with anatase polymorph and a mesoporous rutile nc-TiO2 layer.[175] 

3.2.2 Surface Composition 

Obtaining compositional information from the surface of an as-deposited film has 

been the dominant use of XPS in the sphere of PSCs. Not all of the research focuses on 

the surface composition of halide perovskite films. However, XPS is also often used to 

probe the surface of the carrier transporting materials, such as TiO2 [176, 177] and 

graphene oxide [178, 179]. To date, the most widely-investigated halide perovskites 

using XPS have been MAPI films where the Pb 4f, I 3d, N 1s, and C 1s spectra are 

commonly probed to obtain elemental composition information. For the Pb 4f7/2 spectra 

of MAPI, the binding energy (BE) is typically located at ~138.6 eV, depending on the BE 

reference.[133, 157, 180, 181] This value is generally lower than the BE of the lead 

precursors of MAPI, such as PbI2 (~138.8 eV [8]) and PbCl2 (~139.5 eV [8]). This allows 

researchers to determine whether MAPI perovskite formation at the surface is complete. 

However, the BE of PbI2 is so close to that of MAPI. It is difficult to distinguish these 

two chemical components if the resolution of the instrument is insufficient. Therefore, 

stoichiometry measurements are essential to complement the BE data as the I/Pb ratios of 

MAPI and PbI2 should be 3 and 2, respectively. It has been found, however, most 
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as-deposited MAPI films are imperfect; i.e., they have defects. Iodine vacancies are fairly 

easily formed in MAPI films.[8] As a result, the I/Pb ratio of MAPI films can be lower 

than 3, particularly for films prepared by a ‘two-step’ method.[149] This may be related 

to the incomplete conversion of MAPI from PbI2 during the sequential step. Another 

feature often seen in the Pb 4f spectra is metallic lead with a BE of ~137 eV, as shown in 

the representative spectra in Figure 3.11.[157] The appearance of atomic lead represents 

the loss of the halide moiety,[149] which could be due to X-ray damage.[133] Therefore, 

high photon flux may be a problem in measuring halide perovskite materials. 

 

Figure 3.11 A representative Pb 4f core-level spectra of MAPI and MAPB films with 

metallic lead signals fitted.[157] 

XPS is also widely used to investigate the role of chlorine in MAPI films prepared 

from a PbCl2 precursor (or denoted as CH3NH3PbI3-xClx). Starr et al. found that after 
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annealing the amount of chlorine is negligible,[82] and suggested Cl is possibly lost in the 

form of MACI or Cl2 gases.[182] Yu et al. used a polymer layer on the top of 

CH3NH3PbI3-xClx films to block the release of gaseous Cl-containing compound(s) and 

found that the chlorine content in the films significantly increased.[182]  Using 

angle-resolved XPS (AR-XPS), chlorine was detected deeper into the surface of 

CH3NH3PbI3-xClx films, close to the perovskite/TiO2 interface.[183, 184] 

A significant issue with the use of XPS in the perovskite literature is that not all 

spectra recorded from MAPI, for example, prepared by similar processes show consistency. 

There are discrepancies in the binding energies and assignments of specific photoemission 

peaks even when calibrated to identical references. For instance, typically, only a single 

N 1s component (~402.5 eV BE) is observed in MAPI films.[8] However, in a few cases, 

a low-BE shoulder located at a BE of ~400.5 eV can be seen, as shown in Figure 3.12.[185] 

Some studies have suggested that, a component could arise from CH3NH2, a deprotonated 

form of the MA cation (CH3NH3
+
) in MAPI films.[185, 186] However, the reason for the 

formation of this component is unclear. One suggestion is that it is due to the dissociation 

of the gaseous by-product, MACl, where Cl is lost in the form of HCl gas.[185] Such a 

neutral species, CH3NH2, is then trapped within the perovskite crystal lattice and can be 

removed by applying a higher annealing temperature and longer heating time. However, 

these actions could lead to the loss of the MA cation of perovskite and the escape of 

iodine.[185] Jung et al. applied density functional theory (DFT) calculation to find that 

CH3NH2 should be mainly located at grain boundaries or surfaces rather than the crystal 

lattice.[186] The grain boundary region would allow moisture to penetrate, further 

leading to grain degradation.[108] 
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Figure 3.12 XPS N 1s spectra of fresh MAPI films deposited on Al2O3 and Si substrates. 

A right shoulder (CH3NH2) is observed in addition to the main MAPI peak.[185] 

Another discrepancy amongst the existing literature is BE values. The Pb 4f7/2 peak 

of a MAPI film, for example, can have a value of ~137.7 eV, 0.9 eV lower than the most 

common values, as presented when the BE is calibrated to the adventitious carbon (285.0 

eV BE).[184] Such a difference can be attributed to defect chemistry that can influence 

the position of the Fermi level.[185] Most MAPI films exhibit strong n-type behaviour 

(iodine vacancies and/or interstitial MA). However, if many lead vacancies are present, 

MAPI can become a p-type material that has lower BE due to the downward shift of the 

Fermi level.[154] Materials deposited on the top of perovskite films can also change the 

surface properties of the halide perovskites. Depositing MoO3 on a MAPI film induces a 

BE shift towards the low BE side, making the MAPI film relatively p-type.[187] 
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Chiang et al. utilised XPS to measure whether or not sulphur is present in the MAPI 

films prepared from a Pb(SCN)2 precursor by two-step deposition.[79] It was found that 

the S 2p signal is negligible, suggesting most of the sulphur is lost as some gaseous 

sulphur-containing compounds. In recent years, surface composition studies have also 

been applied to probe mixed cation perovskites. Philippe et al. measured various types of 

mixed-cation perovskite films, such as a RbCsMAFA quadruple-cation perovskite, using 

two different photon energies, 2100 and 4000 eV, to probe different depths.[188] 

Interestingly, it was found that iodine is relatively rich at the topmost surface compared to 

the deeper region, suggesting inhomogeneity of halides throughout perovskite films. FA 

and MA can be simply distinguished in the C 1s and N 1s XPS spectra, as shown in Figure 

3.13.[189] FA (N－C－N, ~288.5 eV BE) has a higher BE in the C 1s spectra compared 

to MA (C－N, ~286.8 eV BE). In the N 1s spectra, the measured BEs are approximately 

400.8 eV for FA and 402.5 eV for MA, respectively. 

 

 

Figure 3.13 XPS C 1s and N 1s core-level spectra of mixed-cation perovskite films.[189] 

Black, red, and blue correspond to AZO, ITO, and IZO, respectively. 
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The formation chemistry of perovskite films has also been investigated using 

XPS.[180, 190] Liu et al. gradually deposited MAI on PbI2 and found that prior to the 

formation of the C－N perovskite peak located at a BE of ~286.6 eV in C 1s spectra, a 

peak appears at a BE of approximately 285.3 eV.[190] This component has slightly 

higher BE than adventitious carbon and can be assigned to CH3I following the loss of NH3 

from the MAI precursor. Depositing PbCl2 on MAI to form MAPI was also studied. 

The BEs of the MAPI peaks shift towards a high BE side with the increasing thickness of 

PbCl2.[180]  The results suggest a charge transfer mechanism during the chemical 

interaction between the two precursors, as shown in Figure 3.14. The lead reacts with 

iodine ions to form Pb－I bonds in the perovskite structure and chlorine atoms are lost 

from the perovskite film when MAI is sufficient. 

 

 

Figure 3.14 A schematic diagram illustrating the charge transfer and chemical interaction 

at the MAI/PbCl2 interface.[180] 
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It was found that using excess MAI in a precursor solution for the formation of MAPI, 

the dissociation of MAI into smaller molecules, such as CH3I, can occur.[153] Jian et al. 

utilised a sequential MAI vapour to convert PbI2 to MAPI and found that the I/Pb ratio 

gradually increases from ~2.0 to 3.0 after 60 minutes, indicating the formation of the 

perovskite.[191] Furthermore, thermal evaporation is often used to deposit perovskite 

films for use in the measurements of XPS since it can be simply integrated into PES 

equipment. In this way, as-deposited films are not exposed to ambient air, ensuring fresh 

surfaces can be studied.[8, 192, 193]  Zhou and co-workers performed in situ 

co-evaporation of PbI2 and MAI to form MAPI on a ZnO(0001) single crystal.[193] It 

was found that the film is PbI2-rich when the thickness was only 1.5 nm. They applied 

equation (3.9) to calculate the thickness of MAPI films by considering the attenuation of 

signals caused by an overlayer:[194] 

 𝐼 =  𝐼0 exp(−𝑑/𝜆), (3.9) 

where I and I0 are the attenuated and original photoelectron intensity after and before 

deposition, respectively. d is the thickness of a perovskite film and λ is the IMFP. 

Another study reveals a similar result with the presence of PbI2 at the early growth stage, 

even in an MAI-rich environment.[195]  They suggest that the reason can be the 

extremely low binding energy of adsorbed MAI molecules on the substrates, such as ITO. 

The ratio of precursors can also affect the surface composition of perovskite films. 

Compared to a precursor solution containing less PbI2, perovskite films fabricated from an 

equimolar mixtures of MAI and PbI2 have 0.2 eV higher BE in various core levels.[196] 

They also found by annealing MAPI films at 150 
o
C, the MAPI converted from weakly 

p-type to strong n-doped film (+0.5 eV BE). In summary, despite some difficulties, using 
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XPS to investigate the formation chemistry of perovskite films provides a lot of useful 

information. 

Ar ion sputtering can be utilised in XPS to clean the perovskite surfaces [197] and/or 

study depth profiling [198]. However, due to the difference in mass of the elemental 

components of typical perovskite films, some side effects were found as a result of Ar
+
 

sputtering, i.e. the preferential loss of nitrogen and halide, and an increase in the metallic 

lead signal.[197] Therefore, the uniformity of the stoichiometry of etched perovskite 

films by sputtering would be a concern. Nonetheless, the relative concentrations of 

various elements throughout a PSC device can still be understood. For instance, the 

diffusion of iodine ion from MAPI to an Au electrode can be observed, suggesting the 

iodine component of MAPI passes through the hole transporting material to form a contact 

with the Au electrode.[198] 

XPS can also be utilised to understand the surface coverage of deposited films in a 

qualitative way.[177, 199] If there are fewer signals from the substrate, such as In 3d 

from ITO, it means the surface coverage of films on the top of the substrate is better. This 

would be useful when SEM images are insufficiently clear to show whether or not pinholes 

penetrate through the film, or if the substrate is amorphous, which cannot be detected by 

XRD. The study of surface compositions by XPS is also applied to inorganic lead [200, 

201] and tin perovskites [9, 202], despite very limited reports. It was found that the total 

amount of halide in CsPbX3 (X is halide) quantum dot surfaces significantly surpasses the 

normal stoichiometry of 3, suggesting the halide-rich surface of the quantum dots.[200, 

201]  Kumar et al. found that Sn
4+

 is present at the surface of CsSnI3, indicating the 

occurrence of Sn
2+

 oxidation.[202] 
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3.2.3 Surface Stability 

The surface stability studies of halide perovskites can be studied by comparing fresh 

and aged perovskite films. PES techniques are powerful tools to detect the early stages of 

degradation since the decomposition of a perovskite film typically occurs at the surface 

first. This is because the outermost surface would be in direct contact with sources that 

can initiate degradation, such as H2O vapour, before those species penetrate into the bulk. 

Many drivers of degradation of perovskite films have been investigated by XPS, i.e. heat 

[121, 123, 203, 204], ambient air [116, 205-209], H2O vapour [116, 210], oxygen [116, 

210], light [211-214]. In this section, PES studies of the various degradation models are 

summarised. 

3.2.3.1 Heat 

XPS measurements on MAPI films heated ex situ at 85 
o
C in different atmospheres 

(air, N2, and O2) were performed by Conings and co-workers.[121] In all cases, the 

nitrogen moiety of the MAPI films was gradually lost along with the formation of metallic 

lead with heating time. This suggests that MAPI is intrinsically unstable at these 

temperatures. However, heating in N2 and O2 for a day leads to mild degradation, 

compared to the severe decomposition of MAPI heated in air. The results clearly suggest 

that moisture is, therefore, a key atmospheric component involved in dissociation of MAPI 

perovskite films. It was also found that the presence of ZnO accelerated the degradation 

of MAPI.[123] This can be attributed to a large amount of OH
-
 present at the surface of 

ZnO that dissociates the iodine part of MAPI by ion exchange. However, this study did 

not provide direct evidence by probing MAPI via XPS. It is worth investigating the 

reaction between perovskites and transporting materials to ensure stable interfaces. 
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Huang et al. further investigated the thermal degradation behaviour (up to 300 
o
C) of 

MAPI films using XPS and NAP-XPS.[203] In vacuo, the nitrogen component of MAPI 

is completely lost between temperatures of 100 and 150 
o
C, with formation of metallic lead 

above 150 
o
C. The former suggests the conversion from MAPI to PbI2 and the further 

transformation of PbI2 into metallic lead by loss of iodine when heated at higher 

temperatures. They further studied the in situ thermal degradation of MAPI under 1 mbar 

pressure of O2 and H2O vapour using NAP-XPS, as shown in Figure 3.15. Unlike the in 

UHV study, the lead of MAPI films becomes oxidised at 250 
o
C and above in both the H2O 

and O2 environments. It can be also seen that the Pb 4f BEs of Pb
2+－O and Pb

4+－O are 

lower than that of Pb－I bonding from either MAPI or PbI2. Most of the metallic lead 

appears to transform to lead oxides under heating in the presence of oxygen. In addition, 

hot H2O vapour facilitates the formation of OH
-
 bonding to Pb(OH)2 when the film is 

heated above 250 
o
C. 

 

Figure 3.15 Pb 4f and O 1s spectra of the MAPI films annealed under 1 mbar pressure of 

(a) O2 and (b) H2O. Peak assignments: (I) Pb
0
; (II) Pb

2+－O; (III) Pb
4+－O; (IV) Pb

2+－I; 

(V) Pb
4+－O satellite and Pb

2+－OH; (VI) α-Pb
2+－O/Pb

4+－O; (VII) β-Pb
2+－O/Pb

4+－O 

satellite, and (VIII) Pb
2+－OH.[203] 
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3.2.3.2 Ambient Air 

MAPI films stored under ambient atmospheric conditions with a relative humidity 

(RH) of ~40% for 10 days were found not to have significant changes in surface 

compositions.[205] However, the films become more n-type, which was ascribed to H2O 

doping. In contrast, other MAPI films placed in a less humid environment show more 

degradation for a comparable ageing length in air,[206] probably due to different 

preparation routes. An apparent decrease in iodine and nitrogen relative to lead was 

observed. Following 21 days ageing, the width of the Pb 4f7/2 peak broadens and can be 

fitted into three components, assigned to PbCO3, Pb(OH)2, and PbO at BEs of 139.3, 138.5, 

and 137.8 eV, respectively. The key sources that cause this degradation/oxidation would 

not be distinguished in this study owing to the presence of both H2O and O2 in ambient air. 

By exposing MAPI films to air, it was seen that the hydrocarbon C 1s peak 

substantially increases, which can be attributed to contamination from the atmosphere as 

well as decomposition MAPI.[116] However, after the film is exposed to air for > 1 hr, 

the nitrogen moiety of MAPI is found to be almost completely lost from the MAPI film. 

This is possibly due to the co-evaporated films being very thin (~10 nm) compared to 

spin-coated films, which have a typical thickness of approximately 200 nm. It was found 

that for aged MAPI films deposited on TiO2 in the air for 1000 days, the relative Ti and 

metal oxide concentrations obtained from Ti 2p and O 1s spectra increase, indicating that 

the degraded film became less dense.[209] The influence from HTM such as Li-doped 

Spiro-MeOTAD on MAPI films was also investigated.[207] It was found that with 

ageing time in ambient air, the Li 1s signals of the MAPI film increase, indicating the 

occurrence of chemical reactions between the HTM and the perovskite layer. 
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3.2.3.3 H2O Vapour 

A detailed XPS study of MAPI films exposed to water vapour was conducted by Li et 

al.[116] They performed the exposure process (up to 20 mbar) in the preparation 

chamber in the XPS apparatus without exposing the samples to ambient air. It was found 

again that H2O molecules act as n-type dopants for MAPI films prior to the occurrence of 

severe degradation. Upon exposure to higher pressures of H2O, the iodine was partially 

and nitrogen completely lost from the MAPI film, whilst the overall carbon concentrations 

seemed to be maintained by transformation from C－N to C－H. They therefore 

proposed the decomposition route of MAPI upon exposure to sufficient H2O vapour as the 

following equation (3.10): 

 CH3NH3PbI3 (s)  
H2O
→   (−CH2 −) (s)  + NH3 (g)  +  HI (g) + PbI2 (s), (3.10) 

where (－CH2－) represents the residual hydrocarbon complex converted from MAPI, 

which has a BE of ~285.4 eV. However, this observation is not completely consistent 

with the widely recognised reaction as expressed below (3.11):[133] 

 CH3NH3PbI3 (s)  
H2O
→   CH3NH3I (aq)  +  PbI2 (s). (3.11) 

The difference between the hydrolysis of MAPI films is probably due to different exposure 

methods. In the work of Philippe and co-workers, they directly added a water droplet to 

the surface of perovskite films rather than exposing water vapour.[133]  The 

disappearance of C－N, as well as a decrease in the hydrocarbon peak, confirms the loss of 

the carbon and nitrogen moieties of MAPI films. The proposed formation of MAI is 

eventually washed away by liquid water. Nevertheless, the ex situ exposure of MAPI 
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involves many external factors in the reaction which may therefore influence the 

interpretation of results obtained. 

The effect of water vapour was also investigated using UPS to focus on the SECO and 

VB regions in order to understand the changes in the electronic structure of MAPI.[210]  

Under low partial pressure water vapour exposure (10
-6

 mbar), they found reversible water 

adsorption on the MAPI surface and suggested that the oxygen of H2O molecules points 

towards the perovskite surface. At this stage, MAPI films were neither degraded nor 

showing evidence of significant hydrated species. When the pressure of H2O vapour 

increased to 4 mbar, it was found that the film became more n-type by observing an 

increase in the BE of the VB edge. 

3.2.3.4 Oxygen 

Unlike H2O, oxygen acts as a p-type dopant for MAPI films.[116] However, oxygen 

adsorption is too low to be seen in the O 1s spectra. Compared to H2O vapour exposure, 

less impact on the decomposition of MAPI films exposed to oxygen was observed. The 

decrease in C, N, and I suggest that the leaving species could be MAI. However, the 

majority of effects may come from the measurement in vacuo rather than the O2. 

Therefore, it is suggested that H2O plays a more important role than O2 in the 

decomposition reaction of MAPI. 

The results above, which were obtained by XPS, are generally consistent with the 

outcome of a UPS study.[210] Here exposure to O2 appears to shift the Fermi level closer 

to the VBM, indicating a change to a more p-type material. They ascribe this phenomenon 

to two possible reasons. First, oxygen, as an electron acceptor, can capture the 

photogenerated electrons from MAPI film, leading to the formation of superoxide (O2
-
) 



 

120 

 

species.[104] Subsequently, deprotonation of CH3NH3
+
 occurs to generate CH3NH2 that 

can be released from the surface of MAPI films. Second, oxygen can react with metallic 

lead and the concentration of Pb
0
, which corresponds to n-doping, is reduced. 

3.2.3.5 Light 

Light-induced compositional changes at the surface of perovskite films are of great 

interest, as perovskite light absorption is inevitable and essential for use in PV devices. 

Under laser irradiation (wavelength: 408 nm and power: 20 mW), signals from the substrate 

and metallic lead gradually appear.[211] Since the film surface becomes Pb rich, the MAPI 

surface becomes more n-doped behaviour, resulting in an increase in BEs. The formation 

of elemental lead is due to degradation of PbI2 upon exposure to light via the reaction below 

(3.12): 

 PbI2 (s)  
light
→   Pb (s)  + I2 (g). (3.12) 

X-ray exposure was also used to investigate the photodegradation of perovskite 

surfaces.[212] Using a low-flux X-ray (below 10
9
 photons/second) to illuminate 

perovskite films, it was found that the film does not exhibits changes in the surface 

composition. However, when the film is irradiated by a visible-light laser, it was observed 

that the BE of the Pb 5d spectrum and the relative concentration of metallic lead increase. 

Interestingly, when the laser is turned off, not only does the BE shift back to the original 

value before laser illumination but the amount of metallic lead also reduces. The former 

can be attributed to the surface photovoltage effect and the latter is possibly due to the 

partially recovering reaction of the degradation process (3.13): 
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 Pb (s) + I2 (g) + FAI (s) → FAPbI3 (s). (3.13) 

At the outermost surface, I2 is expected to leave the film. The authors therefore proposed 

that iodine molecules diffuse from bulk of the film, and then reacts with residual metallic 

lead and FAI. Furthermore, after laser irradiation, the concentration of Br in 

(FAPbI3)0.85(MAPbBr3)0.15) perovskites significantly increases, whilst that of iodine remains 

roughly constant. 

If an X-ray without flux control illuminates a perovskite surface, the decomposition of 

MAPI films can occur, as shown in Figure 3.16.[213] Following 14-hour irradiation by a 

lab-based X-ray source, the N 1s signal from MAPI underwent significant changes; i.e. two 

extra components were generated and the main peak (CH3NH3
+
), attributed to MAPI, 

decreased. The N 1s peak located at ~401 eV can be assigned to CH3NH2. However, the 

origin of the feature at a BE of ~399.7 eV in N 1s spectra is not discussed. With longer 

exposure time, the iodine and nitrogen concentrations drop relative to lead significantly, 

indicating light-induced degradation. The decrease in both nitrogen and iodine is 

consistent with the data obtained from another report using a similar X-ray source.[214] 

Here the VB region in the XPS spectra of MAPI showed after X-ray exposure for 200 hours, 

the VB structure of the degraded film is almost identical to that of PbI2.[214] 
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Figure 3.16 N 1s XPS spectra of MAPI on exposure to X-ray.[213] 

3.2.3.6 Others 

The sections above have introduced the influence of commonly discussed degradation 

sources on perovskite films using PES techniques. Other potential factors that could 

induce the surface degradation of halide perovskites are discussed here. Low-energy 

electrons were also used to study the impact on the surface of MAPI films.[215] It was 

found that by increasing the incident electron fluence, the nitrogen and iodine 

concentrations of the film significantly decrease relative to the lead, from ~1.0 and 3.0 to 

0.0 and 2.0, respectively. This indicates the complete conversion from MAPI to PbI2. 

They also noticed that following degradation, the hydrocarbon component observed in C 

1s spectra increases, consistent with the degradation route caused by water vapour.[8] 
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There is also some evidence suggusting that the electrode can cause the degradation of 

PSCs.[216]  By observing Ag 3d and I 3d XPS spectra of a MAPI device before and 

after the device was aged in air for 3 weeks, it was seen that the BE shifts in both Ag and I 

3d spectra, suggesting the formation of AgI.[216]  The authors proposed that the 

moisture-induced degradation mechanism of MAPI is further promoted by the Ag 

electrode, as shown in Figure 3.17. In brief, H2O molecules penetrate the hygroscopic 

HTM to be in contact with MAPI. Subsequently, the degraded iodine-containing species 

of MAPI induced by water can migrate through the HTM to contact with the Ag electrode 

to form AgI.  The presence of Ag accelerates the escape of the iodine-containing 

compounds from MAPI.  The device performance is therefore deteriorated due to 

degradation of MAPI and formation of AgI (increased electrical resistance). 

 

Figure 3.17 Step-by-step illustration of the proposed degradation mechanism of AgI 

formation in MAPI-based PSC devices: (1) H2O molecules in air enter pinholes of the 

spiro-MeOTAD layer; (2) decomposition of MAPI gives rise to iodine-containing volatile 

compounds; (3) migration of the iodine-containing compounds from the MAPI layer that 

corrode the Ag electrode ; (4) surface diffusion of the iodine-containing volatile 

compounds; (5) the formation of AgI.[216] 
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3.3 Sample Processing 

In this thesis, we apply various deposition methods to deposit perovskite films, mainly 

including spin coating, vapour deposition, and AACVD. The theory, instrumentation, and 

general experimental information of these techniques will be introduced respectively in 

this section. 

3.3.1 Spin Coating 

Spin coating is a thin-film deposition technique that can deposit a small amount of 

precursor material onto a flat substrate by rotation of the substrate at high speed. The 

homogeneity of deposited films can be achieved through centrifugal force induced by 

spinning the substrate. There are a few processing parameters that can be adjusted to 

meet the required standards of a film. Amongst them, spin speed is of great importance 

and can determine the uniformity and thickness of deposited films. For perovskite films, 

these two properties are crucial to the final performance of PSC devices. A higher spin 

speed gives rise to thinner films deposited with better uniformity.[217] This means 

simply reducing spin speed will not give uniform thicker films. To obtain thicker films, 

the concentration of the precursor solution needs to be adjusted, in conjunction with the 

spin speed. Typically, for perovskite film deposition, the molar concentration of a 

perovskite precursor solution used is approximately 1.0 M, depending on the 

requirements.[218] The spin speed is generally set to 4000 or 5000 rpm to ensure a thin 

and uniform perovskite film. In addition, the acceleration rate can also determine the film 

quality as well as the thickness of the deposited film. A high acceleration rate would fling 

off more solution after spinning begins. 



 

125 

 

The scheme of a typical spin coating process for perovskite film deposition is shown 

in Figure 3.18. First, some precursor solution is dropped onto the substrate placed in the 

spin coater. The volume of perovskite precursor solutions used is typically around 100 l 

to cover the whole surface of an ITO-glass substrate with a size of 2.0 x 1.5 cm. Then a 

pre-set spin-coating programme starts immediately to spread the solution uniformly. The 

excess solution is flung off during rotating. Typically, after spin coating, the originally 

light-yellow-coloured precursor solution becomes a translucent light-brown-coloured thin 

film. The coated substrate is then transferred to a hot plate to further evaporate the 

solvent(s) and form a crystalline perovskite film. 

In some cases, so-called ‘dynamic-dispense spin coating’ technique may be applied to 

achieve even better uniformity. Unlike conventional spin coating, the solution is not 

dropped on the substrate before spinning; instead, the solution is placed once the spin 

speed reaches the set speed.  Furthermore, some perovskite films are treated with 

antisolvent in order to obtain better film quality. Typically, the antisolvent used is added 

to the substrate precusor after the start of the spinning. The amount and time at which it 

is added depends on the antisolvent used and perovskite system applied.  Relative 

humidity condition can also affect the parameters used for spin coating. If a spin coater is 

in a dry place, toluene or chlorobenzene is typically used for perovskite film 

deposition.[219] However, if the environment is more humid (such as the conditions 

explored in this thesis), acetate-based antisolvents are preferable.[86] The reason for this 

is that this kind of solvent can absorb moisture and this prevents perovskite films from 

initial degradation during preparation of the films. 



 

126 

 

 

Figure 3.18 Scheme of a typical spin coating process for perovskite film formation. 

3.3.2 Vapour Deposition 

Vapour deposition is often applied in the manufacture of semiconductors and includes 

two key techniques chemical vapour deposition (CVD) and physical vapour deposition 

(PVD). The key difference between CVD and PVD is the involvement of chemical 

reactions. In other words, if MAPI is used as a single-source precursor to be evaporated, 

the MAPI film is deposited through a PVD process.[220] On the other hand, using a 

dual-source of MAI and PbCl2, for example, to form perovskite films, then a chemical 

reaction is involved so this process is deemed as a CVD method.[8, 28] Only CVD 

processes were performed in this thesis, including conventional CVD and AACVD. A 

typical CVD process requires volatile precursors that can be thermally evaporated and a 

vacuum system which can pump gas by-products away. Depending on the quality of the 

film needed, the different vacuum levels of CVD can be introduced. In this thesis, 

(ultra)high vacuum CVD was performed to deposit ultrathin perovskite films (Chapter 4), 

as shown in Figure 3.19. The thermal evaporation was conducted in a Knudsen cell 

directly connected to the XPS apparatus, which means the samples are not exposed to 

ambient air. The heating of two precursor sources was performed using an electric 

current provided by a power supply. The temperatures were controlled to just above the 

occurrence of sublimation monitored by thermocouples directly attached to the precursor 

containers. We generally follow the procedures reported in the literature,[28] which will 

be presented in detail in Chapter 4. 
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Figure 3.19 Illustration of the Knudsen-cell-type evaporator for MAPI deposition. 

3.3.3 AACVD 

Chapter 2 introduces the mechanism and application of AACVD in PSCs. In this 

section, we concentrate on the instrumentation.  As illustrated in Figure 3.20, an 

ultrasonic humidifier is required in order to transform the precursor solution into mist or 

so-called aerosol. The humidification intensity is typically set at the maximum power 

that can be provided by the apparatus to ensure sufficient aerosol is generated. 

Precursor solutions are poured in a two-necked round-bottom flask that enables a 

carrier gas to go in and out. It is worth noting that the solution used in AACVD is 

typically more dilute than that applied in spin coating since the mist of a concentrated 

solution is extremely difficult to generate. The carrier gas used needs to be an inert gas to 

prevent perovskite films from degrading. The flow rate of the carrier gas can influence 

the lateral film-to-film homogeneity and the uniformity of a film. An AACVD glass tube 

placed in a furnace is connected with the outlet of the flask via a plastic tube. The 

deposition temperature depends on the type of halide perovskites, normally lower than 200 

o
C. Variation in deposition time and the amount of the precursor solution can be utilised 

to control the thickness of films. However, the latter is not useful as a control measure to 

deposit films with thicknesses of a few hundred nm since the aerosol cannot be produced 

when the volume of the solution is insufficient. 
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Figure 3.20 Illustration of the whole AACVD apparatus in this research. 

3.4 Characterisation Techniques 

This section lists and briefly describes the rest of the important characterisation 

techniques used in this thesis apart from XPS, including scanning electron microscopy 

(SEM), X-ray diffraction (XRD), ultraviolet-visible-near-infrared (UV-VIS-NIR) 

spectroscopy, etc. 

3.4.1 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is one of the most commonly used analytical 

techniques to observe the surface morphology of a sample on micrometre and nanometre 

scales. Whilst a conventional optical microscope uses visible light to form images, an 

SEM microscope uses electrons to produce images.  SEM has therefore become an 

essential workhorse in the areas of science and engineering. 

In an SEM instrument, an electron beam is emitted from an electron gun, typically 

fitted with a tungsten filament cathode. When the cathode is electrically heated, a stream 

of electrons (called primary electrons) is thermionically generated and then is focused by a 

series of lens and aperture components to hit a specimen. When the primary electrons 

interact with the sample being studied, the electrons lose kinetic energy due to scattering and 
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absorption by the specimen. The maximum penetration depth into the sample is typically 

~5 m and the interaction leads to the emission of electrons and photons. The most 

common mode of operation to collect images in SEM is to detect secondary electrons 

(so-called SE mode), typically with an energy of below 50 eV. These electrons ejected 

from the k-shell (the closest shell to the nucleus) of the atoms in the sample are produced by 

the inelastic scattering interaction between the specimen atoms and primary beam electrons 

in a similar way to those produced in XPS. The secondary electrons detected only come 

from a few nanometres from the outermost surface of the sample as a result of their low 

kinetic energy. The images acquired in this research all used SE signals. 

Another commonly used detection mode is to detect backscattered electrons (so-called 

BSE mode) reflected by the atoms of the sample. This technique is mainly used for 

distinguishing between chemical compositions at the surface by contrast since heavy 

elements give stronger backscattering of electrons compared to light atoms, thereby a 

brighter image is produced.  However, using this technique to obtain elemental 

composition information is limited by the requirement of a large difference in the atomic 

numbers of the sample atoms. In order to obtain true chemical information, X-ray 

microanalysis is used and is available in SEM instruments equipped with an X-ray detector. 

In SEM, the X-ray microanalysis technique is called energy-dispersive X-ray 

spectroscopy (EDX or EDS). X-rays are produced from samples measured by SEM, 

because when a secondary electron is generated, there is a vacancy left in the inner core state 

which will be filled by an electron from lower binding energy core levels. This transition 

results in the emission of energy in the form of an X-ray flourescence. A specific 

transition releases an X-ray with particular energy, allowing the bulk compositional 

information to be determined, as shown in Figure 3.21. 
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Figure 3.21 A representative EDX spectrum of an MAPI film acquired in SEM. 

3.4.2 X-Ray Diffraction (XRD) 

XRD is an analytical technique mainly used in phase identification of a crystalline 

material and it is based on constructive interference of monochromatic X-rays by a 

crystalline sample. The apparatus used for XRD is called an X-ray diffractometer and 

consists of three essential elements: an X-ray tube, a sample holder, and an X-ray detector. 

Like in XPS, X-rays are generated by creating a high voltage across a cathode and anode. 

Upon the bombardment of the anode material by electrons, characteristic X-ray spectra are 

produced.  Cu is the typical target material used in XRD and it is the one used in this 

thesis.  The X-ray spectrum contains Kα and Kβ lines superimposed on the 

Bremsstrahlung background. Cu Kα is used in an X-ray diffractometer, whilst the Cu Kβ 

line is usually filtered. Cu Kα possesses a wavelength of 1.5406 Å  which matches well to 

the interatomic distance of crystalline solids. In addition, copper has excellent thermal 

conductivity to release the heat produced as a result of electron bombardment, thus 

preventing the anode melting. 

The determination of the lattice parameters of a crystal is primarily in accordance 

with Bragg’s law,[221] as shown below (3.13): 
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 𝑛𝜆 = 2𝑑 sin 𝜃, (3.13) 

where λ is the wavelength of an incident X-ray and n is a positive integer to describe 

constructive interference by the crystal measured. d is the interplanar distance of the 

crystalline solid, as shown in Figure 3.22.  is the scattering angle between the incident 

X-ray and the crystalline planes. According to as shown in Figure 3.22, the X-ray 

reflected by the second layer of the crystalline plane lags behind the one that hits the first 

layer by a distance of 2dsin. In order for constructive interference to occur and produce 

a maximum, this distance must be equal to an integer number of nλ. 

 

 

Figure 3.22 Schematic illustration of the diffraction process by a crystal in XRD 

measurements in accordance with Bragg’s law. 

After diffraction, the angle difference between the incident X-ray and diffracted X-ray 

collected by a detector is 2. Hence, 2 is typically expressed as the x-axis of an XRD 

pattern. In most of the cases, angles ranging from 5
o
 to 80

o
 (2) are detected. It is noted 

that in this research, the thickness of perovskite films are normally less than 1 m so the 

sampling depth must remain shallow in order to prevent signals from substrates 

overlapping that of the film. Hence, grazing incidence XRD (GIXRD) is utilised in this 

thesis, with a fixed grazing angle at 3
o
. The grazing incidence function is applied in the 
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apparatus (Bruker D8 Advance) used. In order to improve the quality of the data 

collected, the rotational function of the sample stage is enabled. Generally, longer data 

acquisition time gives XRD patterns with better quality. However, due to the unstable 

nature of some perovskite films in humid air, the optimised acquisition time in this thesis 

was set to around 2 hours for each sample. The theta step and dwell time are typically set 

as 0.05
o
 and 4.5 seconds, respectively. A typical XRD pattern of perovskite films can be 

seen in Figure 3.23. It shows that primary peaks with Miller indices of (110), (220), and 

(330), indicating the tetragonal structure of MAPI films.  It is noted that the 

vapour-deposited MAPI film has a minor peak at 12.65
o
, which can be assigned to 

PbI2.[28] 

 

Figure 3.23  A representative XRD spectra of two MAPI films.[28] 

3.4.3 Ultraviolet-Visible-Near-Infrared (UV-VIS-NIR) Spectroscopy 

The optical properties of perovskite films can be examined using 

ultraviolet-visible-near-infrared (UV-VIS-NIR) spectroscopy. The NIR region (780 to 
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2500 nm) is needed to study halide perovskites, since the absorption edge of a typical 

MAPI film is located at around 800 nm.[111] A material with a narrow optical band gap 

(Eg) energy, such as Cs2SnI6, which can extend its absorption edge to ~950 nm, will absorb 

light from the NIR region,.[9] In this thesis, UV-VIS-NIR spectroscopy is mainly utilised 

to determine the Eg of perovskite films deposited.  Generally, in a UV-VIS-NIR 

spectrometer, many modes of operation can be selected, e.g. transmission, absorbance, and 

reflection modes. The fundamental principle of UV-VIS-NIR spectroscopy is based on 

the equation (3.14) below: 

 𝐴 =  − log
𝐼

𝐼0
, (3.14) 

where A is absorbance, and I and I0 is the intensity of the detected light and the incident 

light, respectively. The I /I0 ratio is called transmittance (T) if the light passes through the 

sample or reflectance (R) if the detected light is reflected from the sample. It is noted that 

absorbance is different from absorption and is equivalent to -logT in transmission mode. 

A typical UV-VIS-NIR spectrometer is equipped with multiple radiation sources, such as a 

tungsten lamp (300 – 2500 nm) and a deuterium lamp (190 – 400 nm), where the latter 

provides a continuous UV spectrum with better quality when the wavelength is less than 

320 nm. 

For a solid sample with a fixed thickness, the absorbance depends on the absorption 

coefficient (α) of the material measured. Absorption coefficient is also called attenuation 

or extinction coefficient and characterises how easily a volume of material can be 

penetrated by light. Typical halide perovskites have high absorption coefficients at an 

order of 10
5
 cm

-1
 in the visible-light range.[222] Hence, perovskite films only require 
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very thin films (< 1 m) to deliver sufficient light absorption for use in PV devices. For a 

solution, absorbance can be expressed as below equation, in accordance with Beer–

Lambert law: 

 𝐴 =  𝛼𝑙𝑐, (3.15) 

where l and c are the thickness and concentration of a medium, respectively. If the 

sample being measured is a solid, the density of the solid, , is used. 

 In order to obtain the precise Eg information and absorption spectra of perovskite 

films, the integrating sphere module is required since the diffuse scattering of light is 

significant in a typical perovskite sample.[65] Therefore, optical diffuse reflectance using 

integrating sphere mode is applied to obtain the precise absorption spectra by converting 

reflectance to absorption data in accordance with the Kubelka−Munk equation (3.15):[223] 

 𝛼/𝑆 = (1 − 𝑅)2/2𝑅, (3.15) 

where S is the scattering factor. The absorption values are directly calculated by the 

software of the apparatus (Perkin Elmer Lambda-1050) used. Then the Eg of perovskite 

films can be obtained by a Tauc plot, as shown in Figure 3.24. In a Tauc plot, the power 

(1/r) of the (αh)
1/r

 is associated with the bandgap energy transition type of the sample 

measured, where r depends upon the nature of transition. If r is equal to 1/2, 3/2, 2, or 3, 

the transition is direct allowed, direct forbidden, indirect allowed, or indirect forbidden, 

respectively. In the case of Figure 3.24, it can be known that Cs2SnI6 is assumed as a 

direct bandgap material in the literature.[65] 
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Figure 3.24 A representative Tauc plot of a direct Eg Cs2SnI6 film.[65] 

3.4.4 Other Characterisation Methods 

The previous sections have introduced primary characterisations in this thesis. Here, 

some other analytical tools are also briefly presented. 

3.4.4.1 Surface Profilometer 

A surface profilometer is a piece of practical and facile equipment to determine the 

thickness and roughness of perovskite films. In this thesis, a Veeco Dektak 8 Surface 

Profilometer is performed to quickly obtain thickness information. A profilometer is a 

contact-type tool that uses a stylus for specified contact force. 

3.4.4.2 Solar Simulator 

Current density-voltage (J-V) characteristics were obtained using a solar simulator 

(Oriel SOL3A) consisting of a Keithley 2420 Sourcemeter and 100 mW/cm
2
 illumination 

(AM 1.5G) with a calibrated NREL certified Oriel Si-reference. Some of the selected 

results are presented in the Appendix, as a side project in this thesis.  
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Chapter 4  Investigation of Moisture-Induced 

Degradation at Halide Perovskite Surfaces Using 

NAP-XPS 

This work has been first published in Chemical Communications on 19/04/2017 

Cite this: Chem. Commun., 2017, 53, 5231 

4.1 Introduction 

This chapter contains a paper that has been published in Chemical Communications.[8]  

As presented in Section 3.2, photoemission spectroscopy has been widely used to probe the 

surface of halide perovskites to obtain elemental compositions and/or valence band 

structure.  However, to date, only a few studies apply NAP-XPS to monitor the 

atmospheric degradation process of halide perovskites.[8, 203]  This paper (Paper 1) 

describes the introduction of NAP-XPS study into the field of PSCs to investigate the 

surface stability and degradation mechanisms of halide perovskites for the first time. This 

work purely involves a fundamental surface science study and focuses on a prototypical 

halide perovskite, MAPI. We employed thermal evaporation to deposit an ultrathin 

MAPI film using a lead chloride precursor to react with MAI in a vacuum chamber 

(Knudsen cell) directly connected to the NAP-XPS instrument at the University of 

Manchester.  This prevents the film from exposure to ambient air prior to XPS 

measurements in order to acquire accurate results for the degradation study. The film was 

then exposed to water vapour with pressures of up to 9 mbar, which is equivalent to a 

relative humidity of 30%, to simulate an atmospheric environment. NAP-XPS enables 
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photoemission signals associated with the degradation process during atmospheric 

exposure to be probed.  This allows researchers to identify the moisture-induced 

degradation route of MAPI surfaces. We found that upon water vapour exposure, MAPI 

degraded into lead iodide and hydrocarbon chains through the release of hydrogen iodide 

and ammonia gases. The lead iodide formed at the surface can further convert into 

metallic lead and iodine gas in the presence of light and moisture. We believe that this 

paper opens an avenue of performing an in situ investigation of the degradation of halide 

perovskite surfaces using NAP-XPS. This work acts as the fundamental part of all 

resulting chapters in this thesis and all following papers adopt the experimental design of 

NAP-XPS for water exposure experiments. 

Contribution 

Prof Wendy Flavell and Dr Andrew Thomas inspired me to investigate the 

degradation process of MAPI surfaces using NAP-XPS. The author played a major role 

in this work to plan and perform the experiment (including XRD) and to analyse the data 

obtained, with useful advice from Prof Wendy Flavell and Dr Andrew Thomas. Dr Alex 

Walton greatly supported the NAP-XPS experiment and taught me the standard operating 

procedures to use the instrument and provided valuable suggestions for the experimental 

execution and data analysis. Dr David Lewis and Prof Paul O’Brien (deceased) offered 

some initial resources for perovskite research, including supplying homemade high-quality 

MAI powders for use in this work. Dr Aleksander Tedstone provided some advice for the 

manuscript prior to the submission to the journal. The author wrote this paper with Prof 

Wendy Flavell and Dr Andrew Thomas, with suggestions from the co-authors. 
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4.2 Paper 1 

4.2.1 Main Text 
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Chapter 5  Methylammonium Lead Iodide Films 

Fabricated via AACVD from a Pb(SCN)2 Precursor 

This work has been first published in ACS Applied Energy Materials on 31/07/2019 

Cite this: ACS Appl. Energy Mater., 2019, 2, 6012 

5.1 Introduction 

This chapter contains a paper that has been published in ACS Applied Energy 

Materials.[224]  As presented in Chapter 4, the thermally evaporated MAPI surface 

completely decomposed at RH of only 30%. Approaches to improvement in the stability 

of halide perovskites against moisture are the urge to be developed. In this paper (Paper 

2), we used AACVD to deposit MAPI films using a pseudohalide Pb(SCN)2 precursor to 

react with MAI. The use of Pb(SCN)2 as the precursor is expected to have a positive 

effect on the fabrication process of MAPI in ambient air.[78]   We compared 

AACVD-grown MAPI films with their counterparts that had been fabricated by common 

spin coating. The spin coating process in ambient air without antisolvent (ethyl acetate) 

treatment cannot form opaque MAPI films. It was found that the AACVD-grown films 

were more stable than the spin-coated ones (with antisolvent treatment) through ageing in 

air, which were examined by numerous bulk and surface characterisation techniques, such 

as XRD and XPS, respectively. The improved stability in ambient air can be attributed to 

larger grain sizes observed in SEM. In addition, the use of excess MAI (10% in molar 

concentration) in the precursor solution resulted in less PbI2 impurities and other defects in 

the bulk and surface of the MAPI films. XPS results reveal an additional CH3NH2 
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compound at the MAPI surface as a result of using excess MAI, which may passivate the 

surfaces/grain boundaries. NAP-XPS outcomes show the AACVD-grown samples from 

Pb(SCN)2 have much better stability than the thermally evaporated MAPI film from PbCl2 

(Chapter 4) on exposure to 9 mbar water exposure. This research paves the way towards 

stable halide perovskites for use in PSCs and the full details can be found in Section 5.2. 

Contribution 

Qian Chen inspired the author to use Pb(SCN)2 as the lead precursor to fabricate 

MAPI films via ambient air processing. The author planned and performed most of the 

experiments of this project including sample preparation and characterisation and analysed 

all data obtained under the supervision of Prof Wendy Flavell and Dr Andrew Thomas. 

Dr David Lewis and Prof Paul O’Brien (deceased) provided AACVD apparatuses and 

related facilities for the author to carry out AACVD experiments. Dr David Lewis also 

gave me some useful ideas and advice in the initial stage of this research. Dr Alex Walton 

significantly supported the NAP-XPS experiments including trails for thermally 

evaporated Pb(SCN)2 (failed due to precursor decomposition) and Qian Chen helped to 

develop and optimise the antisolvent spin-coating technique for use in this work. Dr Ben 

Spencer and Claudia Compean-Gonzalez helped to acquire some conventional XPS spectra 

for the author to use and analyse. Dr Muhamad Mokhtar assisted in PL measurements 

during the paper revision of the journal in order to address the comments of one reviewer. 

The author wrote this paper with Prof Wendy Flavell and Dr Andrew Thomas, with 

suggestions from the co-authors. 
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5.2 Paper 2 

5.2.1 Main Text 
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Chapter 6 Degradation at Halide Perovskite Surfaces 

Passivated by Ammonium Iodides  

6.1 Introduction 

This chapter contains a paper resulting from an external collaboration initiated by the 

author. The collaborator (Dr Jacob Tse-Wei Wang (CSIRO Energy)) provided high-quality 

methylammonium lead iodide (MAPI) films for near-ambient pressure X-ray photoelectron 

spectroscopy (NAP-XPS) measurements. It is well known that MAPI is unstable in a moist 

environment (see Chapter 4). However, via surface functionalisation strategies, the 

degradation of MAPI films in a humid environment may be alleviated. In this chapter, the 

use of two kinds of bulky ammonium iodides to passivate the surface of MAPI is explored.  

This was achieved by thermal evaporation in a vacuum. Subsequently, the samples were 

transferred to an XPS chamber for NAP-XPS measurements without exposure to ambient air. 

The films were then exposed to 9 mbar water vapour during acquisition of XPS spectra. 

The degradation process and the surface passivation effect of the ammonium iodides are 

investigated and are presented in the following draft paper (Paper 3). 

Contributions 

The high-quality MAPI films were fabricated by Dr Jacob Tse-Wei Wang (CSIRO 

Energy). The in situ surface functionalisation (using ammonium iodides), the NAP-XPS 

experiment, and the other characterisations, such as SEM were performed by the author. 

Dr Alex Walton supported the NAP-XPS measurements and (nitrogen bag) sample transfer.  

The author planned the experiment, analysed the data obtained and wrote the paper with Prof 

Wendy Flavell and Dr Andrew Thomas, with suggestions from the co-authors.
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6.2 Paper 3 

6.2.1 Main Text 

Investigation of degradation at halide perovskite surfaces passivated by 

ammonium iodides using in situ X-ray photoelectron spectroscopy in a 
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Abstract 

Near-ambient pressure X-ray photoelectron spectroscopy is used to enable 

investigation of the degradation process of surface-functionalised methylammonium lead 

iodide (MAPI) at a realistic water vapour pressure (equivalent to relative humidity of 30%). 

We show that, through surface passivation by bulky ammonium iodides, i.e. 

tetraethylammonium iodide (TEAI) and tetramethylammonium iodide (TMAI), the stability 

of the MAPI surfaces can be significantly enhanced. Metallic lead defects at the MAPI 

surfaces are healed by the ammonium iodides, giving rise to better stability against moisture. 

Following the deposition of these ammonium iodides, the pristine under-stoichiometric 

MAPI surfaces (with I/Pb and N/Pb less than 3 and 1 respectively) become nominally 

stoichiometric, indicating reduction in iodine and nitrogen deficiencies/vacancies. The 

degradation mechanism in all cases proceeds via the loss of equal amounts of nitrogen and 

iodine, assumed to be in the form of hydrogen iodide and ammonia gases. This suggests 

that the surface functionalisation does not change the moisture-induced degradation process 

of MAPI but significantly reduces the rate of decomposition.  
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Introduction 

Metal halide perovskites have attracted immense attention as photovoltaics due to their 

outstanding physical properties, which include strong solar absorption and low non-radiative 

carrier recombination rates.
1
 These advantages have enabled the power conversion 

efficiencies (PCEs) of perovskite solar cells (PSCs) to reach above 24%, which is an 

unprecedented improvement on the initial PCE of ca. 4% that was recorded in 2009.
2
 Such 

progress in PCEs makes PSCs one of the most promising photovoltaic technologies to 

substitute for, or to employ in tandem with, silicon-based solar cells.
3
 However, one major 

concern is that typical halide perovskite materials are unstable in a humid environment, 

limiting their practical uses.
4
 Therefore, many approaches have been proposed to enhance 

the stability of halide perovskites against moisture, including the use of novel perovskite 

materials, such as two-dimensional (2D) perovskites
5, 6

 as well as double perovskites
7, 8

. 

Generally, 2D and double perovskites can offer better stability in humid air; however, 

their typical increased energy bandgaps (Eg) give rise to relatively low electricity output.
5, 9

 

Hence, until now, perovskite layers that constitute high-efficiency devices have mainly been 

based on conventional 3D structures, such as the often investigated methylammonium lead 

iodide (MAPI).
10

 MAPI is a prototypical halide perovskite that has been intensively 

investigated in the past few years, and yields PSC devices with PCEs over 20% .
11

 

Pure MAPI films show poor stability against moisture.
12, 13

 Approaches to improving 

the stability of MAPI against moisture have been developed.
14-17

 For example, the use of 

Pb(SCN)2 precursor can not only enable ambient air processing but also enhance the stability 

of MAPI in humid air.
14, 18

 In addition, the selection of acetate-based antisolvents for use in 

the spin-coating process can reduce the moisture-induced degradation of MAPI during 
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preparation.
15, 16, 18

 The incorporation of a small amount of 2D perovskites into a 3D 

perovskite can also improve the stability of PSCs.
17

 Nonetheless, these methods, in 

general, do not achieve high PCEs probably because the bulk properties of MAPI are 

influenced by these processing methods. Therefore, seeking a facile way to improve the 

water resistance of halide perovskite materials and simultaneously maintain satisfactory 

PCEs is of paramount importance. 

Surface functionalisation has been identified as one of the best approaches to achieving 

better water resistance, since this step generally only modifies the surface properties rather 

than the bulk characteristics.
19-22

 In this way, the PCEs of PSCs may be maintained at 

similar levels to those containing unmodified perovskite films.  One example is 

functionalisation of the surface of MAPI films through large substituted ammonium iodide 

groups.
19-21

  Amongst these groups, the tetraethylammonium cation (TEA) and the 

tetramethylammonium cation (TMA) have been demonstrated to effectively modify the 

surface of MAPI films, offering better water resistance.
21

  Yang et al. proposed the 

improved hydrophobicity of the modified MAPI films is ascribed to the steric hindrance 

between water molecules and active adsorption sites, i.e. lead atoms at the surface.
21 Using 

density functional theory (DFT) calculations, it was found that the Pb—I angle of a 

TEA-terminated surface is different to the original MA-terminated structure, preventing 

water from reacting with active Pb sites.  Nevertheless, how these bulky ammonium 

iodides replace MA to chemically adsorb on the surface is not known.  The effect of the 

surface iodides on subsequent water adsorption has also not been investigated at the 

molecular level. Hence, the use of surface techniques to investigate the surface passivation 

of perovskite materials is of great interest as it can complement the results of theoretical 

calculations and device performance measurements.
21
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In this work, we employ X-ray photoelectron spectroscopy (XPS) to investigate the 

surface of tetraethylammonium iodide (TEAI)- and tetramethylammonium iodide (TMAI) 

-modified MAPI films in order to gain a better understanding of the reason for their 

improved stability against moisture. The disappearance of metallic lead in the XPS spectra 

after depositing these bulky molecules shows that these molecules may passivate defects. 

The deposition of the ammonium iodides was performed in a vacuum, thereby removing 

other factors that originate from the ex situ post-treatment, which could otherwise influence 

the interpretation of the results obtained. We also study the degradation of the 

surface-modified MAPI films on exposure to 9 mbar water vapour (corresponding to an 

environment with a relative humidity (RH) of ca. 30%) through the use of near-ambient 

pressure XPS (NAP-XPS). Through the observation of the resulting compositional 

changes, we can correlate the results of this experiment with the degradation of the PCEs of 

PSCs in a humid environment.
21 The work gives insights into the surface functionalisation 

necessary for enhanced stability of halide perovskites against moisture, and paves the way 

towards more reliable PSC devices. 

Experimental Section 

Preparation of MAPI films 

All MAPI films were directly deposited on a fluorine-doped tin oxide (FTO) glass (7 

ohm/square cm, Pilkington, TEC7) to ensure sufficient electrical conductivity for 

subsequent XPS measurements. The FTO substrates were cleaned in an ultrasonic bath 

with diluted Hellmanex (2 vol% in deionised water), acetone, and propan-2-ol in succession 

as the bath solution for 15 minutes each. The substrates were dried using flowing nitrogen, 

and the clean substrates were then treated with O2 plasma for 10 minutes, and then 
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transferred to a nitrogen-filled glovebox prior to perovskite deposition. 

 The perovskite solution was also prepared in a nitrogen-filled glovebox by mixing 

methylammonium iodide (MAI, Dyesol) and lead iodide (TCI Chemicals) at a 

stoichiometric 1:1 molar ratio in a 4:1 (volume-to-volume) solvent mixture of 

N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO), respectively, with a final 

concentration of ca. 45 wt%. Then, the perovskite precursor solution was spun onto the 

treated FTO substrates via a two-step programme in a nitrogen-filled glovebox: 10 seconds 

at 1000 rpm for the first step and subsequently 6000 rpm for 20 seconds. During the 

second step, 300 l of chlorobenzene was dripped onto the substrate five seconds before the 

end of the programme. Following the spin coating, the films were transferred to a hot plate 

immediately and heated at 100 
o
C for 10 minutes. The resulting MAPI films were a 

dark-brown colour with metallic lustre. 

Storage and transfer of the MAPI films 

The MAPI films obtained were stored in a nitrogen-filled plastic box with Al-foil cover 

to prevent illumination and then vacuum-sealed for shipping from Australia to the UK. 

Following arrival at Manchester, the bag containing the samples was immediately stored in a 

nitrogen-filled glovebox prior to further procedures. Just before the samples were 

transferred into the XPS system, the samples were mounted on Ta sample plates in the 

glovebox. Two Ta strips were attached on the surface of the perovskite films to enhance 

electrical conductivity in order to prevent possible sample charging during acquisition of 

spectra. The sample plate was then transferred to an Ar-filled glovebag connected to the 

entrance of the XPS apparatus, via a vacuum desiccator that was then put into the glovebag. 

As a result, the MAPI films were not exposed to ambient air before XPS characterisation. 
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Ammonium iodide deposition 

Surface modification of the MAPI films by iodide adsorption was performed in situ via 

a thermal evaporator integrated to the NAP-XPS system. TEAI or TMAI (purchased from 

Sigma-Aldrich) was put into a Knudsen evaporator, with a thermocouple attached to 

measure the evaporation temperatures. Both ammonium iodides were evaporated at a 

temperature of 200 
o
C for 10 minutes in vacuo at a base pressure of approximately 1 x 10

-6
 

mbar, directly onto the MAPI surfaces. The distance between the sample surface and the 

source was roughly 2 cm. The samples did not undergo further vacuum annealing 

procedures and were directly transferred to the analysis chamber for XPS measurements. 

NAP-XPS measurements 

The NAP-XPS apparatus used in this research is equipped with a SPECS Focus 500 

monochromated Al Kα source with photon energy of 1486.6 eV. The analyser of the 

NAP-XPS kit is a SPECS 150 mm Phoibos 150 NAP, with three-stage, differentially 

pumped electrostatic lens. XPS measurements can be performed under conventional 

ultrahigh vacuum conditions in a UHV chamber or in a near-ambient pressure (NAP) cell 

that couples to the entrance cone of the analyser lens system. For the NAP-XPS 

measurements, the NAP cell was backfilled with H2O vapour to reach a stabilised pressure 

of ca. 9 mbar, which corresponds to relative humidity (RH) of ca. 30%, under a standard 

atmospheric temperature of 25 
o
C. 

XPS data processing and analysis 

The binding energy (BE) was calibrated to the C 1s peak at 285.3 eV, which arises from 

hydrocarbon species on the MAPI surfaces.
18, 23-25

 This BE alignment gives a metallic lead 

Pb 4f7/2 peak located at a BE of 137.0 eV recorded from the fresh MAPI films, in good 



 

180 

 

agreement with the value measured by the identical equipment previously.
23

 BE values are 

quoted to an accuracy of ±0.1 eV, and thus a BE shift of 0.2 eV can be clearly observed. A 

Shirley background was subtracted from the data presented in this paper.
26

 A GL(30) 

function (70% Gaussian and 30% Lorentzian) was applied to fit the core-level spectra using 

CasaXPS software.
27

 The built-in CasaXPS sensitivity factors (Kratos) are only used for 

calculating the stoichiometry of the sample before and after water exposure from UHV 

measurements, since the sensitivity factors for NAP conditions are not currently available. 

Results and Discussion 

The morphology of the pristine spin-coated MAPI films without surface modification 

was examined using scanning electron microscopy (SEM), as shown in Figure S1 (see 

Electronic Supplementary Information, ESI†).  The SEM sample was exposed to ambient 

air for one minute, which is not expected to produce significant impact on the morphology. 

As described above, the rest of the MAPI films used in surface functionalisation and/or XPS 

measurements were not exposed to ambient air at any point in the preparation and transfer 

processes, in order to minimise surface degradation of the films prior to XPS 

characterisation. In addition, before XPS measurements were performed, the containers of 

all the films were masked with Al foil to prevent photodegradation.
28  Surface 

functionalisation of the films with ammonium iodides was carried out in situ. The films 

were transferred under UHV to a preparation chamber with a base pressure of approximately 

1 x 10
-6

 mbar, and an evaporation source containing TEAI or TMAI was then heated to 200 

o
C for 10 minutes, resulting in deposition of the ammonium iodides.  At evaporation 

temperatures of 200 
o
C for both samples, significant changes in the I 3d and N 1s XPS 

spectra were observed. Deposition temperatures > 200 
o
C and longer evaporation times led 
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to the underlying signals from MAPI being obscured. The thickness of the iodide layer 

was estimated as described in the ESI†. 

Figure 1 shows the XPS core-level spectra of the primary elements (Pb, I, and N) 

recorded from the MAPI films before (without) and after (with) the deposition of TEAI 

(A~C) and TMAI (D~F) molecules using a source temperature of 200 
o
C for 10 minutes in 

vacuum.  The Pb 4f XPS spectra in Figures 1A&D show that the films modified by both 

TEAI and TMAI exhibit a reduction in the concentration of metallic lead (Pb
0
) relative to 

Pb
2+

 in MAPI following the deposition of the ammonium iodides, particularly in the case of 

TEAI. Metallic lead is often found in MAPI films fabricated either by solution-based 

methods,
29-31

 or by vapour deposition processes.
23, 32

 The formation of Pb
0
 can be 

attributed to the loss of iodine, and therefore it is usually accompanied by iodine deficiencies 

in MAPI films.
23, 30, 31

 This phenomenon (that is, a reduction in the amount of surface Pb
0
) 

has also be found in other cases of ammonium ion treatment, such as after treatment of 

MAPI surfaces with diethylenetriamine
33

 and the use of more/excess MAI to complete 

MAPI formation
18, 32

. A decrease in the amount of metallic lead has been shown to reduce 

the number of non-radiative recombination centres and therefore is expected to improve the 

PCEs of PSCs.
34

 This observation also suggests that TEAI and TMAI react chemically 

with the surface of the MAPI films rather than physically adsorbing on the surfaces. The 

better healing ability of TEAI compared to that of TMAI may be due to the relatively bulky 

structure of TEAI molecules. The longer hydrocarbon chains of TEAI result in weaker 

ionic bonds between N
+
 and I

-
, and therefore the I

-
 in TEAI is relatively easily donated to 

react with metallic lead at the MAPI surfaces compared to TMAI.
35, 36
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Figure 1 XPS spectra of (A)&(D) Pb 4f, (B)&(E) I 3d, and (C)&(F) N 1s core levels 

recorded from the MAPI films before and after (A~C) TEAI or (D~F) TMAI molecules were 

deposited in a vacuum. All the spectra are normalised to the total Pb 4f7/2 peak area for 

comparison.  

(A) (D) 

(B) 

(C) 

(E) 

(F) 
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As observed in the Pb 4f XPS spectra (Figures 1A&D), the binding energy (BE) of the 

(Pb 4f7/2) MAPI components for all films before and after surface functionalisation by 

ammonium iodides is 138.6 ± 0.1 eV. This is in agreement with the common values shown 

in the literature for MAPI surfaces.
23, 37

 However, it is interesting that, following the 

deposition of the ammonium iodides, for both iodides the BEs of I 3d and N1s shift to low 

BE by approximately 0.2 and 0.1 eV for TEAI-MAPI and TMAI-MAPI films, as shown in 

Figures 1B&C and Figures 1E&F, respectively. This shift indicates the change in chemical 

environment and the interaction between the ammonium iodides and the pristine MAPI 

films. As expected, the I and N concentrations relative to Pb increase after the deposition 

of TEAI or TMAI, as suggested by Figure 1; the values of the I/Pb and N/Pb ratios before 

and after surface modification are summarised in Table 1. As shown, the pristine MAPI 

films are slightly sub-stoichiometric in iodine and nitrogen (MA) compared to the nominal 

composition. However, the surface stoichiometry is typical of that observed for fresh 

MAPI,
23, 31

 and the BE of Pb 4f7/2 (138.6 eV ± 0.1 eV) is consistently different from the 

expected value for PbI2 at ca. 138.9 eV, indicating that there is no significant degradation 

prior to the XPS measurements.
23, 37

 After the surface functionalisation, both films present 

the nominal stoichiometry containing a substantially reduced amount of metallic lead.  

This is a clear indication that these ammonium iodides heal most of the defects formed, 

allowing the MAPI films to attain nearly perfect surfaces.  We note that the attenuation of 

the Pb 4f signals of the Pb—I component recorded from both functionalised MAPI films is 

minimal following the deposition, so we believe that only a very thin layer of the ammonium 

iodides chemisorbs on the surface of the perovskite films.  Using the process given in the 

ESI†, we estimate this thickness to be 0.6 ± 0.2 nm, corresponding to a monolayer.  
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Table 1 Stoichiometries of the MAPI films determined by XPS at different stages, both 

before and after depositing ammonium iodide molecules. The metallic lead content is 

excluded from the quantifications of I/Pb and N/Pb (i.e. only Pb
2+

 is considered). 

Sample ID I/Pb N/Pb Pb
0
/Pb

2+
 

Stoichiometric MAPI 3.0 ± 0.1 1.0 ± 0.1 - 

MAPI (1) 2.8 ± 0.1 0.8 ± 0.1 12±2% 

TEAI-MAPI 3.0 ± 0.1 1.0 ± 0.1 0±2% 

MAPI (2) 2.8 ± 0.1 0.8 ± 0.1 10±2% 

TMAI-MAPI 3.0 ± 0.1 1.0 ± 0.1 4±2% 

 

Following XPS of the pristine MAPI films with and without modification, the samples 

were transferred under ultrahigh vacuum (UHV) to the NAP chamber and exposed to 9 mbar 

water vapour (equivalent to relative humidity of 30% at 25 
o
C) to determine the stability of 

the films in water. The resulting spectra are shown in Figure 2 for pristine MAPI, 

TEAI-MAPI, and TMAI-MAPI films, respectively. 

As shown in Figure 2A for MAPI, following water exposure, the BE of the primary Pb 

4f7/2 component (Pb
2+

 in MAPI) shifts ca. 0.3 eV towards higher BE, to 138.9 ± 0.1 eV. 

This indicates the formation of lead iodide, consistent with previous work, where it has been 

demonstrated to form predominantly at the film surface after water exposure.
23, 37 

Interestingly, after the film was exposed to water vapour, the amount of metallic lead 

decreased to a negligible level. The result is significantly different from an ultrathin MAPI 

film in which the amount of metallic lead increases under the identical exposure condition.
23
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Figure 2 NAP-XPS spectra of (A, D, G) Pb 4f, (B, E, H) I 3d, and (C, F, I) N 1s core levels 

recorded from the pristine MAPI (A~C), TEAI-MAPI (D~F), and TMAI-MAPI (G~I) films 

before, during, and after 9 mbar water vapour exposure. All the spectra are normalised to 

the total Pb 4f7/2 peak area for comparison.  

(A) (B) (C) 

(D) (E) (F) 

(G) (H) (I) 
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Figure 2B shows the change in the I 3d XPS spectra induced by water vapour for the 

pristine MAPI film. It is quite obvious that, following exposure, the iodine concentration 

compared to lead decreases, and the I 3d5/2,3/2 doublet also shifts 0.3 eV towards higher BE, 

suggesting the formation of lead iodide.
23, 37

 It can be seen that the intensity of the I 3d 

peaks (relative to Pb 4f) recorded during water vapour exposure is lower than that recorded 

in UHV after exposure.  This is due to the fact that in a high-pressure environment the 

attenuation of photoelectrons is much stronger than in UHV, and is stronger for lower the 

kinetic energy electrons. Thus, in order to quantify the surface composition after exposure, 

a further spectrum must be obtained in UHV, as shown in Figure 2. The stoichiometries of 

all films obtained in UHV before and after water exposure are summarised in Table 2. The 

I/Pb ratio of the pristine MAPI films decreases from 2.8 to 2.0 following 9 mbar water 

vapour exposure. The residual amount of iodine relative to lead is in good agreement with 

the stoichiometry of PbI2, indicating that the MAPI surface is completely converted into PbI2 

on reaction with water vapour. The N 1s spectra in Figure 2C show complete loss of the 

nitrogen moiety from the surface of the MAPI film after water vapour exposure. This is 

consistent with the finding for an in situ vapour-deposited MAPI film under the identical 

exposure condition.
34

 This suggests that the unmodified MAPI films are vulnerable to 

moisture regardless of the preparation method. 

Turning now to the ammonium-iodide modified films, Figure 2D shows the Pb 4f 

core-level XPS spectra of the TEAI-MAPI films before, during, and after 9 mbar water 

vapour exposure.  The BE of the Pb 4f7/2 peak shifts 0.1 eV to ca. 138.7 eV. The intensity 

of the I 3d XPS spectra (Figure 2E) is now only slightly reduced following water exposure. 

The I/Pb ratios of the TEAI-MAPI films after exposure to water vapour decrease from 3.0 to 

2.7 (Table 2), similar to the value (2.8) of the pristine MAPI film, indicating (nearly) no 
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occurrence of degradation. In addition, the BE of the I 3d5/2 peak recorded from the 

TEAI-MAPI film shifts to ca. 619.5 eV, identical to that of the pristine MAPI film. These 

outcomes suggest that the TEAI “capping” layer reacts with water vapour and protects the 

underlying MAPI surface from moisture-induced degradation. 

 

Table 2 Stoichiometries of MAPI, TEAI-MAPI, and TMAI-MAPI films determined by 

XPS at different stages, both before and after 9 mbar water vapour exposure. The metallic 

lead content is excluded from the quantifications of I/Pb and N/Pb (i.e. only Pb
2+

 is 

considered). 

 

Status ID I/Pb N/Pb Pb
0
/Pb

2+
 

MAPI before water exposure 2.8 ± 0.1 0.8 ± 0.1 14%±2% 

MAPI after water exposure 2.0 ± 0.1 0.0 ± 0.1 0±2% 

TEAI-MAPI before water exposure 3.0 ± 0.1 1.0 ± 0.1 0±2% 

TEAI-MAPI after water exposure 2.7 ± 0.1 0.7 ± 0.1 4±2% 

TMAI-MAPI before water exposure 3.0 ± 0.1 1.0 ± 0.1 4±2% 

TMAI-MAPI after water exposure 2.4 ± 0.1 0.4 ± 0.1 4±2% 
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Figure 2F reveals the effect of water exposure on the N 1s XPS spectrum of the 

TEAI-MAPI film. The nitrogen concentration is slightly reduced, in sharp contrast with 

the ‘uncapped’ MAPI film where the complete loss of nitrogen is observed (Figure 2C), 

following exposure. As shown in Table 2, the N:Pb ratio is reduced from 1.0 to 0.7. It is 

noted that the BE of the N 1s peak also shifts back to ca. 402.5 eV, which can be assigned to 

the MA cation of MAPI.
18, 23

 The synchronous loss of similar amounts of iodine and 

nitrogen (i.e. I/Pb and N/Pb both reduced by 0.3) also suggests that the MAPI degradation 

mechanism involves the escape of equal amounts of ammonia and hydrogen iodide on 

exposure to water vapour.
23, 38

 

The other ammonium iodide, TMAI, has been reported to have less effect in improving 

device stability in humid air compared to TEAI.[225] It is therefore of interest to compare 

the surface stability on exposure to water with those of TEAI-MAPI and MAPI. The Pb 4f 

XPS spectra of the TMAI-MAPI film shown in Figure 2G reveal a BE shift following water 

exposure of 0.2 eV. This shift lies between those observed for the pristine MAPI and 

TEAI-MAPI films and there is no change in the amount of metallic lead with respect to 

MAPI. The I/Pb ratio is 2.4 following exposure, as shown in Table , also lying between the 

values observed for the other two films. The I 3d spectrum in Figure 2H upon exposure to 

water shows a BE shift to ca. 619.7 eV, i.e. a shift of 0.3 or 0.2 eV relative to the MAPI films 

with (ca. 619.4 eV) and without (ca. 619.5 eV) the TMAI surface functionalisation, 

suggesting the partial formation of lead iodide and the escape of TMAI molecules due to 

moisture. We can see the nitrogen concentration compared to lead decreases after water 

vapour exposure as shown in Figure 2I, again by an amount intermediate between those 

observed in MAPI and TEAI-MAPI. The N/Pb ratio following exposure is ca. 0.4, 

indicating that some of the MAPI surface degrades into lead iodide as a result of water 
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vapour exposure. Again, taking TMAI into consideration, extra nitrogen (adding ~0.2 to 

the N/Pb ratio) is contributed from TMAI (Table 1) and thereby the N/Pb from the original 

MAPI surface decreases from 0.8 to 0.4 following the exposure. This suggests around half 

of the MAPI surface is converted into PbI2 by water vapour. Furthermore, similar drops in 

the I/Pb and N/Pb ratios on water exposure (both by ca. 0.6) demonstrate again that the 

degradation process is consistent with the equation proposed in previous research, expressed 

below (Equation 1):
23, 38

 

CH3NH3PbI3 (s)  
H2O
→   (–CH2– ) (s) + NH3 (g) + HI (g) + PbI2 (s)         Equation 1 

Overall, the surface compositions of the three MAPI films without surface modification 

(Table 1 & Table 2) show high consistency and have close- to-ideal stoichiometry, 

suggesting high reproducibility and high quality, respectively. In comparison with 

ammonium-iodide-treated samples, the pristine MAPI films have the highest concentration 

of metallic lead, and iodine and nitrogen vacancies at the surface, giving rise to the worst 

surface stability, determined by NAP-XPS. This suggests that those defects play important 

roles in the water-induced degradation processes, in which the iodine vacancies can easily 

interact with oxygen ions.
39

 Following the exposure, the TEAI-MAPI film has fewer 

iodine and nitrogen vacancies compared to the TEAI-MAPI sample, in good agreement with 

the device stability reported.
21

 Furthermore, we found that for all the films after H2O 

vapour exposure, the reduction in I/Pb and N/Pb occurs in similar amounts, consistent with 

our previous finding that upon exposure to water vapour, MAPI films lose hydrogen iodide 

and ammonia gases simultaneously.
18, 23  
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Conclusions 

In conclusion, we have demonstrated an in situ method to investigate the effect of 

surface passivation on perovskite films using NAP-XPS. The ammonium-iodide 

adsorption improves the surface stability of MAPI against moisture. TEAI is more 

effective in enhancing the water resistance of the MAPI surfaces compared to TMAI, 

consistent with the device stability in humid air.
21

 We have also observed that ammonium 

iodide passivation can heal the surface defects in the MAPI films, such as metallic lead, and 

iodine and nitrogen deficiencies. The reduction of elemental lead also suggests the 

occurrence of chemical interaction between the ammonium iodides and the perovskite rather 

than physisorption. These results complement theoretical calculations and measured 

device performances.
21

 We believe that by using newly developed surface science 

techniques (such as NAP-XPS in this work), a better understanding of the degradation 

mechanisms of halide perovskite materials can be uncovered.
8, 23

 By this approach, 

passivation strategies can be developed, contributing to opportunities to commercialise 

PSCs. 
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Scanning Electron Microscopy (SEM) 

The morphology of the pristine MAPI films without surface functionalisation was 

examined using SEM (Zeiss Sigma) by taking secondary electron images.  A typical 

example is shown in Figure S1. 

 

Figure S1 SEM image of a spin-coated MAPI film composed of micrometre-sized grains. 

 

Estimation of the thickness of the deposited ammonium iodides 

The estimated thicknesses of the ammonium iodides (TEAI and TMAI) can be obtained 

by considering the attenuation of Pb signals after deposition, since no additional lead was 

deposited, whilst extra nitrogen, iodine, and carbon signals are produced by TEAI or TMAI. 

For both cases, the Pb 4f peaks of the functionalised MAPI surfaces retained ca. 85% of their 

original peak intensity/area recorded from the pristine MAPI films at the same focus points. 

By using the NIST electron mean free path database,
1
 we obtain estimated thicknesses of 0.6 

± 0.2 nm for TEAI and TMAI that is expected to produce ca. 15% attenuation in the Pb 4f 
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signals. A single overlayer of TEAI and TMAI molecules is expected to be ca. 0.6 and 0.5 

nm thick, respectively.
2
 As a result, it is believed that only a single layer of each 

ammonium iodide attaches on the outermost surface of the MAPI films following vacuum 

deposition. 

C 1s spectra before and after ammonium iodide (TEAI or TMAI) deposition 

According to Table S1, the concentrations of C—C/C—H and C—N/C—OH relative to 

Pb increase following ammonium iodide deposition, which can be ascribed to the iodide 

adsorption and to contamination. TEAI is expected to contribute new C—C/C—H and 

C—N/C—OH signals, with a stoichiometry with respect to Pb = 1.0 of 0.8 and 0.8, 

respectively, based on the increases in the I/Pb and N/Pb ratios (Table 1). TMAI molecules 

are expected to only give a new C—N/C—OH signal as there is no extra C—C bond in the 

chemical structure of TMAI.  This is should have a stoichiometry of 0.8 relative to Pb=1.0. 

In addition, some carbon contamination is inevitable in the thermal evaporation process,
3
 

and a trace of COOH is often observed at the surface of materials containing carbon.
4
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Table S1 Stoichiometries of the MAPI films determined using XPS at different stages, both 

before and after depositing ammonium iodide molecules.  These values are normalised to 

the Pb
2+

 concentration (i.e. to Pb=1.0), as in Table 1 in the main text. The corresponding C 

1s spectra can be seen in Figure S2. 

Sample ID C—C/C—H C—N/C—OH 

MAPI (1) 4.0 ± 0.2 1.2 ± 0.2 

TEAI-MAPI 5.2 ± 0.2 2.4 ± 0.2 

MAPI (2) 2.8 ± 0.2 2.0 ± 0.2 

TMAI-MAPI 3.2 ± 0.2 3.6 ± 0.2 

 

 

   

Figure S2 XPS spectra of C 1s core levels probed from the MAPI films before and after (A) 

TEAI or (B) TMAI deposition. All the spectra are normalised to the total Pb 4f7/2 peak area 

for comparison. 

  

(A) (B) 
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Chapter 7 Heat- and Moisture-Induced Degradation of 

Mixed-Cation Perovskite Surfaces  

7.1 Introduction 

This paper involves an external collaboration initiated by Dr Jacob Tse-Wei Wang (CSIRO 

Energy) and the author. Unlike the previous results chapters, this work focuses on 

mixed-cation mixed-halide perovskites since these perovskites offer better PCEs. 

Although photovoltaic devices containing such perovskites have also shown better 

operational stability, there are a limited number of studies that report the surface stability of 

these perovskite films. In this work, two types of commonly used mixed-cation lead 

perovskites ((FA0.83Cs0.17)Pb(I0.83Br0.17)3 and (FA0.83MA0.17)0.95Cs0.05Pb(I0.83Br0.17)3) are 

investigated using NAP-XPS. The surface stability of the films against moisture and/or 

thermal stress (up to 150 
o
C) is probed in situ. The degradation mechanisms are proposed 

based on the results obtained in this research. This chapter will be combined with other 

results (from CSIRO Energy) prior to publication. 

Contribution 

The high-quality mixed-cation lead perovskite films were fabricated by Dr Jacob Tse-Wei 

Wang (CSIRO Energy). The NAP-XPS experiment was conducted by the author, with the 

assistance of Dr Alex Walton. The SEM images were also taken by the author and more 

characterisation data including device performance will be provided by Dr Jacob Tse-Wei 

Wang (under Dr Gregory Wilson’s supervision) before future publication. The author 

analysed the data shown in this chapter and wrote the manuscript with Dr Andrew Thomas 

and Prof Wendy Flavell, with suggestions from the co-authors.  
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Abstract 

The heat and water resistance of halide perovskite materials for use in perovskite solar 

cells (PSCs) are crucial for the future deployment of PSCs around the world. The surface 

stability of halide perovskites is one clear indicator for predicting the lifetime of the resultant 

photovoltaic devices. Here, we use X-ray photoelectron spectroscopy (XPS) to investigate 

the effect of heat on the dual- ((FA0.83Cs0.17)Pb(I0.83Br0.17)3 perovskite, where FA is 

formamidinium) and the triple-mixed-cation ((FA0.83MA0.17)0.95Cs0.05Pb(I0.83Br0.17)3 

perovskite, where MA is methylammonium).  Under ultra-high vacuum conditions we find 

that FA and Br are lost together from both films following heating at 100 and 150 
o
C. The 

amount of Cs is also reduced as a result of thermal stress, probably leaving from the films in 

the form of metallic Cs vapour in vacuum. Near-ambient pressure XPS (NAP-XPS) is also 

used to study the thermal degradation of the perovskite films in a more realistic environment, 

with the presence of water vapour (pressure of 9 mbar, equivalent to a relative humidity of 

30% at room temperature). It is found that, compared to bromine, more iodine is lost at the 

perovskite surfaces in moist conditions. Moreover, upon exposure to water vapour, 

conversion of FA to MA is demonstrated, through loss of a nitrogen atom, most probably in 

the form of ammonia gas. We find an insulating species formed upon H2O vapour 

exposure, which can be removed by heating to temperatures over 100 
o
C.  
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Introduction 

The perovskite solar cell (PSC) has rapidly emerged as one of the game changing 

technologies in the field of photovoltaics (PVs), with a certified power conversion efficiency 

(PCE) over 25%.
1 Their high PCEs and relatively low production cost compared to other 

PV cells enables PSC devices to be extremely competitive to substitute for,
2
 or be in tandem 

with mainstream silicon solar cells;
3
 the latter have achieved PCEs as high as 28%.

1 The 

perovskite structure is shown in Figure 1. The perovskite light absorbers have the general 

formula  ABX3 (where A is organic and/or inorganic cations, B can be Pb
2+

 and/or Sn
2+

, and 

X can be I
-
, Br

-
, and/or Cl

-
 anions).

4  A major advantage of these materials is that the A and 

X ions can be substituted, resulting in mixed cations or anions, allowing the physical 

properties of the absorbers to be precisely tuned via chemical composition engineering.
5 

The most widely used cations for the A site of ABX3 used in PSCs are Cs,
6
 formamidinium 

(CH(NH2)2
+
, FA)

7
, and the prototype, methylammonium (CH3NH3

+
, MA) ions

8
. It has 

been found that FA-based PSCs can deliver better PCEs due to the smaller optical energy 

bandgap of FAPbI3 (ca. 1.48 eV) compared to MAPbI3 (ca. 1.55 eV) and hence the higher 

current density.
9 However, pure FAPbI3 films have intrinsic phase instability issues as a 

result of inherent thermodynamics; i.e., it preferentially produces a non-photoactive yellow 

phase rather than the desired black phase at room temperature.
10  Amongst these, 

mixed-cation perovskites containing FA have been found to not only improve the stability of 

PSC devices but also to give superior electrical power output.
3, 11

 

Recently, triple-mixed-cation perovskites containing FA, MA, and Cs have been used 

to produce outstanding PCEs higher than 21%, with satisfactory operational stability.
11 

However, the presence of MA in the structure is still a concern since it may lead to thermal 

instability,
12, 13

 and thereby potentially reduce durability. Dual-mixed-cation perovskites 
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(Cs and FA) without MA are expected to have better thermal stability.
3 To date, there have 

been a limited number of fundamental studies of the stability of these two types (dual and 

triple) of mixed-cation perovskites. Improving the stability of PSCs is an essential task in 

order to boost the future real-world deployment of PSCs.   X-ray photoelectron 

spectroscopy (XPS) is well known as a powerful technique to investigate the (surface) 

stability of halide perovskites.
13, 14 Whilst MAPI has been well studied using XPS,

13, 14
 the 

stability of mixed-cation perovskite surfaces, particularly their water resistance, remains 

barely explored. This is important since it is well known that MA-containing perovskites 

decompose on exposure to even small amounts of water vapour, by loss of nitrogen and 

iodine.
13

 The combined effect of heat- and moisture-induced degradation at mixed-cation 

perovskite surfaces is of particular interest and importance since in a realistic environment 

thermal stress and moisture can be present simultaneously. 

 

 

Figure 1 The typical 3D perovskite crystal structure in the cubic phase, showing a 4x4x4 

supercell (right) and the unit cell outlined in blue (expanded on the left).  The unit call has a 

general chemical formula of ABX3, where A (MA
+
, FA

+
, Cs

+
) and B (Pb

2+
) are cations, and 

X (I
-
, Br

-
) are anions. 
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Here we carry out a study of the stability of the mixed-cation perovskites, 

(FA0.83Cs0.17)Pb(I0.83Br0.17)3 and (FA0.83MA0.17)0.95Cs0.05Pb(I0.83Br0.17)3 (denoted hereafter as 

FACs and FAMACs, respectively), using XPS under ultra-high vacuum (UHV) and 

near-ambient pressure (NAP-XPS) conditions.  The NAP-XPS technique enables XPS to 

be used in more realistic environments during measurements, e.g. 9 mbar H2O vapour, 

equivalent to a relative humidity (RH) of 30%. The moisture-induced degradation 

processes of MAPI and Cs2SnI6, under water vapour alone, using NAP-XPS have been 

reported.
13, 15, 16

 In this work, we compare the thermal stability, water resistance, and their 

combined effect of the mixed-cation perovskite surfaces. The differences between the 

degradation in response to heat without and with the presence of water are also discussed.  

We believe, these results and discussion can lead to insights which will feed into the future 

development to improve stability with regard to heat and moisture for halide perovskites and 

in turn pave the way towards highly efficient and stable PSC devices. 

Experimental Section 

Materials 

All chemicals were purchased from Sigma Aldrich, Tokyo Chemical Industry (TCI), or 

Greatcell Solar and used as received unless stated otherwise. 

Substrate preparation 

Samples were fabricated on fluorine-doped tin oxide (FTO) coated glass substrates 

(Pilkington). Substrates were cleaned sequentially with 2% Hellmanex, deionized water, 

acetone, and isopropanol in an ultrasonic bath for 15 minutes with substrates immersed in 
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each solution. After sonication, the substrates were rinsing with isopropanol and 

blow-dried with a nitrogen gun. Finally the substrates were treated with air plasma for 15 

minutes. 

Preparation of mixed-cation perovskite films 

The perovskite films were deposited onto cleaned FTO substrates in a nitrogen-filled 

glovebox using pre-mixed precursor solutions that were also prepared in the glovebox. For 

the (FA0.83MA0.17)0.95Cs0.05Pb(I0.83Br0.17)3 perovskite (denoted as FAMACs hereinafter), the 

precursor solution consisted of formamidinium iodide (FAI, Dyesol, 1 M), lead iodide (PbI2, 

TCI, 1.05 M), methylammonium bromide (MABr, Dyesol, 0.2 M), caesium iodide (CsI, 

Alfa Aesar, 0.06 M), and lead bromide (PbBr2, TCI, 0.22 M) in a mixture of anhydrous 

N,N-dimethylformamide (DMF): dimethylsulfoxide (DMSO) 4:1 (v:v).  Pre-dissolved 

caesium iodide (CsI, Alfa Aesar, 0.06 M) from a 1.5 M stock solution in DMSO, was added 

to the perovskite precursor solution to achieve the desired triple mixed cation 

stoichiometry.
11

 

For the (FA0.83Cs0.17)Pb(I0.83Br0.17)3 perovskite (denoted as FACs hereinafter), the 

precursor consists of formamidinium iodide (FAI, Dyesol, 1.05 M), lead iodide (PbI2, TCI, 

0.94 M), caesium iodide (CsI, Alfa, 0.22 M), and lead bromide (PbBr2, TCI, 0.32 M) in a 

mixture of anhydrous DMF:DMSO 4:1 (v:v).  Both of the perovskite solutions were spin 

coated using a two-step program at 1000 rpm and 6000 rpm for 10 s and 20 s with 200 rpms
-1

 

and 1000 rpms
-1

 acceleration, respectively, in a nitrogen-filled glovebox. During the 

second step, 300 μL of chlorobenzene was pipetted onto the spinning substrate 5 s prior to 

the end of the program. The substrates were then annealed at 100 °C for 30 min. 
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(NAP-)XPS measurements 

In order to prevent degradation by reaction with ambient air the following protocol was 

adopted for both samples. Following the formation of the perovskite films, all samples were 

placed in a tightly-sealed nitrogen-filled box covered with Al foil and placed in a plastic 

vacuum-sealed bag. Sample mounting on the XPS sample plate was conducted in a 

nitrogen-filled glovebox and the sample plate placed inside a vacuum desiccator and 

evacuated. The vacuum desiccator containing the sample plate was put into a glove bag 

attached to the fast-entry load lock of the NAP-XPS system (SPECS). The glove bag was 

filled with pure Ar and the desiccator was opened and sample transferred to the load-lock. 

The load lock was then evacuated and the sample transferred to the NAP-XPS system. The 

NAP XPS instrument is a custom built system equipped with a SPECS Focus 500 

monochromated Al Kα X-ray source (h𝜈 = 1486.6 eV and SPECS 150 mm Phoibos 150 

hemispherical analyser with a three-stage, differentially-pumped electrostatic lens. XPS 

spectral acquisition can be carried out either under conventional UHV conditions or in a 

near-ambient pressure (NAP) cell backfilled with 9 mbar water vapour, which is 

approximately equivalent to a relative humidity (RH) of 30%, at a standard atmospheric 

temperature of 25 
o
C. The samples without heating are denoted as RT (room temperature, 

at ca. 25 
o
C) hereinafter. Sample heating was carried out by radiative heating of the sample 

plate from a filament placed behind the sample. The temperature was measured by a 

thermocouple sandwiched between the sample plate and the FTO substrate. XPS 

acquisition was begun when the temperature had been allowed to stabilise for five minutes. 

The filament heating remained on throughout the whole measurement at the chosen 

temperature conditions (100 
o
C or 150 

o
C).  The binding energy (BE) scale in the 

measurements is calibrated to the hydrocarbon-derived on the MAPI surfaces C 1s peak at a 
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binding energy (BE) of 285.3 eV.
13, 16, 17

 This results in a BE for the metallic lead Pb 4f7/2 

peak of the fresh perovskites films of ca. 137.0 eV, in agreement with the literature.
13, 17, 18

 

BE values are quoted to an accuracy of ±0.1 eV. A Shirley background and 

Gaussian/Lorentzian curves were used to fit the XPS core level spectra using CasaXPS 

software.
19, 20

 The built-in CasaXPS sensitivity factors (Kratos) were used to calculate the 

chemical stoichiometry of the samples. The spectra and concentrations are normalised to 

the corresponding Pb 4f7/2 Pb
2+

 peak without calculating metallic lead. 

Morphology 

The morphology of the films was measured using scanning electron microscopy (SEM - 

Zeiss Sigma VP FEG-SEM).  The SEM sample was exposed to ambient air for one 

minute, which is not expected to produce significant impact on the morphology. 

Results and Discussion 

The XPS results for the FACs and FAMACs materials are divided into four sections to 

investigate the thermal- and moisture-induced degradation of these perovskites: (1) FACs 

perovskite in UHV conditions, (2) FAMACs perovskite in UHV, (3) FACs perovskite + 9 

mbar water vapour, (4) FAMACs perovskite + 9 mbar water vapour. Prior to XPS 

measurements, the morphology of FACs and FAMACs perovskite samples were examined 

using SEM, as shown in Figures S1A&B (see Supporting Information), in order to determine 

the quality of the films.  Both films are pinhole-free and composed of densely packed, 

well-defined grains. There is no significant difference between the morphologies of the 

films prepared in the presence of MA (yielding the FAMACs perovskite) and in its absence 

(yielding FACs). 
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(1) FACs perovskite in UHV conditions 

XPS spectra of a spin-coated FACs perovskite film recorded from different core levels at 

various temperatures in UHV conditions are shown in Figure 2. Two components are fitted 

to the Pb 4f spectra (Figure 2A), giving rise to two sets of Pb 4f7/2,5/2 doublets, under all 

conditions and corresponding to two distinct chemical states. The Pb 4f7/2 components 

recorded from the fresh FACs film at binding energies (BEs) of 138.6 ± 0.1 and 137.0 ± 0.1 

eV BE can be assigned to the Pb
2+

 in the FACs perovskite and metallic lead (Pb
0
), 

respectively.
13, 21

  The BE value of the perovskite peak of the FACs perovskite (ca. 138.6 

eV) is similar to that of MAPI films without Br doping.
13, 14

  This suggests that the 

presence of Br at the surface (Figure 2D) of the FACs perovskite does not significantly 

change the Pb chemical environment in the halide perovskite framework. Following 

heating in UHV at 100 
o
C and 150 

o
C, the Pb 4f7/2 BE shifts to 138.9 ± 0.1 eV (ca. 0.3 BE 

shift), suggesting the formation of PbI2 at the FACs perovskite surfaces under thermal 

stress.
13, 14 The amount of metallic lead (Pb

0
) dramatically increases after raising the 

temperature of the sample. 

The I 3d XPS spectra (I 3d5/2,3/2 doublets with a single component), in Figure 2B, of the 

FACs sample reveal a similar BE shift (ca. 0.3 eV) after heating at both 100 and 150 
o
C in 

UHV, from 619.5 ± 0.1 to 619.8 ± 0.1 eV BE for the I 3d5/2 peak.  This suggests also 

thermal-induced chemical transition from the FACs perovskite into lead iodide,
13, 14

 

consistent with the observation in the Pb 4f XPS spectra.  The surface stoichiometry 

information depicts this change in elemental chemical composition more completely, as 

summarised in Table 1. It can be seen that the I/Pb ratio of the as-deposited film is 2.4 ± 0.1, 

consistent with the expected stoichiometric ratio of 2.5, based on the halide ratio of the 

precursor solution.  
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Figure 2 High-resolution XPS (A) Pb 4f, (B) I 3d, (C) N 1s, (D) Br 3d, and (F) Cs 3d 

core-level spectra of a spin-coated FACs perovskite film recorded in UHV conditions at 

room temperature (RT), 100 
o
C, and 150 

o
C. All spectra are normalised to the Pb 4f7/2 peak 

areas (for Pb
2+

) for comparison.  

(A) (B) 

(C) (D) 

(E) 
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Following heating to 100 and 150 
o
C, the values drop to approximately 2.0, clearly 

suggesting that the decomposition product at the surface is PbI2. The N 1s XPS spectra 

shown in Figure 2C can be fitted with a single component at a BE of 400.8 ± 0.1 eV.  This 

can be assigned to N in the FA cation in FA-containing perovskites.
21

 Upon heating, the 

nitrogen signal is attenuated upon heating to 100 
o
C, and completely lost following heating 

at 150 
o
C in UHV. This is in agreement with previous work on MAPI which suggests 

formation of PbI2 is accompanied by the loss of iodine and nitrogen from the perovskite. 

Figure 2D shows the XPS core-level spectra of the minor halide element, Br, showing 

that the Br 3d5/2 peaks sit at a BE of ~68.6 eV, attributed to Br in the FACs perovskite.
22

  

Table 1 shows that the Br/Pb ratio decreases after heating in UHV. The decrease in signal 

from Br is similar to that of N (FA) relative to Pb (both around half), when heated at 100 
o
C 

in UHV. This suggests that there may be a correlation between Br and FA in the 

thermal-induced degradation processes. This finding is in agreement with literature reports 

that reveal the synchronous loss of FA and Br, probably in the form of FABr vapour under 

thermal stress.
23

 Here, owing to the fact that more FA is present at the surface of the fresh 

film, FA is lost more quickly compared to Br as a result of heating. Since the N signal is 

lost completely following heating to 150 °C, the nitrogen must also be lost in another form, 

possibly formamidine, FAI or NH3. NH3 gas has been found to be lost during degradation 

of MAPI films induced by moisture.
13, 24

 In moisture-induced degradation of MAPI this 

results in the formation of a hydrocarbon film at the surface. Following heating of the 

FACs film at 100 and 150 
o
C, however, the concentration of C－H bonding relative to Pb 

reduces from ca. 2.4 to 1.9 and 1.5 (Table S1), respectively. This indicates the hydrocarbon 

moiety of the perovskite films is also lost from the material surface upon heating. 

Therefore, it is more likely that the nitrogen escapes in the form of FAI and/or FA plus HI. 
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The Cs 3d core-level XPS spectra are shown in Figure 2E, and show a single Cs 

chemical environment with spin-orbit split Cs 3d5/2 and 3d3/2 peaks at BEs of 725.1 ± 0.1 eV 

and 739.0 ± 0.1 eV, respectively.  These binding energies are consistent with Cs－I/Cr－Br 

bonding.
15  Table 1 shows that the concentration of Cs is reduced after heating 

accompanied by a BE shift to 725.5 ± 0.1 eV at 150 
o
C (ca. 0.4 eV BE shift). The increase 

in BE is consistent with the formation of CsI and CsBr at the surface.  It has been 

previously observed that the BE of CsI is higher than that of the Cs in a Cs2SnI6 double 

perovskite,
25

 most likely due to the stronger ionic character of Cs in the halide compared to 

the perovskite.  With regard to the loss of Cs upon heating, it is unlikely that CsI and/or 

CsBr vapours will be formed due to the high melting and vapourisation temperatures of 

alkali metal halides. It is tentatively proposed therefore that loss of Cs with increasing 

temperatures may be due to evaporation of metallic Cs from the surface. The low melting 

point of Cs metal of 28 
o
C means that sublimation of elemental Cs may occur under 

ultra-high vacuum conditions even 100 – 150 °C. Based on the data presented above, we 

propose the thermal decomposition route under the stress up to 150 
o
C in UHV for FACs 

perovskites as below: 

(FA1−𝑥Cs𝑥)Pb(I1−𝑥Br𝑥)3(s)
ℎ𝑒𝑎𝑡
→   Pb (s) +  Cs (g) +  CsI (s)  +  HI (g) +  HBr (g) +

 FAI (g) +  FABr (g) +  FA (g)  + PbI2 (s) +  I2 (g) + Br2 (g),     (Eq.1) 

where x is 0.17 in this work. Note this equation only refers to the degradation process in 

vacuo. The degradation route induced by heat in humid conditions will be discussed later. 

In addition, this degradation reaction simply exhibits the potential by-products produced by 

thermal degradation since we are not able to analyse the products leaving the material upon 

heating in vacuum, only the material left at the surface. 
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(2) FAMACs perovskite in UHV conditions 

FAMACs, exhibits similar XPS core-level spectra, before and after heating in UHV, as 

shown in Figure 3. With the exception of the MA cation (CH3NH3
+
) derived N 1s peak in 

Figure 3C, all BEs of the fresh FAMACs film are similar to those detected from the FACs 

sample, suggesting MA at the concentration studied (0.2 relative to Pb) does not greatly 

affect the binding energy and chemical state of the other elements. The BE of the MA 

constituent (N－C) in lead perovskites is higher than that of FA, located at a BE of around 

402.5 eV.
13

 Upon heating the MA at the FAMACs perovskite surface is completely 

removed from the surface of the film by heating at 100 
o
C in UHV.  This indicates that the 

MA is less stable and more volatile under thermal stress in UHV compared to the FA in 

mixed-cation perovskites.
3
 The chemical composition changes of the FAMACs film under 

heating are summarised in Table 2. The results show that the fresh FAMACs sample 

possesses an ideally stoichiometric surface. However, the Pb
0
 concentration of the fresh 

FAMACs surface (Figure 3A) relative to Pb
2+

 is much higher than that of the fresh FACs 

perovskite. After heating in UHV, the MA-containing perovskites produce more metallic 

lead. We note that the increasing levels of metallic lead at the surfaces of both the 

perovskites with and without MA are almost identical regardless of the different initial 

values. By comparing the thermal stability of the perovskites with and without MA 

following heating in UHV, the loss of I, Br (Figure 3D), and FA, are also quite similar.  

Nonetheless, MA itself is thermally unstable at only 100 oC (Figure 3C),
3
 and therefore 

synthesising novel halide perovskites which do not contain MA is important in improving 

stability. 
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Figure 3 High resolution XPS (A) Pb 4f, (B) I 3d, (C) N 1s, (D) Br 3d, and (F) Cs 3d 

core-level spectra of a spin-coated FAMACs perovskite film recorded in UHV conditions at 

room temperature (RT), 100 
o
C, and 150 

o
C. All spectra are normalised to the Pb 4f7/2 peak 

areas (Pb
2+

) for comparison. 

(A) (B) 

(C) (D) 

(E) 
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Under UHV heating, the amount of Cs remains similar for the FAMACs sample (Figure 

3E) fluctuating between 0.01 and 0.03 within error relative to Pb (Table 2). This may be 

due to the fact that much smaller amount of Cs is present in the FAMACs perovskite 

structure. Following heating, the BEs of the Cs 3d5/2 peak shift towards higher BE, as 

shown in Figure 3E, suggesting again the conversion from caesium halide bonds in the 

FAMACs film to CsI and CsBr,
15

 consistent with the observation for the FACs perovskite 

(Figure 2E). 

 In Table 2, we can see that the reduction in the concentration of the total halide is 

similar to the decrease in that of the total organic cation. It is known that FA can be lost 

from the surface in the form of FABr and FAI vapours.
23

 Similarly, the amount of 

hydrocarbon species (Table S2) decreases following heating in UHV.  Similarly, the 

amount of hydrocarbon species (Table S2) decreases following heating in UHV. This 

suggests that the carbon moieties from either FA or MA escape with the nitrogen rather than 

staying at the surface of the films when heated in UHV as is observed for water induced 

degradation of MAPI. The degradation process of the FAMACs perovskite under thermal 

stress can be expressed as Eq.2 as below: 

(FA1−𝑥MA𝑥)1−𝑦Cs𝑦Pb(I1−𝑥Br𝑥)3 (s)  
ℎ𝑒𝑎𝑡
→   Pb (s) +  Cs (g) +  CsI (s)  +  HI (g) +

 HBr (g) +  FAI (g) +  FABr (g) +  FA (g)  +  MAI (g) +  MABr (g) +  MA (g) +

 PbI2 (s) +  I2 (g) + Br2 (g),           (Eq.2) 

Where x equals to 0.17 and y is 0.05 in this work for the FAMACs perovskites and noting 

this equation again only applies to an environment without the presence of moisture. As for 

the FACs material the products are somewhat speculative since we are only able to 

determine what is left on the surface, and do not measure the species lost to the vacuum 
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system.  The data above show the effect of temperature under UHV conditions, however in 

a realistic environment, water is always likely to be present. Hence, the thermal 

degradation of the mixed-cation perovskite films in an environment containing moisture is 

of significant interest. 

(3) FACs perovskite + 9 mbar water vapour 

Figure 4 shows the NAP-XPS spectra of a FACs perovskite film recorded from the 

strongest core levels with and without the presence of 9 mbar H2O vapour. The main peak 

of the Pb 4f spectra (Figure 4A) moves to a higher BE (ca. 0.2 eV shift) of ca. 138.8 eV after 

exposure to 9 mbar H2O vapour at room temperature, suggesting the formation of PbI2.
13 

When heated to 100 and 150 
o
C in moisture, the peak shifts again towards higher BE at 

approximately 138.9 eV, consistent with the reaction of lead perovskites with water to form 

PbI2.
13  Interestingly, the amount of metallic Pb (Figure 4A) remains at a similar level 

following heating in a humid environment, contrary to the heating of the FACs sample in 

UHV. This indicates that H2O vapour suppresses the formation of metallic lead at the lead 

perovskite induced by thermal stress. In addition, in our previous study of water-induced 

degradation of MAPI, the metallic lead concentration of MAPI was still found to 

substantially increase following exposure to an identical partial pressure of water.
13 It is 

therefore more likely that the lead in the perovskite and PbI2 reacts with water vapour to 

form Pb(OH)2.
18, 26 The BE of Pb(OH)2 is known to be similar to that of PbI2,

18, 26
 making 

it difficult to be resolve the Pb
2+

 peak of PbI2 from Pb(OH)2. 
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There is an identical BE shift observed in the I 3d NAP-XPS spectra (Figure 4B). The 

chemical composition of the FACs film after exposure to water and heating is summarised in 

Table 1 (denoted “with H2O”). Upon H2O exposure at RT, the concentration of FA drops to 

around half its original concentration (also see Figure 4C), in contrast to the reaction of 

MAPI with water vapour where the MA is lost completely after exposure to 9 mbar water 

vapour.
13

 Figure 4C also shows that upon exposure to water the N 1s spectrum can be fitted 

with an additional peak at a BE of 402.5 ± 0.1 eV. This feature can be assigned to 

formation of the MA (N－C) cation (CH3NH3
+
) and/or the formation of NH3

+
 species at the 

surface.
13, 16

 This suggests the loss of nitrogen may occur via the loss of ammonia gas 

(NH3), triggered by reaction of the FA ion with H2O vapour,
13

 as expressed below: 

 CH5N2
+ (s)  +  4H+(g)

𝐻2𝑂
→   CH3NH3

+(s) +  NH3 (g),     (Eq.3) 

where H
+
 comes from H2O vapour. After H2O exposure at RT and 100 

o
C, and then 

allowing the NAP cell to return to UHV leads to broadening of the N 1s peaks. Since one 

would not expect a large change in the full-width-half-maximum (FWHM) of the peak, it is 

fitted with a second peak with fixed FWHM. This additional component, at a binding 

energy of 401.6 ± 0.1 eV, however, does not appear during H2O exposure. One possible 

explanation is that as the surface undergoes degradation by reaction with water, the surface 

products are insulating and lead to charging at the surface. Upon exposure to water the 

H2O gas can extract accumulated holes generated by the photoemission process, reducing 

the charging effect. We previously found that charged constituents are produced at MAPI 

surfaces degraded in ambient air.
16

 Contrary to this though, no such charged species are 

observed in any of the other core-level spectra, and after exposure of the film to H2O vapour 

at 150 
o
C, this higher energy component is lost. This suggests that the additional species is 
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lost as a result higher temperature, along with the MA and NH3
+
 species. The origin of this 

peak is therefore unclear. It may be an intermediate which remains adsorbed below 150 °C 

but this does not explain why it is only present after the system is returned to UHV. 

The evolution of the Br 3d (Figure 4D) and Cs 3d (Figure 4E) core-level peaks of the 

FACs sample under thermal stress in humid conditions show a similar trend for the sample 

heated in dry vacuum. In addition, it can be seen that during H2O vapour exposure at 

various temperatures for all core-level XPS spectra, the BE generally shifts towards lower 

values owing to the fact that H2O molecules remove the surface charge (holes) which arise 

from the photoemission process. The halide concentrations relative to Pb of the FACs 

sample under various conditions are shown in Table 1. The concentration of the total 

halide (I + Br) decreases from ca. 2.8 to 2.5 following H2O vapour exposure at RT. The 

reduction is mainly due to the loss of iodine (Figure 4B), whilst the bromine stays at similar 

levels (Figure 4D). For the I/Pb concentrations (Figure 4B and Table 1), the decrease in the 

values for the sample heated in moisture is higher than those heated without H2O vapour. 

This suggests that H2O vapour facilitates the removal of I, and appears to confirm previous 

findings suggesting formation of HI upon reaction of MAPI with water.
13

 On the other 

hand, Br remains at similar levels at the surface of the film in the presence of moisture, again 

a significantly different result compared to the films heated in UHV. Similarly, the 

degradation of FA is less severe as a result of heating under H2O compared to the films 

heated in UHV. The variations in the elemental concentration of FA are again similar to 

those of Br. This suggests that these two elements may be lost in the form of FABr from the 

surface of the FACs perovskite films, as proposed for the samples heated in UHV. 

In addition, the Cs/Pb value (Figure 4E) drops following exposure at RT, consistent 

with the observation for the FACs film under thermal stress in dry condition. On the other 
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hand, when the film is heated in a humid environment, the Cs/Pb value increases with 

temperature following an initial drop as a result of H2O vapour at RT (Figure 4E). The 

reason for the initial drop in Cs concentration upon exposure to water is not clear. One 

possibility is that the reaction products formed upon exposure to water remain adsorbed on 

the surface, as seems to be the case with the additional nitrogen species. This leads to the 

Cs being buried below the layer of degradation products. Upon heating to 100 °C some of 

these products are lost from the surface leading to the observed rise in Cs/Pb ratio, and a 

corresponding decrease in the intensity of the N 1s peak at ca. 401.6 eV. Heating to 150 °C 

leads to further removal of the decomposition and increase again in the Cs/Pb ratio and loss 

of the higher N 1s binding energy. 

(4) FAMACs perovskite + 9 mbar water vapour 

The surface chemical compositions of a FAMACs film exposed to 9 mbar H2O vapour 

without (RT) and with heating (100 or 150 
o
C) are summarised in Table 2 and the 

corresponding XPS spectra are shown in Figure 5. Compared to the FACs sample, the 

decrease in the FA (Figure 5C) and Br (Figure 5D) concentrations relative to Pb for the 

FAMACs sample is much higher, particularly at 150 
o
C. This suggests that the presence of 

MA in the perovskite film leads FA and Br ions to be more likely to leave from the surface of 

the film under hot, humid, low pressure conditions. In other words, MA is not only 

inherently vulnerable to heat and moisture itself but also influences the thermal stability of 

other elements in the perovskite films when water vapour is present. It is worth noting that 

the amount of MA increases following H2O vapour exposure at RT. This suggests again 

that under humid environment, FA converts into MA first in the perovskite structure in 

agreement with the FACs film. The MA of MAPI appears to be vulnerable to moisture, 

resulting in reduced amount.
13

  Therefore, the amount of MA in the FAMACs film is 
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supposed to reduce under moist condition if FA cannot convert to it. Again we observe an 

additional feature in the N 1s spectrum after exposure to water, but not during exposure 

which seems to further suggest this may be an intermediate species of the water/FAMACs 

material. 

The total cation concentration of the FAMACs sample at 150 
o
C is apparently lower 

than that obtained from the FACs perovskite due to the presence of thermally unstable MA. 

For the iodine concentrations (Table 2 and Figure 5B), the degradation trend with heating 

temperature is roughly the same regardless of the presence of MA. Heating the sample in 

moisture leads to relatively severe reduction in iodine concentrations compared to the film 

heated in UHV. It was suggested that water vapour facilitates the formation of iodine 

vacancies, probably through the loss of hydrogen iodide gas.
13

 Last but not least, the 

amount of Cs relative to Pb remains similar within error. There is a small apparent decrease 

in Cs upon exposure to water, consistent with the FACs film, but the low initial concentration 

makes it difficult to draw any conclusions from this.  We note however, that the BE shifts 

towards higher values following heating the FAMACs sample in water vapour consistent 

with the formation of Cs halides. 
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Conclusions 

In conclusion, here, we present a comprehensive study of thermal effect on the surface 

of the mixed-cation (FAMACs and FACs) mixed-halide perovskites with and without MA, 

respectively, under conditions with and without the presence of moisture. The results 

clearly demonstrate the thermal-induced degradation pathways of FACs and FAMACs 

perovskite films in UHV and in near-ambient-pressure conditions with a RH of 30% using 

NAP-XPS. MA is relatively vulnerable to heat under both conditions regardless of the 

presence of H2O vapour compared to the FA and Cs in the perovskite structure. 

Interestingly, if H2O vapour is present, the FA cation appears to convert into MA cation by 

losing nitrogen, probably in the form of ammonia gas  Furthermore, under humid 

environments, bromine appears to be more stable than iodine in the perovskite structures 

studied. This suggests that partially replacing iodine with bromine may be a relevant 

strategy to improve the stability of halide perovskites against moisture. Moreover, both 

with and without H2O vapour, it is clearly observed that FA and Br show synchronous loss, 

consistent with previous literature.
23 Overall, the FAMACs is less thermally stable since 

not only is MA unstable but also appears to make other ions, such as FA and Br, become less 

stable in humid conditions. 
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(A) 

 

(B) 

Figure S1 High-resolution SEM images of the (A) FACs and (B) FAMACs perovskite 

films after storage in a vacuum-sealed bag. 
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Table S1  Atomic concentrations of different components in spin-coated FACs perovskite 

films determined from (NAP-)XPS recorded under RT and thermal stress (100 or 150 
o
C) 

under UHV and with 9 mbar H2O vapour exposure. Note the stoichiometries with H2O 

vapour exposures are calculated from the data “after” H2O vapour exposure rather than 

“during”. All elements are normalised to [Pb
2+

] = 1.0. 

 

Condition 
Pb 

(Pb 4f7/2) 
C－C/C－H C－N(MA)/C－OH N－C－N(FA)/C=O 

RT (1) 1.0±0.1 2.4±0.1 0.3±0.1 0.8±0.1 

100 
o
C 1.0±0.1 1.9±0.1 0.3±0.1 0.4±0.1 

150 
o
C 1.0±0.1 1.5±0.1 0.6±0.1 0.0±0.1 

RT (2) 1.0±0.1 3.7±0.1 0.3±0.1 1.0±0.1 

RT H2O 1.0±0.1 6.8±0.1 3.8±0.1 1.5±0.1 

100 
o
C H2O 1.0±0.1 14.9±0.1 7.3±0.1 1.5±0.1 

150 
o
C H2O 1.0±0.1 24.9±0.1 3.8±0.1 0.0±0.1 

 

The change in the concentrations of MA and FA peaks obtained from the C 1s spectra is 

supposed to match the change in those acquired from the N 1s spectra. However, C－OH, 

C=O, and C－C/C－H can increase due to the contamination introduced into the NAP cell 

particularly with the presence of H2O vapour, as the increased pressure in the cell tends to 

displace gas, such as CO, CO2, and small organics from the chamber walls.
1 The heating at 

150 
o
C with the presence of H2O vapour can reduce the surface contaminations of the film as 

observed in the C－OH and C=O concentrations. The increase in hydrocarbon could be 

partially attributed to the conversion from the organic part of the perovskite as a result of 

H2O vapour.
2
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Table S2  Atomic concentrations of different components in spin-coated FAMACs 

perovskite films determined from (NAP-)XPS recorded under RT and thermal stress (100 or 

150 
o
C) under UHV and with 9 mbar H2O vapour exposure. Note the stoichiometries with 

H2O vapour exposures are calculated from the data “after” H2O vapour exposure rather than 

“during”. All elements are normalised to [Pb
2+

] = 1.0. 

 

Condition 
Pb 

(Pb 4f7/2) 
C－C/C－H C－N(MA)/C－OH N－C－N(FA)/C=O 

RT (1) 1.0±0.1 3.3±0.1 0.3±0.1 1.0±0.1 

100 
o
C 1.0±0.1 1.0±0.1 0.1±0.1 0.3±0.1 

150 
o
C 1.0±0.1 0.5±0.1 0.3±0.1 0.0±0.1 

RT (2) 1.0±0.1 4.7±0.1 0.9±0.1 1.2±0.1 

RT H2O 1.0±0.1 8.1±0.1 7.9±0.1 2.6±0.1 

100 
o
C H2O 1.0±0.1 11.5±0.1 7.6±0.1 2.6±0.1 

150 
o
C H2O 1.0±0.1 18.9±0.1 2.9±0.1 0.0±0.1 

 

The explanation for the changes in the concentrations of these carbon-containing 

components generally follows the discussion presented for the aforementioned table (Table 

S1). 
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Chapter 8  Inorganic Cs2SnI6 double perovskite thin 

films via AACVD 

This paper has been first published in Journal of Materials Chemistry A on 10/05/2018 

Cite this: J. Mater. Chem. A, 2018, 6, 11205 

8.1 Introduction 

This chapter contains a paper that has been published in Journal of Materials 

Chemistry A.[9] The work (Paper 5) extends halide perovskite research from organic lead 

perovskites (Chapter 4 to 7) to an inorganic lead-free tin perovskite. This paper compares 

the bulk and surface stability of Cs2SnI6 double perovskite films fabricated by spin coating 

and AACVD. The reasons why choose this material as the lead-free candidate to reduce 

toxicity are the low optical bandgap of ~1.3 eV and air-stable property of this material. 

The latter is partially due to the inorganic nature and Sn
4+

 in the Cs2SnI6 chemical structure, 

which cannot be further oxidised. We found that AACVD-grown samples have better 

stability than spin-coated counterparts, probably due to larger grain sizes, which have less 

surface-to-volume ratios to react with atmospheres, consistent with the results in Chapter 5. 

Furthermore, the addition of HI in the precursor solution plays an important role in phase 

purity and defect chemistry. XPS results show that excess I and Sn are present at the film 

surface, which can be attributed to the presence of tin iodide. For NAP-XPS experiment, 

in addition to water vapour exposure, we also investigated the oxygen-induced degradation 

of Cs2SnI6.  The outcome for both exposures shows some changes in Sn and I 

concentrations relative to Cs whilst the amount of CsI remains similar. The results 
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suggest that tin iodide may passivate the Cs2SnI6 surface/grain boundaries, protecting the 

films from degradation caused by moisture or oxygen. 

Contribution 

The author designed and performed most of the experiments, including sample 

preparation and characterisation.  NAP-XPS and XPS measurements were greatly 

supported by Dr Alex Walton and Dr Ben Spencer, respectively.  The AACVD 

instruments used are the facilities built by the group of Dr David Lewis and Prof Paul 

O’Brien (deceased). I obtained advice from Dr David Lewis for fine-tuning the AACVD 

process to make perovskites. The author analysed all the data acquired and wrote this 

paper with Prof Wendy Flavell and Dr Andrew Thomas, with suggestions from the 

co-authors. 
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8.2 Paper 5 

8.2.1 Main Text 
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Chapter 9 Conclusions and Outlook 

9.1 Conclusions 

With immense concern about climate change, developing alternative renewable 

energy is of paramount importance. PSC is one of the brightest PV technologies of the 

future due to potentially low cost and high flexibility compared to mainstream silicon solar 

cells. The major deficiencies of PSCs are the instability and short lifetime issues under 

operating conditions, which are key factors for the future deployment of PSC panels. The 

main reason for the reduced performance of PSCs with time is the decomposition of 

perovskite light absorbers. Many sources can degrade halide perovskite films, including 

moisture and oxygen in ambient air, thermal stress and even light. We have taken the 

advantages of NAP-XPS to investigate the atmospheric degradation reactions of halide 

perovskites (in particular water vapour). Three key factors (processing, materials and 

understanding degradation mechanism) are all studied and included in this thesis with an 

emphasis on understanding the degradation mechanism.  Investigation of 

moisture-induced degradation behaviour at perovskite surfaces using NAP-XPS is the 

fundamental part of these works, which are all built on the study in Chapter 4. 

In Chapter 4, we report a significant breakthrough in the introduction of NAP-XPS to 

investigate the moisture-induced degradation behaviour of halide perovskites for the first 

time. We measured in situ deposited MAPI films using NAP-XPS in the presence of 3 

and 9 mbar water vapour (equivalent to relative humidity (RH) of ~30%). It has been 

demonstrated that an ultrathin MAPI film can be deposited using a simple 

UHV-compatible thermal evaporator (PbCl2 and MAI as precursors). The film was never 
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exposed to ambient air, eliminating other factors which could influence the results of 

degradation study. In the paper, we unambiguously show the decomposition route, where 

hydrogen iodide and ammonia gases are released from the film as a result of water vapour.  

Interestingly, we found carbon was not lost from the film surface upon water vapour 

exposure, whereas the nitrogen moiety completely degraded at RH ~30%. This suggests 

the vulnerability of the organic component of MAPI mainly originates from nitrogen rather 

than the carbon part. 

Chapter 5 confirms AACVD can give MAPI films better stability in ambient air than 

spin-coated counterparts. This is probably due to larger grain sizes produced as well as 

slightly better surface coverage. The lead precursor applied in this work is Pb(SCN)2, 

which could enable humid air processing.  Without antisolvent treatment in the 

spin-coating method, the MAPI film obtained is very transparent, whereas AACVD can 

afford a dark and opaque MAPI film without additional treatment. The use of excess 

MAI leads to the reduced amount of PbI2 impurity and defects and the formation of 

CH3NH2 at the surface, where the latter was determined using XPS. The CH3NH2 may 

act as a passivating agent to stabilise the MAPI surface. Furthermore, the MAPI films 

using Pb(SCN)2 in this work are more stable than those made from PbCl2 under the 

identical condition (Chapter 4). The surface passivation effect of MAPI films is further 

discussed in Chapter 6. In this work, we used thermal evaporation to deposit bulky 

ammonium iodides onto the MAPI surface. It was found that the metallic lead defects 

were healed by ammonium iodides, as determined by XPS. Ammonium iodides with 

longer carbon chains give the MAPI surface better water resistance. The degradation 

process induced by H2O still follows the reaction proposed in Chapter 4: nitrogen and 

iodine have synchrotron loss in the form of ammonia and hydrogen iodide gases. 
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Chapter 7 not only focuses on the water resistance of mixed-cation perovskites but 

also the thermal stability since in the real world solar panels could experience both hot and 

humid environments. Mixed-cation mixed-halide perovskites containing FA have become 

mainstream lead perovskites due to better electricity output and lifetime. We found the 

perovskite containing MA has worse thermal stability as the MA component tends to 

escape from the film surface at 100 
o
C. It is worth noting that upon water vapour 

exposure the FA in the perovskites could lose one nitrogen atom first to form MA cation, 

prior to complete escape. Furthermore, NAP-XPS reveals that on exposure to moisture 

and/or heat FA and Br have synchronous loss, possibly in the form of FABr gas. 

In Chapter 8, we focus on lead-free tin perovskites. The unstable nature of Sn
2+

 in 

typical tin perovskites makes them easily degraded. In this paper, a potential lead-free 

candidate, Cs2SnI6 double perovskite, has been studied. The material has optimised 

optical bandgap for single-junction solar cells and is relatively air stable. Cs2SnI6 have 

appeared to be highly process-dependent in accordance with numerous pieces of literature 

and this research. We found that the addition of HI in the precursor solution can lower 

the optical bandgap energy. Furthermore, AACVD-grown samples can produce larger 

grain sizes than spin-coated counterparts, which could impart better stability to the surfaces 

against moisture. XPS results reveal the presence of excess tin and iodine at the surface 

of Cs2SnI6. Following exposure to H2O or O2, the concentrations of tin and iodine 

changes, whereas the amount of CsI impurity remains similar. This suggests tin iodide 

may passivate the surface, preventing Cs2SnI6 from degradation induced by atmospheres. 

In summary, this thesis provides a better understanding of the degradation behaviour 

of halide perovskite surfaces and provides directions for the improved stability. We 

believe the insights obtained in this thesis can pave the way towards stable PSC devices. 
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9.2 Outlook 

Here we discuss the outlook by three viewpoints for stability: processing, materials, 

and understanding the degradation mechanisms. For processing, we have demonstrated a 

scalable process, AACVD, to deposit perovskite films. However, during the experimental 

period, it was found that AACVD needs thicker films to obtain good surface coverage, but 

too thick films are not preferred for use in PSCs. Therefore, further process modification 

is required to bring AACVD into the fabrication of PSCs. For materials, Cs2SnI6 has 

appeared to have strong metallic behaviour, preventing the devices from high PCEs.[226]  

Its Ti-based derivative, Cs2TiBr6, has shown a promising first PCE of 3.3% with excellent 

optical and electronic properties, which may merit further investigation.[227]  Lead-free 

perovskites should be continuously studied to reduce the environmental impact of applying 

PSCs. 

In this thesis, surface passivation has been demonstrated as an effective way to 

improve the stability of halide perovskites. Since it only modifies the surface rather than 

bulk, XPS would be very useful to investigate the effect of surface passivation. Many 

agents could passivate surface defects. Amongst them, ionic liquids could play an 

important role in surface passivation to improve device performance and lifetime.[228, 229]  

In future research, it would be of great interest to use surface characterisation techniques 

such as XPS to study the interaction between ionic liquids and halide perovskites. In 

addition to the moisture-induced degradation mechanism, more degradation processes 

caused by other factors (e.g. light and heat) or their combined effects should also be 

investigated.  Better connection between device outcome and analytical results can 

significantly contribute to highly stable and efficient PSCs. Moreover, the evolution of 
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the surface degradation of halide perovskites has not been systematically investigated. 

Well-designed time-resolved studies are required to gain understanding in the degradation 

kinetics.  Furthermore, some of the degradation reactions proposed have not been 

completely supported by direct evidence, such as reduction of metallic lead upon exposure 

to water vapour in some cases. Further elucidation of the underlying surface redox 

chemistry would gain insight into accurate degradation mechanisms. 
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Appendix 

This chapter aims to present some selected important results obtained during PhD 

research, which are not included in the previous result sections. A few PSC device 

performance data from side projects are presented here as fabricating some photovoltaic 

devices can help the author gain knowledge about PSCs and in turn facilitate 

understanding of film deposition. Two types of planar devices are introduced here: MAPI 

and FAPI-based PSCs. 

Experimental Section 

Device Fabrication 

To make planar PSC devices, patterned ITO-glass substrates (Ossila) with a size of 

2.0 x 1.5 cm were used. Before any deposition, these substrates were carefully cleaned 

by immersing them in solutions in an ultrasonic bath, respectively containing 3 vt% 

Hellmanex III detergent in DI water, DI water, acetone, and ethanol in succession for 10 

minutes in each step. The cleaned substrates were then dried immediately by an air 

blower prior to UV-O3 treatment. Just before depositing compact TiO2 layers, the cleaned 

substrates were treated by UV-O3 for 15 minutes to remove organic residuals. 

Next, we used a two-step spin-coating process to deposit compact TiO2 layers (c-TiO2) 

on an ITO-glass substrate in order to minimise the number of voids and pinholes formed. 

The compact TiO2 solutions are composed of titanium diisopropoxide bis(acetylacetonate) 

(Sigma-Aldrich, 75 wt% in isopropanol) in 1-butanol (Sigma-Aldrich, ≥99%) with molar 

concentrations of 0.1 M and 0.3 M for the first and second steps, respectively.  The 

solutions were stirred rigorously at room temperature for 30 minutes. Then, 100 l of the 
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0.1 M solution was dropped onto an ITO-glass and the substrate was spun by a spin coater 

at 2000 rpm for 40 seconds. Subsequently, the coated substrate was placed on a hot plate 

at 120 
o
C for 10 minutes to dry the solvent. The above procedures were then repeated for 

the 0.3 M solution before annealing. Following drying, the substrates coated with c-TiO2 

layers were placed in a furnace and heated at 500 
o
C for 30 minutes. 

Both perovskite solutions (MAPI and FAPI) were prepared under ambient air. For 

MAPI, first, lead acetate trihydrate (Sigma-Aldrich, 99.999%) was dissolved in a mixed 

solution (1.0 M) of anhydrous N,N-dimethylformamide (DMF, Sigma-Aldrich, 99.8%) and 

dimethyl sulfoxide (DMSO, Sigma-Aldrich, ≥99.7%) at a volume ratio of 4:1. Then the 

solution was stirred for an hour at 70 
o
C. Next, methylamine iodide (MAI, Ossila, 98%) 

was added into the lead-containing solution (3.0 M) and the resulting solution was stirred 

at room temperature for another 30 minutes to form a translucent yellow solution. 

Before depositing the MAPI solution, substrates were heated at 70 
o
C for 5 minutes 

and then immediately transferred to the spin coater. 100 l of the MAPI solution was 

subsequently dropped onto a warm substrate and the coated substrate was spun at 4000 

rpm for 30 seconds. At 8 seconds after starting spinning, an antisolvent, 200 l of 

anhydrous ethyl acetate (Sigma-Aldrich, 99.8%) was dripped onto the spinning substrate 

for a second. The films were then annealed at a hot plate at 100 
o
C for 10 minutes. 

For FAPI, the solution preparation and deposition process are similar to MAPI. First, 

lead iodide (Alfa Aesar, 99.9985%) were dissolved in a warm DMF/DMSO (v:v of 4:1) 

mixed solution (1.0 M, 70 
o
C). The solution was stirred at 70 

o
C for 30 minutes until a 

clear solution was produced. After cooling down, formamidinium iodide (FAI, Ossila, 

98%) was added into the solution (1.0 M) and the resulting solution was stirred for another 
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30 minutes. Then, the spin-coating process follows the procedures used for MAPI. The 

only difference is that FAPI films require annealing at 150 
o
C for 10 minutes on a hot plate. 

To prepare solutions for HTM deposition, we prepared a 

bis(trifluoromethane)sulfonimide lithium salt (LiTFSI, Sigma-Aldrich, 99.95%) stock 

solution using acetonitrile as the solvent (520 mg in 1 mL) and a solution containing 43 mg 

of Spiro-MeOTAD in 0.5 mL of chlorobenzene. Subsequently, 10 l of the LiTFSI 

solution and 15 l of 4-tert-butylpyridine were poured into the Spiro-MeOTAD solution in 

succession to form the final HTM solution. The solution was then stirred for 10 minutes 

and used immediately for spin coating. 100 l of the HTM solution was dripping onto the 

spinning substrate at 4000 rpm for 30 seconds. Finally, 80 nm of gold was thermally 

deposited on the top of HTM to produce a complete PSC device. 

J-V Curve Measurement 

The measurements generally follow the setup mentioned in Section 3.4.4.3. A 

metallic mask was used to define an active area. There are 8 subcells with an active area 

of 0.024 cm
2
 in a single PSC. The J-V curve of each subcell was recorded under reverse 

scan (applied voltage from 1.2 to -0.2 V) and forward scan (from -0.2 to 1.2 V). 

Results and Discussion 

As shown in Figure A1, the PSCs (both MAPI and FAPI) fabricated under ambient air 

have PCEs of over 14%. We developed PSCs with PCEs from 0%, to near 9%,[218] then 

to almost 15% as shown here and to approaching 20% (will be published elsewhere), 

which are top PCEs in ambient-air-processed PSCs. It is worth noting that the PCE 

(14.15%) of the FAPI-based PSC is higher than that of a PSC (10.86%) with a similar 

structure fabricated in a nitrogen-filled glovebox (published in Science).[53] 
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(A) 

 

(B) 

Figure A1 J−V curves of the champion (sub)cells in (A) MAPI and (B) FAPI-based 

PSCs via reverse scans under 1 sun illumination and the corresponding photovoltaic 

parameters are also shown in the figures.  
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Martin Ledinsky, et al., Organometallic halide perovskites: sharp optical absorption edge 

and its relation to photovoltaic performance. The journal of physical chemistry letters 2014, 

5, p. 1035. 

[223]  Paul Kubelka, Franz Munk, An article on optics of paint layers. Z. Tech. Phys 1931, 

12, p. 1. 

[224]  Chun-Ren Ke, David J Lewis, Alex S Walton, Qian Chen, Ben Felix Spencer, 

Muhammad Mokhtar, et al., Air-stable methylammonium lead iodide perovskite thin films 



 

283 

 

fabricated via aerosol-assisted chemical vapor deposition from a pseudohalide Pb(SCN)2 

precursor. ACS Applied Energy Materials 2019, 2, p. 6012. 

[225]  Shuang Yang, Yun Wang, Porun Liu, Yi-Bing Cheng, Hui Jun Zhao, Hua Gui Yang, 

Functionalization of perovskite thin films with moisture-tolerant molecules. Nature Energy 

2016, 1, p. 15016. 

[226]  Fawen Guo, Zonghuan Lu, Dibyajyoti Mohanty, Tianmeng Wang, Ishwara B Bhat, 

Shengbai Zhang, et al., A two-step dry process for Cs2SnI6 perovskite thin film. Materials 

Research Letters 2017, 5, p. 540. 

[227]  Min Chen, Ming-Gang Ju, Alexander D Carl, Yingxia Zong, Ronald L Grimm, Jiajun 

Gu, et al., Cesium titanium (IV) bromide thin films based stable lead-free perovskite solar 

cells. Joule 2018, 2, p. 558. 

[228]  Dong Yang, Xin Zhou, Ruixia Yang, Zhou Yang, Wei Yu, Xiuli Wang, et al., Surface 

optimization to eliminate hysteresis for record efficiency planar perovskite solar cells. 

Energy & Environmental Science 2016, 9, p. 3071. 

[229]  Sai Bai, Peimei Da, Cheng Li, Zhiping Wang, Zhongcheng Yuan, Fan Fu, et al., 

Planar perovskite solar cells with long-term stability using ionic liquid additives. Nature 

2019, 571, p. 245. 


