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Université du Luxembourg

Prof. Susanne Siebentritt, vice-chair
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”Unless someone like you cares a whole awful lot,

Nothing is going to get better. It’s not.”

– Dr. Seuss, The Lorax, 1971

”A menos que alguém como tu se preocupe a valer,

Nada vai mudar. Podes crer.”

– Dr. Seuss, O Lórax, 1971
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Abstract

Hybrid organic-inorganic metal halide perovskites (HOIPs) have been under the spotlight

since they were first used for solar cell applications. Since then, the power conversion efficiency

of HOIP-based solar cells has increased significantly and the current record is 26.7 % on the

laboratory scale [1], which is comparable to the record of more mature technologies such as

silicon solar cells. Furthermore, HOIP solar cells are a low-cost alternative that is relatively

easy to produce and can be easily adapted by changing the substrate or composition. The

major drawbacks of HOIP based solar cells are that they tend to degrade when exposed to

external stresses, and record efficiency devices contain lead (Pb). The latter may hinder the

commercialization of this technology, because of the toxicity of Pb, which is of great concern

to human health and the environment. A possible way to avoid Pb in HOIP-based solar

cells is to replace it with tin (Sn). Which is a less toxic substitute for Pb and it is placed

right above Pb in the periodic table, meaning that both elements have similar reactivity.

Furthermore, Sn-based perovskite solar cells were demonstrated and yielded the best results

in terms of stability and efficiency for Pb-free HOIPs. Nevertheless, Sn-based HOIPs are also

prone to degradation under external stimuli and present an additional challenge compared

to Pb-based perovskites: Sn is more prone to oxidation.

In this thesis, Sn-based HOIP, more specifically methylammonium tin iodide (MASnI3)

is synthesized using physical vapor deposition, as it is a solvent-free technique. The MASnI3

films were exposed in a controlled environment to different external stimuli, such as light,

water, and synthetic air in order to study the different degradation pathways. Light, air,

3



and water have been shown to degrade MASnI3, but the degradation pathway is different for

each of them. First, light-induced degradation is shown to result in the formation of majorly

SnI2, while the organic component leaves the surface. Second, water-induced degradation

also mainly forms SnI2, but further degradation into SnO2 was observed. Third, synthetic

air-induced degradation is shown to form SnO and an intermediate phase that was assumed

to combine tin, iodine, and oxygen. Finally, the formation of SnI4 was not detected for any

of the stimuli, contrary to what is described in the literature.
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Chapter 1

Introduction

Energy is deeply embedded in the functioning of modern society and is an essential

element of daily life. From the electricity that lights our homes and charges our devices to

the fuel that is used in transportation, energy enables everything from basic needs, such as a

refrigerator at home, and advanced technologies, used for example by industries or in health

care systems. Energy consumption has continued to increase since the industrial revolution.

Currently, the yearly consumption is estimated to be 180 000 TWh, as shown in Figure 1.1,

and is expected to increase further as more households gain access to basic energy needs [2,

3].

However, a large part of the currently used energy comes from the burning of fossil fuels

(see Figure 1.1), which produces greenhouse gases (GHGs) such as carbon dioxide (CO2)

and methane (CH4). GHGs are problematic because they stay in the atmosphere, reducing

the quality of air and also contributing to climate change, which is usually quantified using

the increase in temperature [4]. This leads to other phenomena such as a more frequent

extreme weather events, the loss of ecosystems, and the rise of sea level. In a collective effort

to mitigate climate change, 196 parties signed the Paris agreement in 2016, in which it is

stated that temperatures should be kept ”well below 2 °C” above pre-industrial temperatures
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Chapter 1 - Introduction

Figure 1.1: Energy consumption over time and its primary source [2].

and preferentially below 1.5 °C. In 2023 the temperature was already at 1.45 °C above pre-

industrial levels [5].

Therefore, it is of great importance to continue to increase efforts to mitigate climate

change and reduce GHGs emissions. This can be done by using renewable energy as the

primary energy source, reducing and optimizing the consumption of energy, and by capturing

GHGs, so that they can be stored in the long term.

Solar cells have proven to be a key element in this race to minimize the generation

of GHGs. Their technology uses the photovoltaic (PV) effect, where a semiconductor layer

(which is also called an absorber) absorbs incident light and converts it into electricity. These

devices do not generate any GHGs during use. Solar cell technologies are categorized into

three generations [6]. The first generation consists of thicker solar cells, such as polycrystalline

and monocrystalline silicon cells. The second generation focuses on the thin-film solar cells,

such as copper indium gallium selenide (CIGS) and cadmium telluride (CdTe). These devices

have the advantage of requiring less material and have the potential of being of lower cost
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compared to the first generation. Finally, the third generation of solar cells makes use of

emerging materials, such as quantum dots or perovskites. They can target a large number of

characteristics such as being low-cost, highly efficient, or easy to integrate into buildings.

The perovskites solar cells have been of special interest in the last decade, as it is a low-

cost technology that is relatively easy to produce and, on the laboratory scale, can convert

light into electricity in quantities comparable to those of more mature technologies such as

silicon solar cells. Their main drawbacks are the low stability when exposed to external

stresses and also the use of lead (Pb) in the record-breaking solar cells. Nevertheless, tin (Sn)

can be used as a substitute for Pb in perovskites. This would be the logical choice because

Sn is placed right above Pb in the periodic table, meaning that both materials have similar

valence shells and similar reactivity. Nevertheless, the choice of Sn comes with a new major

challenge, which is the tendency of Sn to oxidize, reducing the stability of the absorber. That

is the main focus of this thesis, where Sn-based perovskite absorbers were exposed to different

individual stresses in an attempt to understand their degradation pathway.

In Chapter 2, the background and state-of-the-art in terms of perovskites are presented.

More specifically, the chapter starts with the basics of perovskites. Then a review of the liter-

ature is discussed in terms of perovskite degradation pathways and measurement techniques.

Chapter 3 summarizes the materials and the methods that were used in this work.

Furthermore, it contains a detailed explanation of the analysis procedure for the quantitative

composition measurement.

Then, in Chapter 4, the synthesis of Sn-based perovskites is discussed, with an emphasis

on the importance of the growth conditions and the choice of precursor materials.

This is followed by four chapters on the degradation of the perovskite film. Namely, in

Chapter 5 the focus is on the degradation that may be caused by the measurement of the

samples. There, the sample is repeatedly measured in ultrahigh vacuum (UHV) in order to

determine whether the UHV conditions and X-rays can degrade the sample.

7



Chapter 1 - Introduction

Then, Chapter 6 discusses the light-induced degradation in Sn-based perovskites. Where

a sample was exposed to 61 h of light in order to understand its degradation pathway.

The degradation induced by water on the MASnI3 is studied in Chapter 7. There,

different samples were individually exposed to liquid water or water vapor.

The last kind of external stress is synthetic air and is studied in Chapter 8. This chap-

ter, uses the knowledge acquired in the previous chapter, to study the degradation caused

by synthetic air (i.e. clean air without moisture). The degradation induced by air is also

compared with the degradation induced by water.

The final chapter (Chapter 9) summarizes this thesis’ main contributions and discusses

further research that can be done to improve the stability of Sn-based perovskites.
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Chapter 2

Literature review

Perovskite structure materials have been known since 1839 and have attracted attention

because of their multifaceted properties. In fact, depending on their composition, they can

have completely different physical properties such as being conductors, insulators, supercon-

ductors, or semiconductors [7–10]. Nevertheless, it was only in 2009 that the first perovskite

solar cell was created by Kojima et al. [11]. The percentage of sunlight energy that the cell

converts into usable electrical energy, known as the power conversion efficiency (PCE) of this

cell, was only 3.8%, but it attracted the solar cell community due to its relatively inexpensive

and easy way of production. Since then, research on perovskite solar cells has surged, and

now, 15 years later, the PCE of perovskite solar cells on the laboratory scale has increased to

26.1% [1, 12, 13]. This is very close to solar cells made with silicon, which is a more mature

material in the context of solar cells, where the record PCE is 27.1% also in the laboratory

scale [1, 14].

9
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2.1 Perovskite: the structure and the absorber

2.1.1 The perovskite structure

The first material to ever be named ”perovskite” was calcium titanate (CaTiO3). This

mineral was first studied in 1839 by Gustav Rose and had a crystalline structure that no one

had previously reported [15, 16]. Rose named the mineral perovskite after the mineralogist

Lev Alekseyevich von Perovski. Figure 2.1 shows a picture of CaTiO3 taken by Katz [15].

Figure 2.1: CaTiO3 perovskite sample, from [15].

Today, the name ”perovskite” refers not only to the mineral CaTiO3, but also to other

materials that have the same crystalline structure (see Figure 2.2). That is, the composition

of the crystal is ABX3, where A and B are cations, and X is an anion. The typical perovskite

has a cubic structure. The arrangement of the ions is such that six X anions surround the

smaller B cation. This structure can be described as an octahedron. The X octrahedra

connect to each other at the corners, forming a cube that, in turn, contains the larger cation

at the center.

In order for this structure to occur, two major requirements should be met: 1) the

relative size and 2) the charge balance of the ions [18]. Starting with the relative size of the

ions, the Goldschmidt tolerance factor and the octahedral factor are often used to estimate
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Section 2.1 - Perovskite: the structure and the absorber

Figure 2.2: Perovskite crystal structure taken from [17].

whether certain ion combinations can form a stable perovskite. The Goldschmidt tolerance

factor t takes into account the cube geometry and the radii of each ion. It is given by

t =
RA + RX√
2(RB + RX)

(2.1)

Where RA, RB and RX are the radii of A, B, and X, respectively. A value of t between

0.8 and 1, means that there is a high probability of forming perovskite phase. Values outside

this range form other topologies like ilmenite or hexagonal structures [18, 19]. To complement

this parameter, the octahedron parameter µ estimates whether the cation B fits in the anion

octahedron, it is given by

µ =
RB

RX
. (2.2)

In terms of charge balance, the material should be electrically neutral, meaning that the

negative charge of the anion should compensate for the charge of the cations. This can be

expressed as
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qA + qB = 3qX . (2.3)

When qA, qB and qX are the charges of A, B, and X, respectively. By integrating

different elements into the perovskite crystal structure, it is possible to create materials with a

variety of properties, such as superconductivity, dielectric characteristics, and semiconducting

behavior. The latter is particularly interesting for the fabrication of light-emitting diodes

(LEDs) and solar cells. In the context of this project, the focus is on perovskites for solar

cell applications, which will be explained in the next section.

2.1.2 Perovskites in solar cells

Hybrid organic-inorganic metal halide perovskites

In terms of solar cells, the most studied perovskite materials are hybrid organic-inorganic

metal halide perovskites (HOIPs), which are often called just perovskites for simplicity. In

solar cells, the role of HOIP is to absorb light and form electron-hole pairs. When combined

with the right charge transport layers, it has the ability to generate electricity. For this

reason, the HOIP layer in a solar cell is also called the absorber layer.

In HOIPs, the anion X is the halide, the most commonly used halides are iodide (I−),

bromide (Br−) and chloride (Cl−) [20–22]. The cation B is the metal that generally corre-

sponds to lead (Pb2+), tin (Sn2+) or germanium (Ge2+) [20, 23, 24]. Together, the anion

X and the cation B form the inorganic part of the perovskite. The cation A is the organic

component of HOIP, it is a small organic molecule, such that it can fit the perovskite struc-

ture. Usually methylammonium (MA+) or formamidinium (FA+) is used as A cation [20,

25]. As will be explained later, the organic component can be a source of instability in per-

ovskites. Therefore, there is research in all inorganic halide perovskites, where the organic

part is replaced by cesium (Cs+) [21].
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Section 2.1 - Perovskite: the structure and the absorber

The ability to combine different compounds is one of the major assets of perovskites,

because it is possible to fine-tune their composition to obtain the desired characteristics. For

example, Noh et al. showed that by replacing some of the iodine with bromine in methy-

lammonium lead iodide (MAPbI3), it is possible to continuously increase the bandgap of the

absorber from 1.5 to 2.3 eV [26]. To illustrate the change in bandgap as a function of com-

position, Figure 2.3 shows pictures of MAPb(IxBr1−x)3 samples with different compositions,

where the x was varied from x = 0 to x = 1. The change in color is an indicator of the change

in bandgap.

Figure 2.3: Sequence of pictures of MAPb(IxBr1−x)3 for different x values from x = 0 to
x = 1. Figure taken from [26].

Another positive aspect of perovskites is the multiple ways that can be used to synthesize

them. Synthesis methods go from solution processing, such as spin coating and coat blading,

to vapor deposition methods, such as physical vapor deposition (PVD) and chemical vapor

deposition (CVD) [27–30].

HOIPs still have two major drawbacks, hindering their commercialization. First, the

presence of lead in most efficient solar cells [31–33]. This is a problem because of lead

toxicity. The second drawback is the perovskite stability. These materials tend to degrade

when exposed to light [34, 35], water [36, 37], oxygen, and heat [38–40], which corresponds to

the stresses to which solar panels are usually exposed when deployed in the field. Although

major improvements have been made in the past years in the perovskite stability, the material

has to remain stable for a minimum of 25 years in order to have a similar lifetime warranty

to Si solar cells.
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Chapter 2 - Literature review

Therefore, in order to make perovskites available to use as soon as possible, it would be

ideal to move away from the Pb component and improve the stability of perovskites.

Particularities of MASnI3

Until now, the most studied HOIPs have been MAPbI3, which contains MA+ as cation A,

Pb as cation B, and I as the anion X [23]. For this reason, when choosing an lead-free HOIP,

it seemed logical to stay closer to a well-known material to take advantage of all the research

that has already been performed. In this regard, MASnI3 is the closest in composition to

MAPbI3. The cation A and the anion X remain the same, and only the cation B changes.

Furthermore, Pb and Sn both belong to the carbon group in the periodic table, where Sn is

placed just above Pb, meaning that both elements have a similar valence shell. Moreover,

the band gap of MASnI3 is 1.3 eV, which is close to the maximum intensity of the Shockley-

Queisser limit [41]. That is, it is the ideal bandgap for solar cells, because a high PCE is

expected.

The first time MASnI3 was reported was in 1990 by Yamada et al. where its crystal

structure was studied [42]. The next publication on MASnI3 comes only four years later, in

1994 where Mitzi et al. study the transport, optical and magnetic properties of MASnI3 in the

context of superconductivity [43]. In this study, MASnI3 is described as a low carrier density

metal, which is not superconductive. Only in 2013, Stoumpos et al. identified MASnI3 as

a semiconductor and suggested its use for photovoltaic application [23]. Approximately one

year later, Hao et al. reported the first MASnI3 solar cell, in an effort to create Pb-free HOIP

devices [44]. This device had a PCE of 5.23 %. Nowadays, Sn-base perovskites have exceeded

14 % PCE [45, 46].

However, it was quickly realized that MASnI3 and other Sn-based perovskites degraded

even faster than Pb-based perovskites. One of the main pitfalls is that Sn tends to oxidize

rather easily, which is not the case for Pb [47]. This oxidation has been said to cause high
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Section 2.2 - Physical Vapor Deposition

p-doping levels (through the formation of additional charge carriers) and to trigger cyclic

degradation [48].

It is clear that in order for perovskites to become commercially available, they have to

become more stable and preferentially lead-free. Furthermore, they must remain affordable

and be done with abundant materials, so that they can be competitive with more mature

technologies. Numerous publications study the degradation of Sn-based perovskites and try

to improve stability and efficiency as it will be discussed in Section 2.4.

2.2 Physical Vapor Deposition

Physical vacuum deposition (PVD) is commonly used for thin film fabrication. It consists

of four main phases: (1) Vaporize the source, (2) transport of the evaporated material, (3)

deposition of the material on a substrate, and (4) rearrangement of the atoms [49]. Different

PVD techniques exist, such as sputtering, electron beam evaporation, or ion deposition, but

here the focus is on thermal evaporation.

Thermal evaporation consists of heating the source material in a vacuum environment

(see Figure 2.4), so that the material vaporizes and condenses on the substrate. The use of

vacuum is essential in the transport phase, because it minimizes sample contamination and

increases the mean free path of molecules, so that molecules travel in line of sight towards

the substrate, allowing clean surfaces to be produced [49]. It should be noted that during

the transport phase, the material atoms form an evaporation cone, which follows the cosine

law of vapor emission [49]. In the case of a flat substrate, this results in a higher quantity of

material deposited towards the evaporation symmetry axis of the material source.

When the atom reaches the substrate, it first adsorbs to the substrate, then diffuses

within the substrate surface, and finally incorporates in the crystal lattice [50]. Atoms can

also desorb from the substrate. Therefore, the adsorption flux should be greater than the

desorption flux in order to form a film.
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Figure 2.4: Schematics of a thermal evaporation chamber.

The Hertz-Knudsen formula can predict whether a material can evaporate or condense

[49]. This equation gives the rate of vaporization, which describes the transition of the

molecules in the solid (or liquid) phase to a gaseous phase

Jvap = α
Peq − P√
2πmkBT

(2.4)

where Jvap is the rate of vaporization, α is the sticking coefficient, which gives the probability

that a molecule adsorbs onto a surface. Peq is the equilibrium vapor pressure of the material

at temperature T , P is the vapor pressure of the surrounding gas. Finally, m is the mass of a

molecule of the considered material and kB is the Boltzmann constant. Note that depending

on P and Peq, Jvap can be positive or negative. In fact, a Peq − P > 0 means that the

considered material evaporates, but Peq − P < 0 means that the material condenses.

2.2.1 Physical Vapor Deposition of HOIP

There are two main ways of synthesizing perovskites: solvent-based and evaporation

techniques. The main difference between both methods is that evaporation techniques are

solvent-free dry techniques. Solvent-based methods, as indicated in the name itself, include

solvents in material processing, which is the case for multiple synthesis methods, such as spin

coating [11], spray coating [51], and inkjet printing [52].
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In the famework of this project, evaporation was the method of choice, because it provides

more homogeneous films and does not produce solvent waste [53]. Furthermore, the findings

made on evaporated perovskites films could be more beneficial for industry, as evaporation

techniques are already widely used in the photovoltaic thin film industry and it is likely that

this will be the method of choice when industries transition to the production of perovskite

solar cells [54].

Thermal evaporation of HOIPs itself includes multiple variants, such as

• single source evaporation [55]: where the HOIP powder is evaporated

• multistep evaporation [56]: which consist of evaporating multiple layers of differ-

ent precursors alternated

• co-evaporation [57]: where multiple precursors are evaporated simultaneously.

Here, the focus is on co-evaporation. Typically, in the synthesis of HOIP, there are two

evaporation sources, the first is the organic salt, typically methylammonium iodide (MAI),

and the second is the metal halide, usually PbI2 (see Figure 2.5). The advantage of this

method is that the composition in the film is relatively easy to control and does not require

post-deposition treatment, such as annealing. In this figure, three possible reactions paths,

namely (1) The reaction of the MAI and the PbI2 after condensing onto the substrate, (2)

the reaction of the excess PbI2 in the substrate with the MAI in the gas phase and (3) the

reaction of PbI2 and MAI before condensing onto the substrate.

Quartz crystal microbalances (QCMs) are usually used to monitor the evaporation rate of

the different materials in co-evaporation. However, it is not possible to measure the evapora-

tion rate of MAI with QCMs [57–60]. The issue being that MAI has a low sticking coefficient,

which results in non-directional deposition (see Figure 2.5). To avoid this problem, it is pos-

sible to either use the temperature of the MAI as an indicator of the evaporated quantity [57]

or the partial pressure of the MAI [58–60]. The latter assumes that the evaporation of the
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Figure 2.5: Schematics of a co-evaporation of MAPbI3 and inset with possible reaction pro-
cesses. (1) The reaction of the MAI and the PbI2 after condensing onto the substrate, (2)
the reaction of the excess PbI2 in the substrate with the MAI in the gas phase and (3) the
reaction of PbI2 and MAI before condensing onto the substrate [58].

metal halide is effusive, meaning that its partial pressure would be negligible and therefore

the pressure in the chamber can be considered as the partial pressure of the MAI.

2.3 Measurement and Identification of Degradation Mecha-

nism in HOIP

Ultraviolet–Visible–Near Infrared Spectroscopy

Ultraviolet-visible (UV-vis) spectroscopy is a measurement technique used to obtain

the transmission and the reflection of materials. For semiconductor materials, it is also

possible to estimate the optical band gap from the absorption spectrum. Furthermore, it is

possible to identify the presence of molecules and structures in the sample from their different

characteristic absorption peaks [61].
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UV-vis measurements of different Sn-based perovskites during prolonged light exposure

(1000 h) showed that the absorbance of the films decreases significantly, in some cases reaching

almost 0 % absorbance [62]. Moreover, Lanzetta et al. showed that the absorbance of Sn-

based perovskites does not decrease upon exposure to 90 % humidity for 30 minutes, does

decreases when exposed to dry air instead. [48]. Furthermore, they showed that the effect

is enhanced, when the sample is exposed to air with humidity of 90 %. The characteristic

absorption spectrum of SnI4 was also used to identify its presence in Sn-perovskites after

exposing the sample to I2 [48, 63].

X-Ray Diffraction

X-ray diffraction (XRD) is a measurement technique that gives crystalline information

about the bulk of the sample, such as interatomic distances, crystal orientation, or secondary

phases [64]. Secondary phases include phases with a different composition from that of the

main phase and phases with the same composition as the main phase but a different crystalline

structure.

Studies of degradation in a nitrogen glovebox at 90 °C, showed the formation of an SnI2

secondary phase [62]. However, light degradation resulted in a reduction of the sample’s

crystallinity, which was assigned to the formation of metallic tin. Gong. et al, identified the

formation of a double perovskite secondary phase upon exposure of the Sn-based perovskite

to dry air. In formamidinium lead iodide (FAPbI3), XRD measurements were used to identify

the formation of a secondary phase [65].

Atomic Force Microscopy and Kelvin Probe Force Microscopy

Atomic force microscopy (AFM) is a measurement technique that is capable of measuring

a map of the topography of the surface of a sample, with a height with atomic resolution.
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Furthermore, this technique can be executed simultaneously to Kelvin probe force microscopy

(KPFM), which, when calibrated, measures the workfunction at the sample surface [66].

The light-induced degradation of FAPbI3 was studied using AFM and KPFM. The AFM

measurements of the degraded sample showed some grains with rough topography [34]. The

KPFM measurements revealed that these rougher topography regions had a greater work-

function than the rest of the sample. These regions were deduced to be PbI2. In a different

study, KPFM measurements were performed on a FAPbI3 sample degraded by humidity and

the non-perovskite secondary phase was observed [67].

X-Ray Photoelectron Spectroscopy

X-Ray Photoelectron Spectroscopy (XPS) is a measurement technique that is used to

obtain information on the composition of materials and the oxidation state of the different

elements within the material. It can measure the sample in the near-surface region, making

it ideal for thin films [68].

XPS measurements were performed on thermally annealed MASnI3 [62]. The results

show that after 200 h of annealing at 90 °C, no nitrogen signal was detected in the measured

spectrum, which means that no MASnI3 was present. These measurements were comple-

mented with XRD which showed that the sample degraded into SnI2. The same publication

reported a similar result for light-induced degradation in MASnI3, where after 1000 h of ex-

posure to light, the nitrogen peak was barely visible. A different study revealed that exposure

of a MASnI3 sample to dry air for 1 h results in the oxidation of 94.6 % of the tin present

in the surface of the sample [69]. Additionally, for the lead counterparts, the formation of

metallic lead due to vacuum-induced degradation of Pb-based perovskite was also observed

with XPS measurement [70].

In this section a list of some of the characterization techniques used on perovskites

was presented. The next sections focus on studies done on perovskites for intrinsic and
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extrinsic degradation of perovskites. For the latter, the focus will be on light, water, and

oxygen degradation. In addition, the last section summarizes the degradation effects of the

measurement techniques.

2.4 Degradation of Sn-based HOIPs

As mentioned above, one of the major pitfalls of HOIPs is the degradation over time,

which is even more accentuated when perovskites contain tin. The causes of degradation in

perovskites can be separated into two main categories: intrinsic and extrinsic causes. The

intrinsic causes are related to the composition of the perovskite and to impurities, such as

impurities from the used precursors or eventually residues of solvent that remained in the

film due to the synthesis technique. In contrast, extrinsic causes are external stresses such as

exposure to light, heat, water, and oxygen.

2.4.1 Intrinsic degradation of HOIPs

In terms of intrinsic causes for degradation, one of the reasons put forward is the use

of Sn itself. In fact, in the perovskite structure, Sn must be in the (2+) oxidation state.

Nevertheless, unlike Pb, Sn does not have lanthanide contraction. That means that the

electrons in the last shell can leave more easily, which in turn results in the oxidation of

Sn(2+) into Sn(4+) [71]. This is harmful to the device, because the presence of Sn(4+) is

associated with excess p-doping in the device, which in turn reduces the carrier lifetime and

therefore the device performance [72].

The Frost diagrams of Sn, Pb and I, that is, the Gibbs free energy plots as a function

of the oxidation state, are shown in Figure 2.6 [17]. The plots show how stable each oxida-

tion state is; the lowest value corresponds to the most thermodynamically stable oxidation

state. In Figure 2.6, it is clear that the oxidation state Sn(4+) is extremely close to Sn(2+),

especially compared to Pb(2+) and Pb(4+). This explains why in the literature the Sn(4+)
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state is often detected in Sn-based perovskites but not for Pb-based ones. It should be noted

that I(1-), which is the expected oxidation state in perovskite, is close to I(0), which is the

oxidation state of I2. This means that I in the perovskite can easily form I2.

Figure 2.6: Frost–Ebsworth diagrams of tin, lead and iodine [17].

Another intrinsic source of degradation is the perovskite synthesis method. In fact, many

groups use solvent based methods, where SnI2 is dissolved in dimethylsulfoxide (DMSO) or

in a mixture of solvents containing DMSO. Figure 2.7 shows a solution of FASnI3 freshly

dissolved into DMSO and another solution prepared with dimethylformamide (DMF) [73].

On the left of each group of pictures is the fresh solution and on the right is the solution after

aging for 5 h at 120 °C. The DMSO solution underwent a significant change in color after it

was aged, whereas the DMF solution showed almost no change in color. The different color

was attributed to the presence of Sn(4+). That means that traces of DMSO in the perovskite

film, due to incomplete evaporation, could oxidize Sn(2+) into Sn(4+). Furthermore, DMSO

has already been shown to be an oxidation agent for Sn(2+) [74]. Therefore, the use of DMSO

should be avoided in the film synthesis process.

Another intrinsic source of degradation could be the precursors that are used. One of the

main contaminants of the SnI2 powder is SnI4 [75]. This is even more problematic because

SnI4 and I2 are believed to promote degradation in the perovskite by contributing to the

formation of SnI4 [75]. Lanzetta et al. suggested a degradation mechanism with water and
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Figure 2.7: Picture of two FASnI3 solutions, with DMSO (left) and DMF (right) as fresh and
after aging for 5 h at 120 °C [73].

oxygen as external stresses, where the products of the degradation of Sn-based perovskites

contribute to a cyclic degradation of the sample (Figure 2.8) [48].

Figure 2.8: Cyclic degradation of Sn-based perovskites suggested by Lanzetta et al. [48].

In addition to intrinsic degradation, perovskites suffer from degradation induced by

external stresses. The next sections will discuss studies that are present in the literature,

starting with light-induced degradation.
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2.4.2 Light-induced degradation

Starting with light-induced degradation, for Pb-based, Sn-based, and for mixed metal

perovskites, published reports agree that the organic component tends to leave the surface of

the sample, especially when the organic component is MA+ [62, 76, 77]. However, the reaction

products formed during degradation are not yet clear. Different reports agree that Sn(4+)

is formed upon illumination of Sn-based perovskites [62, 78, 79], but disagree on additional

effects. For example, Sn-based perovskite solar cells have been reported to increase their

efficiency when exposed to light [79], but the formation of metallic tin has also been observed

[62], which would result in shunt and therefore a decrease in efficiency.

2.4.3 Water-induced degradation

The water-induced degradation on MAPbI3 and MASnI3 has been associated with the

MA+ group, which has a hydrophilic compound (NH+
3 ) and has a strong interaction with

water molecules [80]. Yet, it is especially difficult to pinpoint the degradation mechanism of

perovskites when exposed to water vapor or moisture (i.e., water vapor in air), and numerous

different models have been reported [36, 81–84]. The first model, by Frost et al., suggests

that one water molecule is enough to trigger perovskite degradation [81]. Initially, MA+

loses a proton, which bonds with a water molecule to form H3O
+ then, in the presence of

excess water, the perovskite further degrades into HI, CH3NH2 and PbI2. In a different study,

MAPbI3 was found to form hydrocarbons (-CH2-) upon exposure to water, together with NH3,

HI and PbI2 [83], and a similar mechanism was found for MAPbBr3 [36]. When exposed to

moisture MAPbI3 samples, degrade in two steps (1) the absorber reversibly forms perovskite

mono-hydrates (CH3NH3PbI3•H2O) and di-hydrates ((CH3NH3)4PbI6•2H2O), (2) once the

grain is fully converted into hydrate, irreversible degradation occurs and PbI2 is formed [85].

One of the reasons for the discrepancy between the models is probably that water degra-

dation depends on the termination of the facet [37]. In fact, it was experimentally observed
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that after exposure of MAPbI3 to moisture, MAI terminated facets first form perovskite

mono-hydrates followed by the formation of PbI2, while in PbI terminated facets, deproto-

nation occurs and PbI2 is formed [86].

Although multiple models exist, they all have a common point: MAPbI3 water-induced

degradation produces PbI2 [81, 85, 87]. This is also the case when the perovskite is exposed to

liquid water. In fact, Hailegnaw et al. found that, when MAPbI3 is exposed to liquid water,

PbI2 forms on the substrate [88], while MAI decomposes into HI and CH3NH2. This result

was obtained by pouring water on a MAPbI3 film to replicate rain and dipping MAPbI3 films

in water.

There are relatively few studies on moisture (which here corresponds to the water present

in air) and water vapor degradation in Sn-based perovskites. In multiple publications, the

degradation mechanisms for lead-based perovskites and tin-based perovskites are assumed to

be similar [89, 90], with the additional oxidation of Sn(2+) to Sn(4+) pathway [47]. When

comparing the degradation of MAPbI3 with the degradation of MASnI3, simulations have

shown that although water molecules adsorb more easily in MAPbI3 than in MASnI3 [91],

MASnI3 degrades faster because the SnI2 terminated facets dissolve more easily than the

PbI2 terminated facets.

2.4.4 Oxygen-induced degradation

Oxygen-induced degradation studies on Sn-based perovskites using thermogravimetric

analysis (TGA), between 100 °C and 600 °C in air, showed that Sn-perovskites form SnI4

and SnO2 when exposed to heat [63]. This result was later confirmed by Wei et al. who

observed that Sn-based perovskites decomposed into organic salt (MAI and FAI), SnI4 and

SnO2 [92]. However, in FASnI 3 perovskites, it has been shown in FASnI3 perovskites that

oxygen-induced degradation depends on the termination of the grain surface. In fact, the O2

molecule does not adsorb onto a FA/I terminated surface due to the distance between the
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surface of the perovskite and the water molecule, while on the Sn/I terminated surfaces, the

oxygen atoms can form a bond with Sn [17, 48].

2.4.5 Measurement-induced degradation

Previous reports have studied the vacuum-induced degradation of lead perovskites. Most

studies agree that the perovskite loses the organic cation in vacuum [70, 93–95]. However,

there is no clear agreement on products of the degradation that remain on the substrate.

Different pathways have been observed as formation of Pb(0) [70], formation of PbI2 [95], or

the octahedral rearrangement of the lattice [93]. Guo et al. showed that vacuum fosters light-

induced degradation, compared to N2 atmosphere [96]. In the report, they show that light-

induced degradation in vacuum causes phase segregation, lattice shrinkage and morphology

deformation, whereas light-induced degraded perovskite in N2 only shows lattice shrinkage.

They associate this difference with a larger energy barrier for lattice distortion in N2 than in

vacuum.

Similarly, for the effect of exposure to X-rays, multiple studies were performed on lead

perovskites. Most reports seem to agree that there is a formation of defects due to exposure

to X-rays [97, 98], but it is not clear what the composition of the sample after exposure is,

as it has been reported that there was almost no compositional change [97], the evaporation

of the organic cation [98, 99] and the formation of Pb(0) [98].

To date, no studies of XPS and vacuum-induced degradation in MASnI3 have been found.

However, Kim et al. reported that oxidized PEASnI4 is reduced when placed under vacuum,

and this process is reversible [100].

In general, in degradation studies of perovskites, there is a divergence in the results.

This can be justified by the lack of a standard degradation method, such as different expo-

sure times, different conditions (temperature, water concentrations, light intensities, vacuum

level), and the lack of well-documented procedures to transfer the sample to the measurement
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setup. Additionally, here, one of the assets of perovskites, i.e. the fact that their composi-

tion can be fine-tuned to optimize their properties, comes as a challenge. More specifically,

different composition absorbers with different components may have different degradation

mechanisms.

2.5 Challenges and Objectives

Perovskite films are usually synthesized using solvent-based techniques. In the case of

Sn-based perovskites, this is a problem because some of the solvents used were identified as

oxidation agents for Sn. Here, the method of choice for synthesizing Sn-based perovskites

was PVD, which is a solvent-free technique. In this way, it is ensured that the observed

degradation is caused by external stimuli and not by the solvent remaining in the film after

synthesis.

Only a small portion of the literature studies were performed on MASnI3. However, often

Pb-free devices contain a combination of MAI and FAI as organic components. Furthermore,

MAI is known, from Pb-based perovskites, to leave the surface of the sample. Therefore,

it is important to understand the degradation of a simpler composition-wise system such as

MASnI3, to unravel the effects of the use of MAI and FAI. This thesis focuses only on the

least studied MASnI3.

Given that no literature about the XPS- and vacuum-induced degradation was found, in

this work, measurement-induced degradation was studied. To do so, MASnI3 samples were

measured in UHV repeatedly using KPFM and XPS. Complementary measurements were

also performed using the PL system and a stylus profilometer.

Light-induced degradation studies on Sn-based perovskites in the literature showed con-

tradictory results. In this thesis, the impact of light-induced degradation on MASnI3 com-

position is studied using XPS.
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Finally, in most studies of air-induced degradation of HOIPs, air contains both oxygen

and moisture. Here, the aim was to disentangle the degradation induced by oxygen from the

degradation induced by water. To do so, MASnI3 perovskites were individually exposed to

air or water and then measured in XPS. Note that the samples were carefully transferred

between measurements in order to avoid unwanted exposure to air or light.

28



Chapter 3

Materials and methods

3.1 Sample preparation and degradation

3.1.1 Physical Vapor Deposition of MASnI3

The samples were deposited in a PVD chamber that was placed in a N2 glovebox. In

this way, after deposition, the samples were directly in an N2 environment, which avoided

exposure to air and moisture. The base pressure of the PVD was 1−3·10−7 mbar. Usually, this

pressure was reached after waiting over night. Figure 3.1 shows a schematic representation

of the PVD chamber.

The PVD contained three source positions, namely for SnI2, MAI, and the third source,

which was not used in the framework of this thesis, contained either PbI2 or phenethylam-

monium iodide (PEAI). The source position consisted of a metallic container with a location

for the crucible. On the walls of the container was placed a metallic wire, which heated up

the source during deposition. For better temperature control, the source was also connected

to a water cooling system. Each source also contained a shutter to close the source when not

in use. The powders were placed in heat resistant ceramic crucibles.
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Figure 3.1: Schematic representation of the PVD chamber.

The substrate holder was placed at the top of the PVD, and it was connected to a

rotating motor for better deposition homogeneity. A sample shutter was placed below the

substrate holder. This shutter remained closed at all times except during deposition.

The PVD was connected to a turbo pump which was supported by a rotary pump. In

addition, a cooling trap was placed between the PVD chamber and the turbo pump. The

cooling trap served to condense the pumped gas onto the walls by cooling it down. This was

used to extend the longevity of the turbo pump. The cooling trap should be switched on 10

minutes prior to deposition so that it cools down to at least -16 °C.

The substrates were quartz and ITO substrates provided by Ossila. They were cut

to a square of approximately 8 mm so that they would fit the UHV sample holder in the

characterization phase. The substrate cleaning procedure was adapted from [101]. The

substrates were cleaned with six different solutions/solvents with an ultrasonic bath at 50 °C

for four minutes each solvent. First was a 2 w% solution of Helmanex (provided by Ossila),

then deionized water twice, then acetone, followed by isopropanol, and finally clean water

again. After which, the substrates were N2 blown and cleaned with an ultraviolet ozone

cleaner for 15 minutes.

For the chamber preparation, the substrates were placed in the sample holder. The

powders were not replaced but were always refilled to the same mass. The mass of the SnI2
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powder with the crucible included was 9.550 g (± 0.003 g) and the MAI powder 8.720 g (±

0.003 g).

There were two main deposition procedures followed for the samples studied in this

thesis. The first is the procedure followed for most samples in Chapter 4, the second method

was used for the samples in the other chapters. Here, the first method will be described and

then a small comment with the differences between both methods will be made.

The first deposition method consisted of starting with warming the SnI2, up to 265 °C

with a heating rate of 20 °C/min. In the mean time, the MAI source was kept at 50 °C

with an heating rate of 8°C/min. Once the SnI2 source reached the right temperature, the

MAI temperature was set at 95 °C, keeping the heating rate unchanged. After the MAI

source reached the right temperature, its temperature was slowly increased, in increments of

2 °C until the chamber pressure reached the right pressure. Unless explicitly mentioned, the

samples were deposited at a pressure of 1 · 10−5 mbar. Every five minutes, it was necessary

to check the pressure in the chamber and eventually decrease the MAI temperature to keep

the chamber pressure constant. The depositions lasted 90 minutes resulting in 600 nm.

The second procedure has three main differences. First, the sources were heated simul-

taneously and the MAI heating rate was changed to 7.2 °C/min, so that both sources reached

the good temperature simultaneously. The initial chamber pressure was the same, meaning

1 · 10−5 mbar, but once that pressure was reached, the MAI temperature was no longer mod-

ified. This resulted in an increase in pressure with time. In order to keep the pressure in

the range advised by the PVD chamber’s manufacturer, the samples were deposited only for

45 minutes. This procedure was created later in the project in order to avoid SnI2 secondary

phases, as explained in Chapter 4.

In both procedures, the SnI2 powder was provided by TCI and the MAI powder was also

provided by TCI except if mentioned otherwise.
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For the deposition of SnI2 films, the used procedure was similar to the one used for

MASnI3 , except that the MAI source was kept at a temperature of 80 °C.

3.1.2 Sample transport

To avoid exposure to air and moisture, the samples were transported in a vacuum/N2

suitcase. The suitcase consisted of various vacuum parts with closing valves that could

keep the sample in high vacuum. The suitcase could be connected to the glovebox and

to the vacuum systems, so that the samples could be moved directly from the glovebox to

the suitcase and from the suitcase to the vacuum systems. The suitcase also contained a

small manipulator which allowed to hold, introduce or remove the sample. In this project,

two different suitcases were used, the one-slot suitcase and the four-slot suitcase. The one-

slot suitcase could only transfer one sample each time and was perfect to connect to the

gas dosing system (see next section). The four-slot suitcase included an additional stacked

sample placement and could transport up to four samples at once. This suitcase was ideal

for the transport of multiple sister samples into the UHV systems.

Figure 3.2: Pictures of the suitcases. (a) One-slot suitcase and (b) four-slot suitcase.
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3.1.3 Gas dosing system

The gas dosing system was specifically built for this project. It was designed and built

with the help of Dr. Bernd Uder and Dr. Ulrich Siegel. It consisted of a small vacuum cham-

ber with a mechanical pump capable of reaching a vacuum level of the order of 10−3 mbar,

some valves, to control the quantity of introduced gas, and a pressure gauge (see Figure 3.3).

Figure 3.3: Schematics of the gas dosing system (top view).

The system was compatible with the suitcase. Therefore, the sample was brought in

the suitcase, and during exposure, the sample remained on the manipulator of the suitcase,

which was long enough to reach the center of the dosing gas system.

The gas dosing system had two modes of exposure: synthetic air and water vapor mode.

Note that synthetic air consists of N2 and O2 without water vapor. For the exposure of

the sample to synthetic air, a small synthetic air gas bottle, namely CANgas with 99.999%

of purity and supplied by Messer, was attached to the setup. The sample was exposed to

approximately 1000 (±5) mbar of synthetic air for different periods of time.

For water vapor exposure. A glass container for vacuum use was filled with water. In

order to purify the water and remove any air dissolved in the water, at least pumping cycles
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were performed. Each pumping cycle lasted until the water froze. Once the water was ready,

the samples were exposed to 20 (±5) mbar of water vapor for different periods of time.

3.2 Characterization

3.2.1 X-ray photoelectron spectroscopy

Basic Principles

This section is based on [68, 102–104].

X-ray photoelectron spectroscopy (XPS) is a powerful technique that measures the com-

position of samples and determines the chemical state of the different components. The key

principle uses the photoelectric effect to extract electrons from the sample using X-ray radi-

ation. Typically, XPS is performed under ultra-high vacuum (UHV), in part to decrease the

collisions between the electrons and any gas particles. The probing depth of XPS is between

8 nm and 10 nm.

The equipment consists of three main parts: an X-ray source, an analyzer, and a detector.

The X-rays are generated in the X-ray gun, where electrons are accelerated against a metal

(usually magnesium or aluminum). The X-rays are then directed towards the sample.

When an X-ray photon hits an electron in the sample, the electron is ejected to the vac-

uum with a kinetic energy Ekin. After ejection, the electron is usually called a photoelectron.

The photoelectrons are then slowed down, in the lens tube, to the pass energy Epass before

reaching the hemispherical analyzer (Figure 3.4). The analyzer is a set of two concentric

hemispheres of different radii with a voltage difference of ∆V . Hence, when a photoelectron

enters the analyzer, its trajectory deviates into a curved trajectory. This allows selecting the

photoelectrons that correspond to the right Ekin with a tolerance window ∆E around the

Epass. Electrons that are too slow, deviate too much, and hit the inner hemisphere. Electrons
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that are too fast, do not deviate enough, and hit the outer hemisphere. Finally, the electrons

in the right Ekin window reach the detector, whose output is the count of electrons as a

function of the kinetic energy. More details on the functionning of XPS can be found on [68]

Figure 3.4: Schematic representation of the cross-section of an XPS analyser.

The value of interest when an XPS measurement is performed is the binding energy Ebin

of the electrons that leave the surface of the sample. This can be calculated using

Ebin = hν − Ekin − ϕ (3.1)

where hν is the energy of the X-ray light and ϕ is the workfunction of the spectrometer

[68]. The advantage of using Ebin instead of Ekin, is that Ebin is specific to each element

and does not depend on the X-ray light energy. Different oxidation states and different

chemical environments result in Ebin shifts, which will be important in the study of MASnI3

degradation.

For the measurements present in this thesis, the Prevac EA15 analyzer was used at

UHV pressures between 5 − 9 · 10−10 mbar. A MgKα non-monochromatic source with the
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main emission line at 1253.6 eV was used. The intensity of the XPS is regularly calibrated

by the XPS users in order to ensure an accurate quantification. To calibrate the equipment,

different pure metals are used such as tin, copper, gold, and silver.

Quantification analysis

A typical spectrum of MASnI3 is shown in Figure 3.5. The regions of greatest significance

for degradation studies are highlighted in blue. Note that iodine, tin, nitrogen, and carbon are

part of the perovskite composition. Therefore, they should be present in specific quantities

in an ideal perovskite. On the other hand, oxygen is considered one of the major causes of

perovskite degradation when the film is exposed to water and air, and therefore, it is essential

to follow the presence of oxygen too. In Figure 3.5, the anotation for each element includes

the element name as in the periodic table, followed by the electron quantum number n, the

orbital angular moment quantum number l, and eventually the total angular momentum j,

for example, for iodide the notation is I3d3/2 or I3d5/2.

Figure 3.5: Full survey of MASnI3, the components of interest in the framework of this thesis
are highlighted in blue.

The different elements can be identified by their binding energies. The expected binding

energies for each element are tabulated in databases such as the U.S. National Institute of
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Standards and Technology (NIST) XPS database and also the Handbook of X-ray Photo-

electron Spectroscopy by Moulder [102, 105].

The measured intensity peak area Ix of an element x, can be described as [68]

Ix = σxWxGx
Ihν
cosα

Nxλxcosθ. (3.2)

In this equation, the values with x in subscript are dependent on the element x or its

binding energy (Ebin,x). More precisely, σx is the photoionization cross section of element x

as described by Scofield [106], Wx is the angular asymmetry factor of the electron subshell

of x, Gx is the analyzer efficiency at Ebin,x, Nx is the density of atoms of element x in the

sample and λx is the attenuation length of the photoelectrons of x at Ebin,x. The values

that depend on the configuration of the spectrometer are the X-ray intensity Ihν , the angle

between the X-ray source and the normal of the sample α, and the angle between the normal

of the sample and the detector θ (the angles are shown in Figure 3.4).

Typically, in XPS one does not extract the absolute number of atoms of an element

but the ratio between two elements, allowing the simplification of all the equipment related

variables. For simplicity, let Sx = WxGxλx, then the intensity ratio of element x and element

y is given by

Ix
Iy

=
Sx

Sy

σx
σy

Nx

Ny
. (3.3)

Therefore, the value of interest, the ratio between the atom density Nx/Ny is given by

Nx

Ny
=

Sy

Sx

σy
σx

Ix
Iy

. (3.4)
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The Scofield photoionization cross sections σ are tabulated [106], in the framework of

this thesis, the value Sx(Ebin,x) was obtained by calibrating the measured intensity using

well-known simpler reference samples such as metallic tin, copper, gold, silver and SnI2. This

calibration was performed by multiple people in the group.

In addition to intensity calibration, it is important to know the position of the Ebin and

the full width half maximum (FWHM) of each of the elements studied, and in the case of

degradation studies, it is also important to know the Ebin of each oxidation state.

In the case of tin and iodide, the orbital with the highest signal is the 3d orbital. For any

orbital besides the s orbitals, there is spin-orbit coupling, which yields two peak contributions

in XPS. For the 3d, the angular momentum of the split levels is j = 3/2 and j = 5/2. Figure

3.4 (a) shows the XPS measurement of an oxidized metallic tin plate and (b) a measurement

of an SnI2 film. The two peaks visible in each scan are due to the spin-orbit coupling and

are marked as 3/2 and 5/2.

Figure 3.6: Spectra of (a) an oxidized Sn plate and (b) and SnI2 film in the Ebin region of
Sn3d.

In order to estimate the FWHM of the Sn3d peaks, a pure metallic Sn plate was sputtered

in UHV and measured [107]. Note that the FWHM of the peak of the same element is constant

for every sample measured in the same analyzer. An increase in FWHM usually indicates the

presence of another oxidation state, a secondary phase with a different chemical environment,
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or a measurement artifact. Therefore, it is important to use extremely clean samples as a

reference.

The position of the different oxidation states of Sn could be determined by measuring

an oxidized Sn plate. Since the FWHM was already known from the sputtered plate, it

was possible to deconvolute the three oxidation states (Sn(0), Sn(2+) and Sn(4+) visible in

Figure 3.6 (a)).

In addition to the different oxidation states, six satellite peaks are visible. This is due to

the use of a non-monochromatic X-ray source. Therefore, satellite peaks, generated by the

additional emission lines from the X-ray source, are visible in the measurement. These peaks

are an artifact and their approximate values are estimated in the literature [68]. In the case

of tin and iodide, these satellite peaks interfere with phase identification and quantification

because the 3d3/2 satellite peaks overlap with the 3d5/2 main peak (see Figure 3.6 and 3.7).

Therefore, it is necessary to include the satellite peaks in the peak model for a more precise

quantification.

It should be noted that metallic Sn has a different chemical environment than MASnI3.

Therefore, an Ebin shift could be present in MASnI3 compared to metallic Sn. For this

reason, an SnI2 film, which has a chemical environment closer to that of MASnI3, was also

used as a reference sample to determine the Ebin of the Sn(2+) peak. Furthermore, the ideal

stoichiometric ratio II/ISn of SnI2 is 2. Therefore, the II/ISn ratio (from now on denoted

I/Sn) allowed the verification of the intensity calibration of the equipment. Whenever the

measured ratio of SnI2 had an error larger than 2 % (for example, after maintenance), the

SnI2 film would be used to calibrate the iodine intensity in the perovskite measurement.

The SnI2 film was also used to determine the Ebin and FWHM of the I3d peaks. Figure

3.7 shows the detailed spectrum in the I3d binding energy region.

When multiple oxidation states of an element are present in a sample, the different

oxidation peaks may overlap, and in that case it is necessary to deconvolute the peaks. To
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Figure 3.7: XPS spectrum of SnI2 in the I3d region.

do so, there are a some constrains that can be used, in order to make a realistic peak model:

• The FWHM of an element is the same for every oxidation state within the same

orbital.

• In case of spin-orbit coupling, the intensity ratio of the peak of each angular mo-

mentum is approximately the ratio between their degeneracy states. For example

for 3d3/2 and 3d5/2 the ratio is 2/3.

• The difference in the binding energy ∆Ebin between two orbit-spin coupling peaks

is constant and depends on the element. The values for different elements are

well documented [102]. Here, the used value for Sn3d was 8.41 eV and for I3d

was 11.5 eV.

• The expected binding energy for peaks of different elements and different oxida-

tion states should also be limited within an energy interval. This interval usually

depends on the XPS resolution. Ideally, the binding energy position is determined

with a reference sample.

40



Section 3.2 - Characterization

Note that the line-shape of the peak fitting is important to remain constant for each

element when analyzing across different samples. Different line-shapes yield different FWHM,

which could have an impact on the quantification. Here, three line-shapes were used:

1. SGL(a) is a sum of Gaussian and a Lorentzian contribution. Where a=0 results

in a pure Gaussian and an a=100 in a pure Lorentzian;

2. LA(a, b,m) is a Lorentzian convoluted with a Gaussian where a and b relate to

the degree of asymmetry in the low Ebin energy region. Values such that a > b

result in an extended tail of the XPS peak signal. The parameter m defines the

width of the Gaussian in the convolution. In this thesis, the parameter m was

not used;

3. TLA(a, b,m) is the product of a Lorentzian with the inverse of a tangent

convoluted with a Gaussian. The parameter a affects the contribution of the

Lorentzian, a large a results in a strong Lorentzian contribution. The parameter

b affects the curve asymmetry. A large b means a strong contribution from the

inverse tangent, which results in a tail on the low-energy side of the peak. Similar

to LA, the parameter m defines the width of the Gaussian in the convolution.

The line-shape parameters were chosen such that they would best fit the perovskite peaks.

Table 3.1 summarizes the fitting parameters used for each element and a tolerance inter was

given to the Ebin and FWHM values (i.e. ±0.1 and ±0.01 respectivily) For more information

on the line-shape and the corresponding formulae, the reader is invited to refer to [108, 109].

Sn3d I3d C1s N1s O1s

Background W Tougaard U 2 Tougaard Shirley Shirley Linear

Line shape LA(1,85) TLA(1,0.66,141) SGL(10) SGL(10) SGL(10)

FWHM [eV] 1.16 1.33 1.60 1.5 1.45

Table 3.1: Summary of the fitting parameters for the peak model.

As previously mentioned, the position of the Sn3d5/2 peaks was determined using metal-

lic Sn and SnI2, and the position of the I3d5/2 peak was determined using SnI2. However,

the Ebin of C1s and N1s were determined using the average energy of multiple measurements
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of different MASnI3 samples. When building the peak model, one should give an interval

of values for the Ebin of the main peaks. This was determined by calculating the standard

deviation of the measured peak position from multiple fresh samples.

Last but not least, the errors of the ratios were estimated by repeatedly measuring

a sample in XPS (see Figure 5.2) and calculating the standard deviation of the measured

ratios. For components that were absent from that sample, such as oxygen or the second

iodine component (which will be discussed in further chapters), the error was estimated to

be 10% of the maximum value measured in the series.

3.2.2 X-Ray Diffraction

X-ray diffraction (XRD) gives information about the crystalline structure of a crystal.

This technique can be used to estimate the lattice parameter of crystals, the orientation of

different grains, and the identification of secondary phases.

The XRD’s working principle is based on Bragg’s law. Given that in a crystal atoms

are arranged in a lattice, they form different periodic planes. When the X-ray light hits the

sample, it is scattered by the planes. Constructive interference of the scattered light occurs

at specific angles, depending on the distance d between two planes. The angles at which

constructive interference occurs follow the Bragg’s Law [110],

nλ = 2dsinθ, (3.5)

where n is the order of the diffraction, λ is the wavelength of the X-ray and θ is the angle of

incidence of the X-ray light (see Figure 3.8 (a)).

Each material has specific reflection angles. To identify the measured material and

eventual secondary phases, one can compare the obtained spectrum with the spectra in

crystallography databases such as [111].
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In this project, the XRD configuration used was the θ−2θ configuration, this is the most

commonly used XRD technique. In this technique, the angle between the beam of incidence

and the detector is twice as large as the angle of incidence θ between the sample surface and

the beam (see Figure 3.8 (a)). The advantage of this technique is that it is bulk-sensitive

and has a relatively high resolution. All measurements shown in this thesis were made in the

θ − 2θ configuration.

Figure 3.8: (a) Schematic representation of the Bragg’s law. (b) Picture of the sample holder
dome in the diffractometer.

For samples with a high XRD signal, a Poly(methyl methacrylate) (PMMA) dome was

used so that the sample was not exposed to air during measurement (see Figure 3.8 (b)).

Nevertheless, for samples that had low XRD signal, the dome was removed so that a greater

signal could be obtained.

In the framework of this thesis a Bruker D8 Cu Kα diffractometer was used. The X-ray

source was set to a voltage of 40 kV and a current of 40 mA.

3.2.3 Stylus Profilometer

The stylus profilometer is typically used to measure rough samples. Its maximum step

size in height is approximately 1 mm. This technique consists of a diamond stylus which

scans the surface of the sample in a straight horizontal line while in contact with it. The
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vertical movements are recorded and paired with the horizontal movements to form a height

profile. More information about the stylus profilometer technique can be found in [112]

Here, this technique was used mainly to measure the thickness of the sample after depo-

sition. The machine used was a Bruker Dektak stylus profilometer, with a tip of 2µm radius.

The force applied by the tip on the surface of the sample was generally set at 3 mg, and the

speed was set at 100µm·s−1. During these measurements, the samples were exposed to air.

To measure the thickness of the MASnI3 films and SnI2, before the deposition, kapton

tape was placed on one of the substrates. The tape was then removed after the deposition,

revealing the substrate underneath. The height profile was then measured orthogonally to

the kapton tape mark. The error was calculated by repeating the measurement in three

different points and calculating the standard deviation. The largest standard deviation of

each measurement series was considered the error.

3.2.4 Atomic Force Microscopy and Kelvin Force Probe Microscopy

Atomic force microscopy (AFM) measurements provide a high-resolution, 3D image of

the topography of the sample. The operating principle relies on the interaction of an atomi-

cally sharp tip with the sample. There are multiple operating modes to this technique, namely

the contact mode, the intermittent mode, and the non-contact mode. Here, the mode used

was the non-contact mode, which is less damaging to the MASnI3 film. In the non-contact

mode, the machine operates in the attractive regime of the Lennard-Jones potential. More

specifically, a mechanical oscillation is applied onto the tip within that regime, and the tip-

sample interaction is tracked with a lock-in amplifier through the changes in the frequency

of resonance of the tip. The AFM measurements were performed in frequency modulation

(FM) because the measurements were performed in UHV and the FM mode provides the

highest resolution.
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Kelvin force probe microscopy measurements (KPFM) were performed simultaneously

with the AFM measurements. This was possible by using a second independent lock-in

amplifier and applying an AC voltage (VAC) to the tip. The basic working principle of

KPFM is based on minimizing the electrostatic force between the tip and the sample. This is

done by applying a DC voltage between the tip and the sample that is of the same intensity as

the contact difference potential (CPD) between the tip and the sample. The CPD is directly

related to the workfunction of the sample ϕsample. The latter can be calculated using the

equation,

CPD =
ϕsample − ϕtip

e
, (3.6)

where e is the elementary charge and ϕtip is the tip workfunction. ϕtip can be estimated by

measuring a clean standard sample of known workfunction. In this case, HOPG was used as

a reference sample. The measurements were performed in KPFM FM mode, which tracks

the tip-sample force gradient rather than the force itself. This method is slower, but it is less

prone to artifacts that are caused by signals from the cantilever.

AFM measurements were performed on the ScientaOmicron variable temperature scan-

ning probe microscope (VT-SPM) UHV system at a pressure in the low 10−10 mbar. The

KPFM measurements were made in FM-KPFM sideband mode, with an AC voltage of 0.4 V

and an oscillation frequency of 965 Hz.

3.2.5 Photoluminescence

Photoluminescence (PL) is a measurement technique that gives information about the

optoelectronic properties of materials, especially when it comes to semiconductors. In this

thesis, PL was used to measure the bangdap energy and to track sample degradation. Pho-

toluminescence occurs when the material absorbs light, by excitation of an electron from the

valence band to the conduction band. In the case where the photon has a higher energy
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than the bandgap of the semiconductor, the excited electron loses energy through thermal-

ization. Finally, the electron relaxes back to the valence band and emits a photon of energy

corresponding to the bandgap of the semiconductor.

Two setups were used to perform PL measurements. The first setup is the imaging PL.

There, the sample was illuminated with a green pulsed laser with a wavelength of 532 nm. The

PL signal was then filtered by a liquid crystal tunable bandpass filter, to a range of wavelength

intervals, such that a spectrum could be measured. The filtered signal was captured by an

InGaAs camera. The advantage of this setup is that it allowed an image of an area of

1 cm×1 cm in the sample. However, this technique shows a lower spectral resolution and the

wavelength interval in which it was possible to measure was from 900 nm to 1100 nm, which

resulted in an incomplete spectrum of MASnI3. During the measurements, the sample was

placed in a box, filled with nitrogen and with a quartz window.

For this reason, a complementary setup was used. This setup had a laser of wavelength

600 nm, and the emitted light from the sample was captured by an InGaAs detector. The

detection range of this setup was from 900 nm to 1600 nm which allowed for a more complete

PL spectrum of the MASnI3. The advantage of this setup is the good spectral resolution.

However, the measured area is one point of radius 1 mm. Additional information about this

setup can be found in this article [113].
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Physical Vapor Deposition of

MASnI3 and Storage

Perovskites are known to be a relatively easy material to synthesize because complex

synthesis methods are not necessarily required. The most common techniques only require

spin-coating the precursors and then annealing them in a hot plate [101, 114], which requires

a minimal amount of equipment. However, one major drawback of this method is that it

requires the use of solvents, which has been correlated with the degradation in perovskite

[73].

For this reason, a method that ensures the synthesis of a pure phase directly from the

precursors, without the use of solvents, would be of interest. In this context, the use of

physical vapor deposition (PVD) is of great interest because it ensures the growth of samples

in a pristine environment, with low growth pressures, which allows for meticulous control of

the growth conditions.

The aim of this chapter is three-fold:

1. Investigate the impact the growth control parameters, namely the powder’s evap-

oration temperature, the chamber’s pressure, have on the grown perovskite ma-
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terial by studying their final crystalline structure and their optoelectronic prop-

erties.

2. Additionally, the importance of powder purity is highlighted and how this may

influence the growth parameters required to achieve similar layer’s properties.

For this, different powders from different companies were tested.

3. Investigate whether the quality of the stored samples in the glovebox remains

stable and quantify the degradation from the storage itself.

4.1 Impact of the co-evaporation parameters

Using PVD, the growth of MASnI3 films is achieved by simultaneously evaporating MAI

and SnI2 powders onto a substrate. The two materials combine to form MASnI3.

As discussed in Chapter 3, during thermal evaporation, MAI has two contributions: the

effusion, which is directional, and a second non-directional component. Due to the second

component and the low sticking coefficient of MAI, controlling the evaporation rate with

QCMs is not possible, and instead the pressure in the chamber was used as the main indicator

of the MAI evaporation rate. In fact, the partial pressure of MAI contributed to most of the

pressure in the chamber, as evaporating SnI2 alone at 265 °C, yields a pressure in the chamber

of only 7 ·10−7 mbar which is negligible compared to the pressure obtained when evaporating

MAI. Therefore, in this section, the amount of SnI2 in the chamber during deposition will

be discussed in terms of SnI2 temperature, while the amount of MAI will be discussed as

pressure in the chamber (or MAI pressure). All the samples in this section were deposited

for the same interval of time, i.e. 90 minutes.
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4.1.1 Temperature of SnI2

To study the effect of the evaporation SnI2 temperature in the crystalline structure of

MASnI3, XRD measurements were performed on freshly deposited MASnI3 samples. A series

of four depositions was performed. The pressure of the chamber (i.e. the partial pressure

of MAI) was approximately the same during each deposition (1 · 10−5 mbar). However, the

temperature of SnI2 was changed from one deposition to another, with temperatures between

260 °C and 275 °C.

XRD measurements are summarized in Figure 4.1. Independently of the SnI2 temper-

ature, the four deposited films show a strong intensity signal at the angles 14.2 ° and 28.6 °,

which correspond to cubic MASnI3 according to the database (PDF-00-064-0961). According

to the database, cubic MASnI3 should have more diffraction peaks, here it is not the case be-

cause the film grew with preferred orientation. This effect is common in thin films, depending

on the growth method [64], and it has also been observed in vapor-deposited MAPbI3 films

[56].

The sample for which there was a major difference in the crystalline structure is the one

that was deposited with a SnI2 temperature of 260 °C. In fact, other crystal orientations are

visible, namely directions (1 1 1), (2 1 0) and (2 2 0), suggesting less preferential growth.

Furthermore, a secondary phase of methylamonium iodide appears, which means that there is

excess methylamonium in the crystal that could not react with SnI2. Excess methylamonium

iodide was also previously detected in PVD grown MAPbI3 when using the same MAI powder

[59].

On the other hand, the film grown with the highest SnI2 temperature, 275 °C , had

additional peak at 2θ = 40.1 °, which according to the database could belong to a monoclinic

secondary phase.

Figure 4.2 (a) shows the thickness of the films as a function of the temperature of the

SnI2 source. The thickest film had a thickness of 479 nm and the thinnest was 285 nm, which
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Figure 4.1: Minimum to maximum normalized XRD spectra of MASnI3 deposited with differ-
ent SnI2 temperatures and at constant chamber pressure (database files: PDF-00-064-0961,
PDF-00-025-0975, [115]).

corresponds to a variation of approximately 40%. As expected, for higher SnI2 temperatures,

the samples were thicker than for lower temperatures.

PL measurements performed on the MASnI3 samples are shown in Figure 4.2 (b). It

is visible that the PL peak was approximately at 1.3 eV, which coincides with the optical

bandgap reported for MASnI3 [23, 116]. This confirms the observations from Figure 4.1.

Furthermore, although for SnI2 temperatures between 265 °C and 275 °C the PL intensity did

not change significantly, for 260 °C, the intensity was significantly lower, showing that there

is an optimal range of SnI2 temperature, below which the PL yield of the film decreases.
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Figure 4.2: (a)Thickness of the MASnI3 film as a function of the temperature of the SnI2
source. (b) PL of the MASnI3 films for different temperatures of the SnI2 source.

From this set of measurements, it is clear that MASnI3 was deposited using PVD, both

from the XRD signal and the position of the PL peak. Furthermore, it was shown that it is

possible to grow films with excess of SnI2, for high SnI2 temperature, and with excess of MAI,

for low SnI2 temperature. The film thickness also strongly depended on the temperature of

SnI2. Finally, the PL yield also had a strong dependence on the temperature of SnI2, as for

a low SnI2 temperature the PL yield reduced significantly.

4.1.2 Pressure in the PVD chamber

The impact of the temperature of SnI2 during the deposition was studied in the previous

section. It was visible that the temperature of SnI2 affected the crystalline structure, the

thickness, and the optoelectronic properties of the film. Here, a similar experiment was

performed, where the focus was on the effect of the quantity of MAI in the film. As seen in

Chapter 3, although it was not possible to measure the flux of MAI with QCM, the pressure

in the chamber could be approximated as the partial pressure of MAI, which was a direct

indication of the quantity of MAI in the chamber.

First, XRD measurements were performed to study the impact of the different partial

pressures of MAI on the crystalline structure of MASnI3. Figure 4.3 shows the XRD spectra
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of four different films all deposited with different MAI pressures, but with constant SnI2

temperature (265 °C).

Figure 4.3: Minimum to maximum normalized XRD spectra of MASnI3 deposited at different
chamber pressures and with constant SnI2 temperature (database files: PDF-00-064-0961,
PDF-00-025-0975, 00-056-0088, [115]).

Similarly to the series of SnI2 temperature, here there was a clear preferential growth of

the MASnI3 in the (1 0 0) and (2 0 0) planes. For a high MAI pressure, other MASnI3 peaks

became visible, namely the (1 1 1), the (2 1 0) and the (2 2 0) directions. In addition, a

secondary MAI phase became evident. The behavior of the MASnI3 crystalline structure for

a low SnI2 temperature and for a high MAI partial pressure was similar (Figures 4.1 and 4.3).

This suggested that for high pressures, the important point was not the SnI2 temperature,

nor the MAI partial pressure, but instead the ratio of MAI/SnI2 content in the chamber.
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In contrast, for a low MAI pressure, the crystalline structure of the film showed new

features. Not only there was the monoclinic SnI2 secondary phase, but also a strong tetragonal

SnI2 secondary phase. Notice that the monoclinic SnI2 secondary phase, appeared in both

cases (temperature and pressure series) in relatively small quantity. It could be that this was

the phase that formed at the interface with the substrate or at the surface of the sample,

while the tetragonal phase would be SnI2 a secondary phase in the bulk, incorporated within

MASnI3 grains. As visible, the MASnI3 typical peaks (1 0 0) and (2 0 0) were still visible,

but with less intensity.

From the profilometer measurements in Figure 4.4 (a), it was visible that the thicknesses

of the deposited MASnI3 films also increased with the MAI pressure. This makes sense

because even though MAI had a low sticking coefficient, from the XRD measurements, it was

clear that it was possible to deposit MAI in excess, meaning that more material should have

deposited on the sample.

Figure 4.4: (a)Thickness of the MASnI3 film as a function of the the chamber pressure. (b)
PL of the MASnI3 films for different chamber pressures.

In the PL measurements Figure 4.4 (b), all samples showed a maximum PL yield intensity

of approximately 1.3 eV. Furthermore, the PL yield intensity for all samples was within the

same order of magnitude. This means that, when it comes to PL, no significant change was

observed.
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In this section, it was shown that the crystalline structure of MASnI3 also depends on

the MAI partial pressure at constant SnI2 temperature. However, the results suggest that

there is an optimal ratio of MAI/SnI2 quantities in the chamber. This was clear because

the changes in crystalline structure in the SnI2 temperature measurement series and in the

MAI partial pressure measurement series were very similar. The film thickness of MASnI3

also depends on both the SnI2 temperature and the partial pressure of MAI, but the PL

measurements did not show a strong dependence on MAI.

4.2 Comparison of MAI powders from different providers

To study the effect of different powders, three MASnI3 films were deposited with MAI

powders from different suppliers. The deposition parameters were similar for each sample,

that is, the temperature of the SnI2 source was kept at 265 °C and the pressure in the chamber

was kept at approximately 1 · 10−5 mbar. Figure 4.5 shows the XRD spectrum of each of the

films.

Figure 4.5: XRD of MASnI3 films deposited with powders from three different suppliers
(database files: PDF-00-064-0961, PDF-00-025-0975, 00-056-0088).
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As visible in Figure 4.5, the spectra of the films of each powder showed considerably

different crystalline structures for each sample. The powder provided by Solaronix showed

the highest signal and also the strongest preferential direction of growth. However, the

other two powders (Lumtec and TCI) resulted in samples with significantly lower signal.

Furthermore, both powders show SnI2 secondary phases. The TCI powder is the powder

that produced the sample with the lowest MASnI3 signal and highest SnI2 secondary phase.

Although the TCI powder resulted in the worst XRD results, it was the powder of choice

for the rest of the results in this thesis. The reason was that the TCI powder was reported

to be the cleanest powder, which is prioritized here to avoid any contaminants that could

degrade the film [117]. Furthermore, it has been reported that tin-based perovskites can show

low XRD signal on the same day of deposition, compared to 30 days later [114]. In this case,

all samples were measured relatively fresh.

When using the TCI powder, the SnI2 secondary phase was present in the film for

all combinations of parameters that were tested. In order to mitigate the formation of an

SnI2 secondary phase, the deposition method was slightly changed. Instead of keeping the

pressure in the chamber constant, by continuously reducing the MAI temperature, the MAI

temperature was kept constant after reaching the target chamber pressure. With this method,

the pressure of the chamber continuously increased. As a result, the secondary phase in the

SnI2 film decreased significantly but did not fully vanish.

4.3 Effects of a seed layer

In the previous section, the effects of the PVD parameters on the MASnI3 film were

studied. As well as the effects of utilizing different MAI powders. It was shown that the MAI

powder provided by TCI has significantly less XRD signal than the other two powders. This

section studies whether a SnI2 seed layer would contribute to a higher MASnI3 XRD signal.
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In this experiment, an SnI2 seed layer with a thickness of 100 nm was deposited on a

quartz substrate (see Figure 4.6 blue curve). The chamber was then opened to remove half

of the substrates with the SnI2 seed layer for characterization, which were replaced by clean

substrates. Therefore, half of the substrates in the sample holder were clean and the other

half contained an SnI2 seed layer. The next step consisted in depositing the MASnI3 film

on the substrates. The orange curve shows the MASnI3 sample that was deposited on a

seed layer, and the red curve shows the sample that was deposited on a quartz substrate

without seed layer. Both samples were deposited during the same deposition. The curves

are not normalized for easier comparison. Because all samples were positioned at the same

height and measured on the same day, variations due to sample placement and X-ray intensity

variation can be ignored.

Figure 4.6: Deposition of MASnI3 with and without seed layer. Blue: SnI2 seed layer.
Orange: MASnI3 deposited on top of the seed layer. Red: MASnI3 without seed layer. Both
seed layers were deposited simultaneously. Both MASnI3 films were deposited simultaneously
(database files: PDF-00-064-0961, PDF-00-025-0975, 00-056-0088).
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The SnI2 seed layer (blue curve) shows two SnI2 phases, namely a monoclinic phase and

a tetragonal phase. The MASnI3 film, deposited on the clean substrate (red curve), shows

mainly MASnI3 signal, with a small contribution of monoclinic SnI2 at 2θ = 40.32 °. The

XRD signal in this film is considerably low.

Interestingly enough, after depositing MAI on the SnI2 seed layer film, the SnI2 signal

of the tetragonal phase increased considerably, whereas the signal of the monoclinic phase

decreased. Suggesting that the tetragonal phase is more prone to react with MAI to form

perovskite compared to the monoclinic phase. Furthermore, the fact that the tetragonal SnI2

signal increased could indicate two different phenomena: (1) Due to the tetragonal phase of

SnI2 already present in the film, it was not favorable for the MAI to react with the MAI and

only SnI2 was formed, or (2) MASnI3 grew epitaxially to SnI2, contributing to the SnI2 peak

signal.

Concerning the MASnI3 peaks, for the sample containing a seed layer, it was visible that

MASnI3 grew with a different orientation, compared to the sample without seed layer. More

specifically, MASnI3 peaks that had reflections close to those of SnI2 (at 24.7° and 28.6°) had

a greater signal in the sample containing a seed layer. Nevertheless, peak that were further

away from reflections of SnI2 vanished or were present in a significantly lower intensity. This

means that the use of a seed layer can contribute to the crystal orientation of MASnI3.

In this set of measurements, it was seen that MASnI3 can grow on a SnI2 seed layer.

Although there were some changes in the MASnI3 crystalline structure, this experiment did

not result in a strong increase in the XRD signal.

4.4 Presence of PEAI in the MASnI3

Some of the samples used in this thesis were contaminated with PEAI, because this

PVD setup was also used for the deposition of samples of phenethylammonium tin iodide

((PEA)2SnI4). The samples that were studied for the degradation induced by the measure-
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ments, water and synthetic air, were contaminated with PEAI (Chapter 5, 7 and 8). This

was visible thanks to compositional measurements performed with XPS. This section shows

how contamination can be avoided using a preconditioning of the PVD chamber.

4.4.1 Chamber preconditionning

When using the same PVD setup to deposit different materials, it is important to keep

in mind the possibility of cross-contamination. To avoid it, a chamber preconditioning might

be necessary between the deposition of materials that require different precursors.

To demonstrate the impact of preconditioning of the deposition chamber, the composition

of the deposited MASnI3 absorbers was compared for two cases: On the one hand, MASnI3

samples were deposited after a deposition of (PEA)2SnI4, without any preconditioning. Note

that (PEA)2SnI4 is a 2D-perovskite which uses PEAI as the organic component. On the other

hand, (PEA)2SnI4 was deposited, after which an intermediate step, i.e. preconditioning, was

performed before the deposition of MASnI3. The preconditioning consisted in evaporating

SnI2 material for about 1 h, which reacted with the excess PEAI in the chamber and coated

the walls of the chamber with SnI2.

Because (PEA)2SnI4 presents a stoichiometric ratio of I/Sn=4, MASnI3 samples which

contaminated with PEAI were expected to show a I/Sn ratio higher than 3. Figure 4.7

shows the XPS ratios of the samples for which no conditioning was performed prior to their

deposition and the samples for which conditioning was performed.

The sample deposited in a non-preconditioned chamber showed a ratio I/Sn = 3.4, which

indicates cross-contamination, because the ratio is larger than the stoichiometric ratio of

MASnI3 (I/Sn=3)). In contrast, the sample deposited in a preconditioned chamber had a

ratio I/Sn=2.3, which was similar to the samples deposited before the introduction of PEAI

in the PVD chamber.

58



Section 4.5 - Sample storage in a glovebox

Figure 4.7: Comparison of I/Sn ratio of MASnI3 whith and without chamber preconditioning.

This result highlighted the contamination risk that evaporating material with low sticking

coefficients implies for subsequent deposition processes, i.e. the phase purity is compromised.

Nevertheless, it was demonstrated that preconditioning the PVD chamber has an impact on

the composition of the subsequently grown absorbers.

4.5 Sample storage in a glovebox

The composition of the sample is affected not only by the deposition parameters but

also by the storage. As mentioned in Chapter 2, hybrid perovskites are sensitive to oxygen,

water, light, and heat. Therefore, it is important to store them such that they are protected

from such stresses. For that reason, in the context of this project, all samples were stored

in an N2 glovebox, which was assumed to protect the samples from moisture and oxygen.

Note that the glovebox was equipped of O2 and H2O sensors and the levels were usually kept

below 5 ppm for O2 and below 2 ppm for H2O.

To verify this assumption, a study of the compositional evolution of the stored MASnI3

samples, as a function of the glovebox storage time, was carried out. For this, seven sister

samples, all from the same deposition, were transferred to XPS in different days after the

deposition. The XPS composition ratios of these samples were summarized in Figure 4.8 as
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a function of the storage in the glovebox (denote GB) time. During the first 15 days, no

major change in the Sn(2+) and Sn(4+) content was observed (see Figure 4.8 (a)). After

23 days in the glovebox, the composition changed noticeably: the Sn(2+) content decreased

from approximately 92% to 87% of the total amount of Sn. After 34 days, the Sn(2+) content

decreased further to 78%. Looking at Figure 4.8 (b), it is clear that the content of Sn(4+)

increased at the same rate that Sn(2+) relative to the total amount of Sn (Sn(tot)) decreased,

which means that Sn(2+) converted into Sn(4+).

Figure 4.8: Evolution of MASnI3 composition when stored in the glovebox. Evolution of (a)
Sn(2+) content, (b) Sn(4+) content and (c) I/Sn ratio.

The iodine content shows more variations in composition, even when the samples re-

mained in the glovebox for the same amount of time. However, in general, the iodine content

tends to decrease as a function of the time that the samples remained in the glovebox.

In literature, the formation of Sn(4+) in tin-based perovskites is often associated with

the formation of SnI4 and SnO2 [63, 92]. Figure 4.8 (c) shows that the I/Sn content tends

to decrease as a function of time. If SnI4 was formed, the I/Sn ratio would have increased

because the I/Sn ratio of SnI4 is 4. Therefore, the compound most likely to form in the

glovebox is SnO2.

In this section the storage of the sample in the glovebox and its impact was discussed.

The XPS concentration ratios of the MASnI3 samples were shown to remain at an acceptable

composition for the first two weeks. For this reason, samples younger than two weeks are

assumed to be ideal for performing experiments, as they have a lower probability of being

degraded beforehand.
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4.6 Summary

In this chapter, the synthesis of perovskites with various MAI powders and glovebox

storage were studied. It is clear that the quality of the crystal and the surface composition

are affected by the MAI powder used. Furthermore, it was seen that a low signal in XRD

does not necessarily mean a bad surface composition. Cross-contamination was identified

and fixed. The glovebox was shown to preserve the MASnI3 samples for approximately 15

days. Most importantly, this chapter justifies the use of the TCI MAI powder in the rest of

the thesis.

61



Chapter 4 - Physical Vapor Deposition of MASnI3 and Storage

62



Chapter 5

Measurement induced degradation

of MASnI3

In the previous chapter, it was demonstrated how the deposition parameters influence

the composition and crystalline structure of coevaporated tin perovskite. In addition, it was

shown that the impact of long-term sample storage in a supposedly inert atmosphere still

leads to the degradation of the perovskite material.

The purpose of this chapter is to assess whether the measurement techniques and con-

ditions reported in this thesis lead to the degradation of the measured samples. This is

important because one must know how the measurements themselves affect the samples be-

fore drawing conclusions.

In the following chapters, samples were repeatedly measured in order to study the degra-

dation of the sample as a function of exposure time to external stresses. Therefore, in this

chapter, samples are measured repeatedly, without any external stress other than the mea-

surement conditions, such as X-rays and UHV.
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5.1 Vacuum-induced degradation

The first study discussed is a time series in UHV (in the low 10−10 mbar) where MASnI3

samples were repeatedly measured in KPFM and XPS directly after deposition and after

multiple days of storage in UHV.

Figures 5.1 (a) and (b) show the topography of the sample the same day it was transferred

to UHV and after 6 days of storage in UHV, respectively. In both measurements, flat grains

of varying sizes were visible. Nevertheless, no significant changes were observed between the

two topography measurements.

Figure 5.1: AFM measurement of MASnI3 (a) on the day it was moved to UHV and (b)
six days later. (c) and (d) KPFM measurements performed simultaneously to the AFM
measurements. (e) Normalized workfunction distribution (such that curve integral = 1) of
measurements done on day 0, 1 and 6 after placing the sample in UHV. (f) Schematic model
that explains the change in the workfunction.

Regarding the workfunction, shown in Figures 5.1 (c) and (d), differences were observed.

First, the workfunction in the measurement performed the same day of the transfer (Figure

5.1 (c)) showed a lower facet contrast than the measurement taken after 6 days of storage in

UHV (Figure 5.1 (d)). That is, in the latter, the flat surfaces show a higher workfunction
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than the rest of the sample. This is not the case for the measurement that was performed

on the same day of the transfer. This observation is more clearly visible in Figure 5.1 (e)

where the normalized workfunction distribution of the sample was plotted for the same day

the sample was placed in UHV and for 1 and 6 days later. Here, it is clear that on the day

of the transfer the sample had a lower and narrower workfunction, and already after one day

of storage in a UHV, the workfunction shifted to a higher energy and stayed approximately

the same values even six days later. The broader distribution was due to the greater contrast

that is visible between the different facets of the grains in the sample 5.1 (d).

In fact, as mentioned in the literature, a contaminant layer can significantly change the

electronic structure of the surfaces, and as a consequence, the measured KPFM signal [118,

119]. In this case, the sample was initially in N2 atmosphere and then transferred to UHV.

One could hypothesize that a layer of contaminants from the less pure N2 atmosphere (during

glovebox storage) adsorbed onto the surface of the sample reducing the workfunction facet

contrast, i.e. the narrow distribution of the workfunction. Upon storage in the cleaner UHV

environment, this contaminant layer desorbed from the sample (as depicted in Figure 5.1 (f)),

leading to a greater workfunction facet contrast. Thus, the sample does not seem to degrade

when stored in UHV; instead, it seems to lose external contaminants, via the desorption of

molecules that were adsorbed in the glovebox. Therefore, a MASnI3 sample was measured

with XPS on different days after it was stored in UHV. Figure 5.2 shows the evolution of the

XPS spectra and ratios as a function of the time the sample stayed in UHV.

Figure 5.2 (a) shows the Sn3d of the sample on the day it was introduced to the UHV

(top) and 35 days later (bottom). In between measurements, the sample was always kept in

the load-lock chamber (with a pressure of 8 · 10−10 mbar) with a covered viewport so that

there was no stray light in the chamber. The color filled areas correspond to the peak fittings,

the lightest brown is for Sn(2+), darkest brown for Sn(0), the color in between for Sn(4+)

and gray for the satellite peaks. The envelope is the brown line and the measured data is

black.
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Figure 5.2: MASnI3 vacuum degradation tracked with XPS. (a) Fitting comparison of the first
day in vacuum and 35 days later in the Sn3d core level. (b) Evolution of ratio I(1-)/Sn(tot)
as a function of storage time in UHV. (c) Comparison of evolution of ratio Sn(2+)/Sn(tot) as
[I(1-)/4]/Sn(tot) as a function of storage time in UHV. (d) Evolution of ratio Sn(4+)/Sn(tot)
as a function of storage time in UHV.

The main contribution had a value of 486 eV, which corresponds to the binding energy

of the Sn oxidation state (2+). This is the oxidation state expected for of Sn in the MASnI3

perovskite. Note that initially the sample already contained some amount of Sn(4+) on

its surface. This could be due to contamination in the glovebox. As previously discussed

(Chapter 2), in literature, Sn(4+) has been attributed to the presence of SnO2 or SnI4 in

the material [63, 120]. However, the quantity of Sn(4+) decreased to nearly 0 after 35 h

in vacuum. This behavior has previously been observed in 2D perovskites [100] and was

attributed to the reduction of Sn(4+) to Sn(2+), which means that the presence of the

Sn(4+) oxidation state could be due to contaminants at the surface that later desorbed in

the clean UHV atmosphere, as also observed in Figure 5.2. From this there are three different

hypothesis,
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1. The sample initially contained SnI4, which in the UHV converted into SnI2 and I2;

2. The sample initially contained SnO2, which converted into SnO + O2. In this case, Sn

would be in the (2+) oxidation state.

3. A contaminant layer from the glovebox adsorbed onto the sample, changing the chemical

environment of the topmost perovskite layer.

These spectra are not enough to disentangle the three hypothesis and they will be dis-

cussed further later in this section.

For easier comparison, the inset in Figure 5.2 (a) shows the background subtracted

raw data on day 0 (blue) and day 35 (orange), without any fitting. We can see that the

KPFM measurement performed on the day of the transfer (0 days) had a larger workfunction

FWHM than the measurement carried out 35 days later. Since there was no charging in the

measurements, i.e. no collective energy shift of all the element peaks, nor any random energy

shift between successive sweeps, this slight increase in the workfunction FWHM is evidence

of the presence of an additional peak at higher binding energies.

The Sn(0) content is present in negligible amounts, which means that the fitting was

equally acceptable regardless of whether the Sn(0) component was considered or not. The

Sn(0) peak was kept in the peak fitting for consistency in the analysis of different samples.

Interestingly, the Sn(0) peak does not increase significantly, compared to Sn(2+), after 35

days in UHV. This is a surprising behavior, because studies in lead-based perovskites show

that in vacuum the absorber tends to form PbI2 and Pb(0) [70, 95].

In order to disentangle the three hypothesis above, it may be useful to look at the

evolution of the different elements of MASnI3 over time, this is shown in Figures 5.2 (b)-(d).

Note that in Figure 5.2 (b), initially the ratio I/Sn(tot) has a value of 3.3 and increases

to a value higher than 3.7 after 10 days; after this, the ratio remains mostly constant at a

value between around 3.7. This observation must be explained before moving on. Moreover,
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it is important to keep in mind that this sample may have suffered cross-contamination during

the deposition process, because the PVD chamber was used not only for MASnI3 evaporation,

but also for (PEA)2SnI4, as already discussed in Chapter 4.

For stoichiometric MASnI3, the expected ratio I/Sn(tot) is 3. So, at first glance, the fact

that I/Sn(tot) increases to the value of 4 could mean that the material is forming SnI4, which

has a ratio I/Sn = 4. However, this contradicts the observations made in Figure 5.2 (a),

where the Sn(4+) contribution is small and even decreases with time in vacuum. Moreover,

when looking at the ratio Sn(2+)/Sn(tot) ( Figure 5.2 (b)), we see that this ratio also

increases with time, which also contradicts the formation of SnI4, in which case the Sn(2+)

contribution would be converted to the oxidation state Sn(4+). In fact, this observation is

also supported by the fact that the ratio Sn(4+)/Sn(tot) (Figure 5.2 (c)) tends to decrease

over time.

Given the possibility of cross-contamination with (PEA)2SnI4, it is hypothesized that

this sample suffered cross-contamination during the cooling down time after the deposition

process, when all evaporation sources are switched off. In which case, the contamination

would have been caused by the remaining PEAI on the chamber wall. This makes sense be-

cause, as discussed in Chapter 4, the PVD chamber is used not only for MASnI3 evaporation,

but also for (PEA)2SnI4. As a consequence, the sample may contain a top layer of (PEA)2SnI4

on the surface and the expected ratio I/Sn(tot) for the stoichiometric (PEA)2SnI4 is 4 with

Sn in the oxidation state (2+). This explains the higher than expected I/Sn(tot) ratios for

MASnI3. A contamination in the bulk does not seem probable, because the PEAI needs to

be heated up to higher temperatures than MAI in order to evaporate. Therefore, the vapor

pressure in the chamber during the deposition is probably too high for the PEAI to desorb

from the walls of the chamber.

To go further, in (PEA)2SnI4, each Sn atom is bounded to four I atoms and has an

oxidation state of (2+). Thus, for pure (PEA)2SnI4, the following relation between the

measured I signal and the Sn(2+) contribution should be verified:
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I/4

Sn(tot)
=

Sn(2+)

Sn(tot)
. (5.1)

For easier comparison, both ratios are plotted in Figure 5.2 (c), where it is clear that

both ratios follow the same trend and are very close to each other. The fact that I
4/Sn(tot)

is slightly lower than Sn(2+)/Sn(tot) can be explained by the presence of MASnI3 in the

sample, which lowers the value of the ratio. Indeed, in the case of pure MASnI3, the following

relation holds instead:

I/3

Sn(tot)
=

Sn(2+)

Sn(tot)
. (5.2)

Returning to the three hypotheses mentioned above. The first hypothesis suggested

the presence of SnI4 from the beginning, which would convert into SnI2 and I2 in UHV.

Nevertheless, the I2 is known to leave the perovskites’ surface in UHV [34, 35, 121], and

therefore, a decrease in iodide content would be expected. However, the iodide content

increased, meaning that the first hypothesis can be discarded.

Unfortunately, from these measurements it was not possible to disentangle the second

hypothesis (i.e. SnO2 converting into SnO and O2) from the third hypothesis (i.e. the pres-

ence of a contamination layer that interacted with Sn, slightly changing its binding energy).

Oxygen was observed in the film with an approximate ratio O/Sn(tot) = 0.2 (see Figure A1),

but its evolution does not follow the evolution of Sn(4+) close enough to justify the second

hypothesis. Similarly, the presence of a contaminant carbon species was detected, with an

approximate ratio of C/Sn(tot) = 1.2 (see Figure A1), but its trend did not follow that of

Sn(4+) close enough. Therefore, it is possible that the combination of both hypotheses is the

reason for the variations observed.

From the KPFM and XPS measurements, one can conclude that there is no clear evi-

dence of degradation due to UHV. More precisely, in both cases, the sample seemed to get
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rid of contaminants that might have adsorbed during storage in the glovebox. Once the

contaminants left the surface, the composition of the sample did not change, this has also

previously been observed in literature [97]. Furthermore, it was observed that the sample was

contaminated with PEAI. Samples from the same batch were used in later chapters, namely

Chapters 7 and 8.

5.2 X-ray induced degradation

On the basis of the above analysis, XPS seems to be a good technique for tracking per-

ovskite degradation. First, it is a surface sensitive technique and, second, from the measure-

ments seen in Figure 5.2, the sample composition does not show any evidence of degradation

in the sample due to the measurement technique. However, XPS does not give any informa-

tion about the bulk or about defects, and therefore this technique can be complemented with

PL measurements.

The sample that was used, in the previous section, to study the vacuum degradation, was

repeatedly measured in XPS. Similarly, samples that were exposed to other external stimuli,

such as water and oxygen, were also repeatedly measured in XPS. The UHV sample holder,

used for XPS measurement, contained two stainless steel clamps that hold the sample in

place (see Figure 5.3 (a)). Therefore, part of the sample was under the clamps and shielded

from X-rays, while it was in UHV. Only the border of the clamps was in contact with the

sample, so a gap would remain between the sample and the rest of the clamp, as illustrated

in Figure 5.3 (a). Consequently, when the sample was removed from the holder, two regions

were distinguishable: (1) the region under the clamp (protected from X-rays) and (2) the

rest of the sample (exposed to X-rays).

The different colors were difficult to capture in an optical image, but they were clearly

visible in the PL imaging setup. Figure 5.3 (b) shows the PL map of the sample used for

the UHV stability experiment, discussed above (Figure 5.2). The relative location where the

70



Section 5.2 - X-ray induced degradation

Figure 5.3: PL measurements performed after XPS. (a) XPS sample holder, top view (left),
bottom view (top right), different color zones after XPS measurement (bottom right). (b) PL
image of the X-ray-induced degradation sample after XPS measurements with spectrometer
set to E = 1.31 eV. (c)-(e) PL measurement below the clamp and at the center of the sample
after different degradations and XPS measurement. (f) FWHM of the PL peak for each
spectrum in (c)-(e).

measurement was taken is also shown in (a) with a blue outline. The map was acquired

with liquid crystal filter set to E=1.31 eV to highlight the contrast between the two regions

of interest. Clearly, the region under the clamp has the photoluminescence that is greater

than that of the rest of the sample. To compare the photoluminescence yield between the

two regions, intensity-calibrated PL was measured from the two regions of interest and the

resulting spectra are plotted in Figure 5.3 (c). Here, a pronounced reduction of the PL yield

is observed at the center of the sample (light blue spectrum), compared to that observed in

the region under the clamp (dark blue spectrum). Additionally, a peak shift toward higher

energies is noted. Furthermore, two additional samples from the same batch as the previous

sample were exposed to different stresses, namely 5 h of synthetic air and 16 h of water

vapor, measured with XPS and then measured in PL (Figures 5.3 (d) and (e) respectively).

Both samples show an energy shift of the PL peak towards higher energies at the center of
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the sample, comparatively to the region under the holder’s clamps, independently of their

previous degradation.

Furthermore, Figure 5.3 (f) shows the FWHM of the PL spectra of the three sister sam-

ples in the region below the clamp (darker color) and at the center of the sample (lighter

color). The FWHM were extracted using a Gaussian fitting. Here, it is clear that, indepen-

dently of the type of degradation, the FWHM of the PL peak further increases when the

sample is exposed to X-rays. Typically, a change in the PL peak position and a variation

in the FWHM mean that the film’s composition changed, but in the XPS it was shown that

the composition of the sample did not vary significantly (Figure 5.2). However, one should

keep in mind that in order to perform PL, the sample underwent multiple transfers, which

could have exposed the sample to small amounts of air and moisture. To better understand

the observations in PL, profilometer measurements were performed on the sample that was

exposed to synthetic air for 5 h (see Figure 5.4).

Figure 5.4: Profilometer of perovskite in the region shielded from X-rays (under the clamp)
and in the region exposed to the X-rays (center).

Notice that the part of the sample that was below the clamp, and shielded from the X-

rays, was thicker than the region that was exposed to the X-rays. The difference in thickness

was approximately 35 nm. That is, the uncovered part of the film evaporated during exposure

to X-rays. Due to this evaporation, vacancies could have formed in the sample, making it

more vulnerable to degradation. This goes in the same direction of what is observed in
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the literature [97, 98], where the exposure of perovskites to X-rays have been linked to the

formation of defects. Recalling that to perform PL on the sample, multiple transfers were

implied, some of which were in N2 atmosphere, it could be that the sample was exposed to

oxygen and water in small amounts. This would result in oxidation of the sample, leading to

a change in composition, which could explain the PL peak shift and the observed change in

FWHM.

From this set of measurements, it is clear that X-ray exposure causes evaporation of the

sample, without causing a significant change in the composition of the sample. Furthermore,

the sample evaporation, combined with the multiple transfers, resulted in the degradation

of the sample, which was identified through a decrease in PL yield, a PL peak shift, and an

increase of the FWHM of the PL peak.

5.3 Summary

In this chapter, it has been shown that even in the N2 glovebox and in the PVD, the

sample is not fully protected from contaminants. Indeed, the latter adsorbed onto the sample

surface and contributed to workfunction and the composition measurements signal. Accord-

ing to XPS measurements, the contaminant signal can take up to 10 days to vanish if the

sample is kept in UHV. KPFM measurements and UHV itself were not observed to degrade

the tin perovskite, and X-ray exposure has been shown to not change the surface composi-

tion significantly. However, the thickness of the samples that were exposed to X-raz radiation

reduced through evaporation, making the sample more prone to contamination.
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Chapter 6

Light induced degradation of

MASnI3

In the previous chapters, degradation induced by the storage and measurement tech-

niques was studied. It was concluded that the degradation induced by the measurements did

not have a significant impact in the measured composition of sample and that when stored in

the glovebox, the sample would undergo significant degradation 15 days after the deposition.

After which, the formation of Sn(4+) was detected. With this knowledge, XPS and KPFM

seem to be the appropriate techniques to study the degradation induced by exposure to light.

Why is light degradation interesting and why should it be studied? If Sn-based per-

ovskites are ever employed as absorbers in solar cell devices, it is crucial that they do not

degrade upon illumination, in order to guarantee their performance in the long term. Cur-

rently, the perovskite community agrees that MA+ is leaving the surface upon illumination

[62, 76, 77], but there is no clear consensus on which degradation products remain on the

sample [62, 78, 79]. Thus, it is of great interest to understand the light-induced degradation

mechanism of Sn-based perovskites.
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For this, composition measurements were performed after the sample was exposed to

light for different intervals of time. In total, the sample was illuminated for 61 h in UHV. The

composition measurements revealed the presence of SnI2 in the sample from the beginning.

With this in mind, the light degradation study is performed and modeled on the basis of a

bilayer model. Finally, the light-induced degradation mechanism observed here in Sn-based

perovskites is compared to that of Pb-based perovskites.

6.1 Light-induced degradation of MASnI3

To study the light-induced degradation of MASnI3, a pristine sample was measured in

XPS and then exposed to light for different time intervals. The light used for degradation

was a white light (the QTH10 from Thorlabs) and the irradiance was of 16 mW/cm2 which

corresponds to 0.16 suns. Between each interval of exposure, the sample was measured in

XPS.

Note that the sample was exposed to light in the XPS chamber. There were no transfers

and the sample was not moved for the full duration of the experiment. Therefore, reducing

the chances of carbon and nitrogen contamination. For this reason, in this chapter, the

nitrogen (N1s) and carbon (C1s) peaks were taken into account.

First, the pristine sample mainly showed the oxidation state Sn(2+) at Ebinding =

486.1 eV (see Figure 6.1 (a) (top)). Surprisingly, after exposure of the sample to light for

61 h, the binding energy of tin remained the same, which meant that tin was mainly in the

oxidation state Sn(2+) (see Figure 6.1 (b) (bottom)). Only a slight increase in the Sn(0)

quantity was detected, which is highlighted in the inset of the figure. Note that no Sn(4+)

formation was detected.

When considering the I3d signal (see Figure 6.1 (b) (top)), the pristine sample showed

the main peak at the binding energy Ebinding = 618.8 eV, which is expected for MASnI3.

Nevertheless, the ratio I/Sn(tot) was especially low, with a value of 2.3 instead of 3. As
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Figure 6.1: Spectra of pristine MASnI3 (top) and light exposed MASnI3 (bottom). (a)
Spectrum in the Sn3d energy region and (b) in the I3d region.

mentioned in the deposition chapter (Chapter 4), this was assigned to the presence of SnI2

in the film, and it will be discussed in more detail in the next section. After illumination

(Figure 6.1 (b) (bottom)), no difference in the spectrum was detectable, however, the ratio

I/Sn(tot) decreased to 2.0, which could be an indication of the formation of SnI2. Recall

that the oxidation states Sn and I are identical for MASnI3 and for SnI2, as a consequence,

it is not possible to deconvolute the two contributions.

The nitrogen spectrum showed the most visible change after exposure to light. Figure

6.2, shows the nitrogen spectra before and after light exposure. As seen in Chapter 4,

the pristine sample shows two nitrogen peaks. Nevertheless, the low energy nitrogen peak

was also observed in SnI2 films. Therefore, the highest binding energy peak (denominated

Nhigh) was assigned to the perovskite signal, while the lower binding energy peak (Nlow) was

attributed to contamination. Note that after exposure to light, the intensity of the Nhigh
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peak decreased, suggesting a decrease in the MA+ content and as a consequence, a decrease

in perovskite content, again indicating the formation of SnI2. Note that this is in agreement

with literature, as MA+ has been reported to leave the perovskite’s surface upon illumination

both in Sn- and Pb-based perovskites [62, 76, 77]

Figure 6.2: Spectra of pristine MASnI3 (top) and light exposed MASnI3 (bottom) in the N1s
energy region.

KPFM has previously been used in the literature to detect secondary phases in per-

ovskites [59]. Here, the XPS measurements indicated that a secondary SnI2 phase was present

in the sample. In this case, regions with two distinct workfunctions (SnI2 and MASnI3) were

expected to be apparent in the KPFM measurement. However, this was not the case (see

Figure 6.3).

In fact, not only there is no clear sign of a secondary phase in the sample, but the average

workfunction of the degraded sample only varies by 20 meV compared to the pristine sample.
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Figure 6.3: (a) Topography and (b) workfunction maps of a pristine MASnI3 sample. (c)
Topography and (d) workfunction maps of a light exposed MASnI3 sample.
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More precisely, the average workfunction of MASnI3 goes from 4.63eV in the pristine sample

to 4.61 eV after illumination.

Assuming that SnI2 and MASnI3 do not have the same workfunction and given that the

secondary phase is not detectable in the KPFM measurements and both samples have the

same workfunction, it is safe to assume that the pristine sample had an SnI2 top layer at the

beginning of the experiment. During exposure, this layer increased in thickness, reducing the

MASnI3 signal. In this case, a bilayer model could describe the increase in thickness of the

SnI2 layer. In the next section, a layer-by-layer degradation of MASnI3 is assumed in order

to derive a bilayer model that is adpated to this system.

6.1.1 Bi-layer model

Assuming that MASnI3 degrades layer-by-layer into SnI2 starting from the surface, one

can estimate the evolution of the layer thickness as a function of time. To do so, it is necessary

to look at the evolution of the ratios I(1-)/Sn(tot), Nhigh/Sn(tot), and C/Sn(tot), which are

plotted in Figure 6.4.

Figure 6.4: (a) Evolution of I(1-)/Sn(tot) (b), C/Sn(tot) and Nhigh/Sn(tot).
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When MASnI3 sample is exposed to light, the ratios I(1-)/Sn(tot), Nhigh/Sn(tot), and

C/Sn(tot) decrease as a function of time. This could be explained by MAI, which leaves

the surface of the sample, and by the formation of SnI2 as a product of the reaction. The

chemical reaction of the degradation would go as follows.

MASnI3(s)
hν−→ MAI(g) + SnI2(s). (6.1)

Note that in the first 5 h the ratio increases; this was previously observed (in Chapter 5)

and was attributed to a layer of external contaminants that desorb from the surface of the

sample when the sample is placed in vacuum.

The data in Figure 6.4 can be used to estimate the evolution of the thickness of the

SnI2 layer as a function of time. To do so, it is necessary to derive a bi-layer model that can

describe this system. In the following, the bi-layer model is derived in order to describe the

decrease of the different ratios.

Suppose that the MASnI3 sample has a homogeneous layer of SnI2 at the surface. Then,

for a layer that is thinner than the probing depth of the XPS (i.e. approximately 8 nm to

10 nm), the XPS signal contains two contributions: one contribution from the surface material

(here SnI2) and another one from the bulk material (MASnI3 in this case). Here, the aim is

to use the bi-layer model to estimate the thickness d of the SnI2 layer as a function of time.

From the book by Hofmann and Siegfried, the corrected intensity of Sn ISn measured in XPS

is given by [68]

ISn = IsSn

[
1 − exp

(
−d

λSn cos θ

)]
+ IbSn exp

(
−d

λSn cos θ

)
. (6.2)

Here, IsSn is the mole fraction of Sn in the surface material and IbSn the mole fraction

of Sn in the bulk, θ is the angle between the analyzer lenses and the sample surface normal

and λSn is the attenuation length of Sn electrons in the surface material. The attenuation
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length includes the elastic scattering and the inelastic scattering; nevertheless, here it is

approximated by the inelastic mean free path (IMFP) which neglects the elastic scattering

and introduces an error of 10%-15% [68]. The IMFP for the different elements were calculated

with the TPP2M model [122].

Note that Equation 6.2 consists of two terms: the surface contribution, which increases

exponentially with thickness d, and the bulk contribution, which decreases exponentially with

thickness d. This equation can be written more generally for any element x in the sample as

Ix = Isx

[
1 − exp

(
−d

λx cos θ

)]
+ Ibx exp

(
−d

λx cos θ

)
.

In this experiment, the sample was placed orthogonally to the lenses of the analyzer,

therefore θ = 0. As a consequence, the ratio Ix/ISn between the element x and Sn is given

by

Rx,Sn =
Ix
ISn

=
Isx

(
1 − e−d/λx

)
+ Ibx · e−d/λx

IsSn
(
1 − e−d/λSn

)
+ IbSn · e−d/λSn

. (6.3)

The mole fractions of I and Sn in the bulk are especially hard to estimate because there

are no reference samples MASnI3. However, by taking the chemical formula of MASnI3 into

account, one can use the values expected for the ratios of the mole fractions.

Defining, the ratio of the volume density of Sn in the bulk to that on the surface can be

calculated by dividing the quantity of Sn present on the surface by the quantity of Sn in the

bulk

ρSn =
IsSn
IbSn

⇒ IsSn = ρSnI
b
Sn (6.4)
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Furthermore, let Rsurf be the ratio between the quantity of x and Sn at the surface and

Rbulk the ratio between the quantity of x and Sn in the bulk. Then,

Rsurf =
Isx
IsSn

⇒ Isx = RsurfI
s
Sn = Rsurf · ρSnIbSn (6.5)

and

Rbulk =
Ibx
IbSn

⇒ Ibx = RbulkI
b
Sn. (6.6)

Here, the mole fractions in Eq. 6.3 can be replaced by results in Eq. 6.4, 6.5 and 6.6 so,

Rx,Sn =
Rsurf · ρSnIbSn

(
1 − e−d/λx

)
+ RbulkI

b
Sn · e−d/λx

ρSnIbSn
(
1 − e−d/λSn

)
+ IbSne

−d/λSn
(6.7)

By simplifying IbSn,

Rx,Sn =
RsurfρSn

(
1 − e−d/λx

)
+ Rbulk · e−d/λx

ρSn

(
1 − e−d/λSn

)
+ e−d/λSn

. (6.8)

This equation can be adapted to the different elements in MASnI3. For iodide, given

that the surface layer is SnI2 and the bulk is MASnI3, then Rsurf = 2 and Rbulk = 3 therefore

RI,Sn =
2ρSn

(
1 − e−d/λI

)
+ 3e−d/λI

ρSn

(
1 − e−d/λSn

)
+ e−d/λSn

. (6.9)

Carbon and nitrogen are not present in the surface material, so Rsurf = 0 and for the

bulk, the ratio is Rbulk = 1, which implies
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RC,Sn =
e−d/λC

ρSn

(
1 − e−d/λSn

)
+ e−d/λSn

. (6.10)

and

RN,Sn =
e−d/λN

ρSn

(
1 − e−d/λSn

)
+ e−d/λSn

. (6.11)

The ratio ρSn , can be determined either from the tabulated values of the crystalline

structures of SnI2 and MASnI3, or by fitting the data in Figure 6.4.

In order to fit the data with the derived equations 6.9, 6.10 and 6.11, it is necessary to

find the dependence of d in time. Notice that the thickness d is a function of the illumination

time t, because it was assumed that the sample degraded layer by layer. Additionally, since

the sample was measured to be 300 nm, which is two orders of magnitude thicker than the

SnI2 layer, the content of MASnI3 can be considered an infinite reservoir. Consequently, the

degradation reaction was assumed to be linear in time and so [123], the thickness d also has a

linear dependence on time: d(t) = d(0) + b · t. Here, d(0) is the thickness of the SnI2 at t = 0

and b is the decomposition rate of MASnI3. The fitting was optimized such that d(0), b and

ρSn would be free parameters, with the same value in all three data sets, i.e. I(1-)/Sn(tot),

C/Sn(tot) and Nhigh/Sn(tot) as a function of light exposure time. Figures 6.5 (a) and (b)

show the ratios fitted with the derived model and the thickness estimation in Figure 6.5 (c).

As a result of the fitting, the initial thickness of SnI2 d(0) was estimated to be 1.4±0.1nm

and increased at a rate of b = 0.014 ± 0.003nm · h−1. Furthermore, after 61h exposure to

light, the SnI2 thickness reached a value of d(61h) = 2.3 ± 0.3nm, which is only 1 nm more

than the initial quantity. Finally, the ratio ρSn was estimated to be 2.71 ± 0.33.

To verify this result, the ratio ρSn can also be estimated with the tabulated values. The

volume density of Sn atoms in the surface material can be defined as
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Figure 6.5: Fitting of evolution of (a) I(1-)/Sn(tot) (b), C/Sn(tot) and Nhigh/Sn(tot) with
the bi-layer model. (c) Estimation of thickness of SnI2 as a function of time.

ρsSn =
N s

Sn

V s
Sn

(6.12)

With Ns
Sn the number of Sn atoms in a unit cell of the surface material and Vs

Sn the

volume of a unit cell. If the mole fraction of tin IsSn and ρsSn are proportional to each other,

then

IsSn = α · ρsSn = α ·
N s

Sn

V s
Sn

(6.13)

with α the proportionality factor. Assuming that the material at the surface of the film

is monoclinic SnI2, then from the XRD database for this crystalline structure it is possible
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to extract N s
Sn = 6 V s

Sn = 349.03 Å
3

[124]. The value of N s
Sn was obtained by simulating the

crystalline structure in VESTA using the database file.

Using the same reasoning for the bulk material,

IbSn = α · ρbSn = α ·
N b

Sn

V b
Sn

(6.14)

The bulk material is MASnI3, was measured to be in the cubic crystalline structure

(see Chapter 4), assuming the conventional unit cell, N b
Sn = 1, and from the XRD database

V b
Sn = 242.69 Å

3
[125].

Finally, using equation 6.4,

ρSn =
IsSn
IbSn

=
ρsSn
ρbSn

=
N s

SnV
b
Sn

V s
SnN

b
Sn

= 4.2. (6.15)

Notice that this value is in the same order of magnitude of the value that was extracted

from the fitting ρSn = 2.71 ± 0.33. Both values are very close considering the number of

assumptions that were made in both calculations.

In this section the light-induced degradation of MASnI3 was studied. It was shown that

upon illumination MASnI3 decomposes into MAI and SnI2. A model was presented that can

estimate the degradation rate and the thickness of the SnI2 layer at the surface of the sample.

Notice that this degradation mechanism is very similar to the one observed for light-

induced degradation Pb-based perovskites [34, 35, 121, 126–128]. Nevertheless, the decom-

position of Pb-based perovskites was shown to occur in two steps. In the second step, PbI2

would degrade to metallic Pb. Therefore, it is of great interest to study the light-induced

degradation of SnI2. The next section focuses on the light-induced degradation of SnI2 and

places it in perspective with the PbI2 degradation.
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6.2 Comparison of Pb and Sn-based perovskite light induced

degradation

In the previous section it was shown that MASnI3 degrades into the organic component

(MAI) and the metal halide component (SnI2), similarly to Pb-based perovskites [34, 35,

121, 126–128]. However, PbI2 has been reported to further degrade to Pb(0). Interestingly,

during the 61 h of illumination, the MASnI3 film formed minimal amount of Sn(0) and no

Sn(4+) was detected. To study the degradation of SnI2, a freshly deposited SnI2 film was

illuminated for approximately 100 h. This was compared with a similar experiment on PbI2,

performed by Dr. Jeremy Hieulle, where the lamp for degradation and the measurement

equipment were the same as those used in this thesis.

The ratios Sn(0)/Sn(tot) and Pb(0)/Pb(tot) are shown in Figure 6.6 as a function of

illumination time. Notice that the content in Pb(0) increased to more than 40% of the total

amount of Pb in the probed volume of the sample, while the Sn(0) remained neglectable

for the full duration of the experiment. Meaning that, in vacuum, SnI2 did not degrade to

metallic Sn after 100 h of illumination.

Figure 6.6: Comparison of light-induced degradation of SnI2 and PbI2 (a) formation of Sn(0)
and Pb(0) (b) Changes in I(1-).

Similarly, for the iodide (Figure 6.6 (b)). Notice that both samples start with a similar

iodide ratio, but in the case of SnI2, the ratio remains constant, within the error bar for the
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entire duration of the experiment, while for PbI2 the ratio of I(1-)/Sn(tot) starts to decrease

after only 4 h of exposure and continues to decrease for the duration of the experiment.

These results are surprising because, typically, the instability in Sn-based perovskites is

attributed to the presence of Sn [62, 78, 79]. Nevertheless, here it was shown that SnI2 is

more stable than PbI2 upon illumination in vacuum.

One point remains to be discussed. During light exposure of MASnI3, a small quantity

of Sn(0) was detected, but in this section, SnI2 did not show any degradation to Sn(0). In

the next section, the formation of Sn(0) in MASnI3 is compared to the one in SnI2, in order

to understand what degraded into Sn(0).

6.3 Comparison of MASnI3 and SnI2 light induced degrada-

tion

Up to now, in this chapter, it has been shown that MASnI3 degrades into SnI2 upon

illumination under UHV and that, in these conditions, SnI2 is more stable than PbI2. The

question now is: Are the variations of Sn(0) in MASnI3 and in SnI2 comparable? More

specifically, is MASnI3 really forming Sn(0) as well?

Figure 6.7, shows the evolution of Sn(0) in SnI2 and in MASnI3 films after illumination.

For SnI2 the quantity of Sn(0) increases only during the first 10 h of exposure, and then

remains constant. This quantity could either be a systematic fitting error or a small quantity

of Sn(0) that is intrinsically present after synthesis. The last hypothesis would explain the

increase in signal in the first 10 h, as this would be caused by the desorption of the contaminant

layer as it was also observed in Figure 6.4.

On the other hand, for MASnI3 the quantity of Sn(0) increases continuously. This

indicates that indeed Sn(0) is formed in a small quantity when MASnI3 is exposed to light

and therefore the degradation mechanism is instead described by
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Figure 6.7: Evolution of Sn(0) in MASnI3 and in SnI2 with light exposure.

MASnI3(s)
hν−→ MAI(g) + A · SnI2(s) + (1 −A) · [Sn(0)(s) + I2(g)]. (6.16)

where A is a probability factor between 0 and 1, which describes the probability that

MASnI3 decomposes in Sn(0) or in SnI2.

In this section it was shown that Sn in MASnI3 has a small probability of into Sn(0)

when illuminated under vacuum. However, when MASnI3 decomposes into SnI2, it does not

further reduce into metallic Sn.

6.4 Summary

In this chapter, light-induced degradation of MASnI3 was studied using XPS and KPFM.

It has been concluded that, upon illumination, SnI2 and a small amount of metallic Sn are

formed on the surface of the sample. More importantly, there was no formation of Sn(4+)

during illumination in UHV. Furthermore, a bilayer model was derived as a function of time.

This model was able to determine the thickness of the SnI2 layer formed on the surface of

the sample. In addition, light-induced degradation of SnI2 and PbI2 was also studied. SnI2
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showed no sign of light-induced degradation, while formation of Pb(0) was measured in PbI2.

This suggests that the light-induced degradation of MASnI3 is not caused by the use of Sn

or its tendency to oxidize. Instead, it was deduced that the light-induced degradation of

MASnI3 is caused by the MA+ that has the tendency to break the bond it has in perovskite

lattice and to leave the material. In order to improve the stability of Sn-based perovskites,

it is important to use an organic cation that does not leave the sample.
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Water induced degradation of

MASnI3

In the previous chapter, it was shown that MASnI3 forms SnI2 when illuminated in UHV.

However, light is only one of the many stresses that a solar cell can encounter in the field.

In this chapter, another type of degradation is studied: water-induced degradation. More

precisely, the degradation that MASnI3 undergoes after exposure to liquid water or water

vapor is studied.

The water-induced degradation of perovskites is still little understood, especially with

regard to Sn-based perovskites. In this chapter, both water vapor and liquid water-induced

degradation are studied. In the first part, Sn-perovskite films were degraded with a water

layer and by being dipped in water and characterized using KPFM, XRD and XPS. Then,

a detailed XPS analysis of the evolution of water vapor-induced degradation in MASnI3 is

studied as a function of time. With the exception of the sample that was dipped in water,

all experiments and measurements were performed in a N2 atmosphere or under vacuum, to

avoid oxygen contamination of the samples from the air.
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7.1 Liquid water induced degradation on MASnI3 films

This section studies the degradation induced by liquid water in MASnI3 samples. First,

samples that were exposed to a thin layer of water, by spin coating with deionized (DI)

water, were studied using AFM, KPFM and XPS. Then, a sample was dipped in DI water

and measured in XRD.

Before exposing the sample to water, the freshly deposited MASnI3 sample was measured

in UHV using AFM and KPFM (Figures 7.1 (a) and (b)), and then transferred to the N2

glovebox, where it was spin coated with 80µl of DI water. Finally, the sample was transferred

back to UHV, where it was again measured in KPFM (Figures 7.1 (c) and (d)). This sample

was always transferred under high vacuum or in N2 atmosphere. A reference sister sample was

always present in the transfers of the water-exposed sample, which allowed the measurement

of both samples in XPS; in this way, any effects due to transfer contamination would be

visible in both samples and not taken into account in the interpretation.

Figure 7.1: (a) Topography and (b) work function map of the pristine MASnI3. (c) Topog-
raphy and (d) work function map of the water-exposed sample. (e) Picture of pristine and
(f) water-exposed samples on the UHV sample holder.

The topography of the pristine sample and its workfunction map are shown in Figures

7.1 (a) and (b). Similarly to the previous chapters (see Chapter 6), this sample showed

the typical polycrystalline topography of halide perovskite, with grains of a few hundred
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nanometers. Furthermore, the KPFM image (Figure 7.1 (b)) shows a facet-dependent work

function, with an average value of 4.68 eV and a standard deviation of 0.05 eV, similar to the

MASnI3 samples studied in Chapter 6.

The measurements of the topography and the work function of the sample exposed to

water (Figure 7.1 (c) and (d)) were unfortunately not stable enough to obtain a clean figure.

Furthermore, the value of the work function is not considered trustworthy as the tip work

function changed constantly during the measurement, due to material that got attached to

the tip. Despite this, after exposure to water, the sample appears to be rougher with a

maximum grain height of 240 nm instead of just 75 nm observed for the pristine sample (see

Figures 7.1 (c) and (d), respectively).

Figures 7.1 (e) and (f) show a picture of the reference sister sample and a picture of

the sample degraded by water. The sister sample shows the typical dark brown color of the

MASnI3 films [129], with a metallic sheen, a sign of good microscopic homogeneity. On the

other hand, the sample exposed to water became yellow in the region touched by the water.

This could be an indication that SnI2 was formed, since SnI2 is typically yellow. This aligns

with the literature for Pb-based pervoskites, which have been shown to form PbI2 upon water

exposure [81, 87, 88]. Additionally, the sample does not exhibit the sheen that was visible

for the pristine sample; this is probably due to the increased roughness of the sample, as

observed in Figure 7.1 (b).

To confirm the presence of SnI2 in the near-surface region, quantitative compositional

measurements of the sample exposed to water and the reference sample were performed with

XPS.

The Sn3d and I3d spectra are shown in Figure 7.2 (a) and (b), respectively. As expected

for the reference sample (Figure 7.2 (a) (top)), the main component of Sn is Sn(2+). Sn(0)

and Sn(4+) were also detected in small quantities, probably due to glovebox storage. Note

that after exposure to water (Figure 7.2 (a) (bottom)), the main component remains Sn(2+),

which is also expected when SnI2 is formed.
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Figure 7.2: Detailed XPS spectra of the reference sample (top) and water drop degraded
sample (bottom) in the (a) Sn3d and (b) I3d core level energies.

The content of Sn(4+) remained similar and varied only from 6% to 7%. This difference

is within the error, suggesting that there is no oxidation of Sn(2+) to Sn(4+) with such a brief

exposure to water. This is an unexpected result, as it shows a different behavior compared

to the results reported in the literature [47].

Additionally, a small Sn(0) formation was observed for the sample that was exposed

to the water drop. The inset in Figure 7.2 (a) shows the overlap of the Sn3d 3/2 spectra

of the reference and water degraded samples, where it is clear that the reference sample

has a larger shoulder on the lower energy side compared to the degraded sample. That is,

the Sn(0) component decreased after exposure to water. This result can be caused by two

mechanisms: 1. The metallic Sn, which is in the oxidation state Sn(0), bonded to water and

was then washed away by the excess water during the spin coating; 2. The water oxidized

Sn(0) into Sn(2+), forming SnO which would be an intermediate step to reach the more
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thermodynamically favorable SnO2 [130, 131]. X-ray diffraction (XRD) measurements of

the degraded sample did not show the presence of SnO (see Figure A2), and therefore it

is not possible to distinguish between the two cases. In fact, XRD only detects crystalline

phases, but SnO could be amorphous. However, SnO formation upon exposure to water has

previously been observed by Wang et al., with Fourier transform infrared (FTIR) spectroscopy

measurements [47]. Furthermore, the formation of SnO2 at this stage is excluded, because

in SnO2, tin is in the Sn(4+) oxidation state, which, as already mentioned, does not show a

significant change in the ratio.

The binding energy of the iodine remained the same after exposure to water (Figure

7.2). However, the I/Sn(tot) ratio decreased from 2.8 to 1.2, which is considerably lower

than the expected value for SnI2, i.e. I/Sn=2. Such a low ratio can be justified by the

presence of oxygen and eventually the formation of SnO and by the iodine which left the

surface. Further investigation is possible by looking in more detail at the XPS spectra of O,

C and N in Figure 7.3.

In general, oxygen is present in small amounts (close to the noise level) in the reference

samples (Figure 7.3 (a)). This is possibly due to glovebox storage, as discussed in Chapter 4.

In Figure 7.3 (a) (top), it is visible that although the oxygen peak has a low intensity compared

to the noise level of the measurement, the peak is broad and the fitting must contain at least

three peaks, corresponding to three oxygen components. Since the nature of these components

is unclear, they were named according to their binding energy, which means that Olow is the

peak with the lowest energy, Ohigh the peak with the highest energy and Omiddle the peak in

between. The FWHM of the peaks was estimated using the sample that was degraded by the

water drop (7.3 (a) (bottom)). After water exposure, the Olow peak increased significantly,

compared to Omiddle and Ohigh, which helped to deconvolute it from the other two peaks.

Upon close inspection of the Olow peak in the reference sample and in the water-degraded

sample, it is possible to see that both peaks are slightly shifted compared to each other. In

fact, the Olow binding energy changes from 530.44 eV, in the reference sample, to 529.91 eV,
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Chapter 7 - Water induced degradation of MASnI3

Figure 7.3: Detailed spectra of the reference sample (top) and water exposed sample (bottom)
in the (a) O1s, (b) C1s and (c) N1s core energy levels. Overlap of the pristine and exposed
sample on the (d) C1s and (e) O1s core energy levels.
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Section 7.1 - Liquid water induced degradation on MASnI3 films

in the degraded sample, which is a difference of only 0.53 eV. This difference is probably due

to the fitting error caused by the high-level noise in the reference sample spectrum.

To explain the increase in Olow, one could hypothesize that O bonded to Sn, forming

SnO, and allowing Sn to remain in the (2+) oxidation state. The consequence is that, in

the spectrum of Sn3d in Figure 7.2 (a), the component Sn(2+) had two indistinguishable

contributions: (1) the first contribution from the Sn bond with O, to form SnO and (2) the

second contribution from the Sn that bonded to I (either forming SnI2 or MASnI3). As a

consequence, the additional Sn(2+) contribution led to a ratio I/Sn that was considerably

lower, as observed in Figure 7.2 (b). The corrected intensity of Sn(2+), is given by,

ISn(2+) = ISnO(2+) + ISnI(2+) (7.1)

Where ISn(2+) is the corrected intensity of Sn(2+), ISnO(2+) is the contribution of Sn

that bonded to oxygen and ISnI(2+) is the contribution of Sn that bonded to iodide.

To verify this hypothesis, it is necessary to calculate the ratio I/Sn(2+), after subtracting

the contribution ISnO(2+) from ISn(2+). Assuming that all Olow bonded to Sn(2+) and because

SnO has a ratio of Sn to O of 1 : 1, then the corrected peak intensity of Olow (IOlow
) should

be the same as ISnO(2+). That is

IOlow
= ISnO(2+) (7.2)

Using the definition equations 7.1 and 7.2. One can calculate the ratio of the I with the

Sn taking into account only the contribution of Sn that is connected to I. This is,
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Chapter 7 - Water induced degradation of MASnI3

II
ISn(2+) − ISnO(2+)

=
II

ISn(2+) − IOlow

= 1.9 (7.3)

where II is the corrected intensity of I. Note that the obtained ratio is 1.9, which, within

the error bar, is the expected I/Sn ratio for SnI2. Suggesting that no MASnI3 was detected

and the degradation of MASnI3 with the water drop formed SnI2. This confirms what was

observed in Figure 7.1 (f).

To double check this result, the same reasoning can be applied for the Olow/Sn(2+)

ratio. Knowing, from equation 7.3, that degradation with the water drop formed SnI2, where

an Sn atom is bonded to two I atoms, the corrected intensity of the iodide II is expected to

be twice the intensity ISnI(2+), which can be written as

II = 2 · ISnI(2+) (7.4)

Using the definition equations 7.1 and 7.4, it is possible to calculate the ratio of Olow to

Sn, taking into account only the contribution of Sn that is connected to O, so

IOlow

ISn(2+) − ISnI(2+)
=

IOlow

ISn(2+) − II/2
= 0.8 (7.5)

This ratio is very close to the expected ratio for SnO, which means O/Sn = 1. This

confirms the initial assumption that O belonging to the Olow component forms SnO.

Looking at components C1s and N1s (Figure 7.3 (b) and (c) respectively), the compo-

nents Chigh and Nhigh, which were attributed to the presence of perovskite (see Chapter 3),

vanish after the exposure to the water drop. Leaving only Clow and Nlow that are contami-
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Section 7.1 - Liquid water induced degradation on MASnI3 films

nation from transfers and glovebox. This corroborates with the observation that no MASnI3

is being measured, only SnI2 and a small fraction of SnO.

Figures 7.3 (d) and (e) show the overlap of the pristine and water-exposed samples

in the C1s and N1s core energy levels, respectively. For C1s, it is clear that the higher

energy contribution is no longer present after the sample is exposed to water. In contrast,

for oxygen, it is clear that the lower binding energy peak increased, while the other peaks

remained approximately the same, confirming the observations made in Figure 7.3 (a).

XRD was used to measure the crystalline structure and confirm whether MASnI3 forms

SnI2 when exposed to liquid water (SnO is usually amorphous and not visible in XRD).

Because XRD is a bulk measurement technique, instead of using the water drop that was

spin coated on the sample, the latter was dipped in a beaker containing DI water (see Figure

7.4 (a)-(f)). After degradation, the sample was dried in two steps, first with pressurized N2

and then vacuum-dried in the glovebox antechamber. Both processes were done as fast as

possible to minimize air exposure.

The advantage of this technique is that the change in color can be easily observed and

the exposure time can be controlled with greater precision. However, this exposure had to be

done in an ambient atmosphere due to the large amount of water required. This means that

the technique is not adequate for surface-sensitive measurements like XPS or KPFM as the

surface would get contaminated by the atmosphere, but it is acceptable for bulk measurements

such as XRD.

The image sequence of the sample dipped in water (Figure 7.4 (a)-(f)) initially shows a

dark brown sample (Figure 7.4 (a)), which instantly transformed into a brighter color when

dipped in water (Figure 7.4 (b)). The color then became brighter and more yellow with time

(Figure 7.4 (c)-(e)), until t=23 s where the sample was fully yellow (Figure 7.4 (f)).

The water dipped sample and a pristine sister sample were measured in XRD. Similarly,

to what was seen in chapter 6, the pristine sample shows a cubic MASnI3 crystalline structure
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Chapter 7 - Water induced degradation of MASnI3

Figure 7.4: (a)-(f) Image sequence of MASnI3 degradation while dipping the sample in DI
water. These pictures were color edited such the white background would visually match for
every picture. (g) XRD of a pristine MASnI3 samples, the water degraded sample and of an
SnI2 film (PDF-00-064-0961, PDF-00-025-0975, 00-056-0088, [115]).

with predominant peaks at 2θ=14.3° and 2θ=28.7° and a SnI2 secondary phase, mainly in at

2θ=12.8° and 2θ=25.7°. After exposure to water, all of the MASnI3 related peaks vanished,

except for the main peak in 2θ=28.7°, for which the intensity was strongly reduced. In con-

trast, the SnI2 peaks increased, showing that SnI2 formed during water-induced degradation.

In summary, this section shows that when exposed to water, the MASnI3 film rapidly

decomposes into SnI2. In addition to SnI2, the formation of SnO was also detected. The

formation of these two decomposition products explains the significant loss in iodine content.

Contrary to what was reported in literature [63, 92], no formation of Sn(4+) was measured,

meaning that SnI4, nor SnO2 were detected. However, the question remains whether the

degradation induced by liquid water is the same as the degradation induced by water vapor.

Furthermore, in real-life applications and during large-scale production, the perovskites are

more likely to be exposed to water vapor than to liquid water. Therefore, the degradation of

MASnI3 induced by water vapor is studied in the next section.
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7.2 Degradation of MASnI3 films induced by water vapor

Similarly to the experiments reported on MAPbI3 [81, 85], water vapor-induced degra-

dation is expected to also form SnI2. However, this process should occur slower than that in

the previous section, with liquid water, because the number of water molecules available for

the reaction is lower. Therefore, this section focuses on the XPS measurements of a sample

that was repeatedly exposed to water vapor for different intervals of time. The water va-

por exposures were performed in a gas dosing system (more details are given in Chapter 3),

which allowed to expose the sample to water without air exposure. The MASnI3 sample was

exposed to 20 mbar of water vapor during different intervals of time and measured in XPS

between each interval. The total exposure time summed up to 16.5 h.

The 16.5 h water vapor degraded sample is shown in Figure 7.5 (a), where it was placed

to the right of a pristine MASnI3 sample. In the figure, it is visible that the degraded sample

became yellow with transparent dots. The yellow phase could either be SnI4 or SnI2, whereas

the transparent part could be SnO, SnO2 or simply holes in the film. In order to understand

what is the composition of the different phases, detailed XPS measurements are necessary. In

Figure 7.5 (b), a mask was applied on the transparent spots of the sample. The area covered

by the mask accounts for 16 % of the surface that is inside the black rectangle. Therefore, it

is expected that the secondary phase that formed these shapes is also approximately 16 % of

the composition of the sample.

Figure 7.5: (a) Picture of a pristine MASnI3 sample (left) next to the sample that was
degraded with water vapor for 16.5 h (right), (b) degraded sample with mask.
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Chapter 7 - Water induced degradation of MASnI3

Detailed scans of the orbital binding energies of Sn3d after 90 minutes and after 16.5 h

exposure to water vapor are shown in Figure 7.8 (a) top and bottom, respectively. The choice

of the 90 minutes curve as reference instead of the pristine one will be explained later in this

section. The sample that was exposed to water vapor for 90 minutes shows no obvious signs

of degradation, which means that the majority of the signal in the Sn3d orbital originates

from the Sn(2+) oxidation state and only a small amount of Sn(4+) and Sn(0) was detected.

After 16.5 h of exposure, the main component remains Sn(2+), which corresponds to the

oxidation state of Sn in MASnI3 and also in SnI2. Furthermore, no formation of Sn(0) was

detected (Figure 7.6 (a) bottom). However, formation of Sn(+4) is visible (in Figures 7.6 (a)

and (b)), reaching approximately 18% of the total amount of Sn. This was unexpected since

no Sn(4+) formation was detected in the previous section, when the sample was exposed

to liquid water. The oxidation state of Sn(4+) could be an indication of SnO2 or SnI4.

Additionally, the presence of Sn(4+) in Sn-perovskite has also been associated with water

degradation in the literature and was attributed to the formation of MA2SnI6 [47].

From the calculated I(-1)/Sn(tot) ratios, we can see that the amount of iodine on the

surface of the sample tends to decrease. That is, it initially goes from 3.4 to 2.4 (the initial

ratio is greater than 3 due to PEAI contamination, as explained in Chapter 6). The fact that

the ratio I(-1)/Sn(tot) decreases, means that very probably the sample is not forming SnI4

nor MA2SnI6, where the expected ratios would be 4 and 6 respectively.

When looking at the I3d peak shape, similarly to Sn3d, the I3d orbital does not show ob-

vious signs of degradation (Figure 7.6 (c)) after 90 minutes exposure to water vapor, meaning

that the iodine spectrum shows the same usual FWHM that is measured in pristine samples

and the binding energy also matches the measured binding energy. However, after 16.5 h,

the FWHM of the I3d orbital increased, suggesting a different environment for part of the

iodine or even the formation of an additional iodine component. This is a surprising result

because this is the first time a FWHM increase was observed in this work, and to the best

of current knowledge, the literature contains no reports of XPS measurements showing an
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Figure 7.6: XPS measurement of MASnI3 sample exposed to water vapor for 90 minutes
and 16.5 h. Detailed scans in the Sn3d orbital (a) with components fitted (b) background
subtracted raw data overlapped. Detailed scans in the I3d orbital (c) with components fitted
(d) background subtracted raw data overlapped.

additional iodine component upon perovskite degradation. The difference in FWHM is easier

to visualize when overlapping the minimum to maximum normalised detailed spectra after

90 minutes and after 16.5 h exposure to water vapor, as shown in Figure 7.6 (d) for orbital

I3d.
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Oxygen is the element that showed the most remarkable changes after exposure to water

vapor. Although after 90 minutes of exposure to water vapor, the amount of oxygen is almost

negligible (Figures 7.7 (a) and (b)), after 16.5 h the amount of oxygen increased significantly.

As seen in the previous section, the O1s peak can be fit with three different components,

namely Olow, Omiddle and Ohigh. The greatest increase was observed for the Olow component,

followed by Omiddle and then Ohigh, which only increased slightly.

The C1s and N1s components are prone to be affected by sample transfers. Due to the

amount of transfers in this section (16 in total), the values for these components are not

reliable and are therefore not taken into account.

To understand what species are formed during exposure to water vapor, it is essential to

study the evolution of the ratio of the different elements and components. The evolution of

the I/Sn(tot) ratio as a function of the exposure time to water vapor is shown in Figure 7.8

(a). Here, we see that degradation appears to be separated in two stages. First, the iodine

content increases during the first 90 minutes (shaded in gray), beyond which the iodine

content started to decrease. In the second stage of degradation, a new I component (Ihigh)

begins to form and its signal increases with the exposure time up to a ratio Ihigh/Sn(tot)=0.5.

In contrast, the typical iodine component denoted I(1-) (usually associated with the presence

of MASnI3 and SnI2) decreased to 2.4, which is close to the ratio of SnI2. Furthermore,

the sum of both iodine components (denoted I(tot)) decreased with exposure time, probably

due to the iodine leaving the sample similarly to what was observed in the light degradation

studies (Chapter 6). It is worth mentioning here that no collective shift was observed in the

other elements (i.e. C1s and N1s), therefore the component Ihigh appears to be indeed an

additional component and not the effect of charging or of a different workfunction.

Note that the two degradation stages are present in all three evolution ratio plots (Figures

7.8 (e)-(g)). In fact, the first phase is similar to what was observed in the Chapter 5, meaning

that the changes in the ratios do not appear to be triggered by degradation, but rather by the

desorption of a contaminant layer. This phenomenon could be due to the UHV environment,
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Section 7.2 - Degradation of MASnI3 films induced by water vapor

Figure 7.7: XPS measurement of MASnI3 sample exposed to water vapor for 90 minutes
and 16.5 h. Detailed scans in the O1s orbital (a) with components fitted (b) background
subtracted raw data overlapped.

that the sample is in during the measurement. If this is the case, these results imply that

MASnI3 can be exposed to environments saturated with water vapor (here 20 mbar) for

90 minutes without changing its composition significantly. The fact that the contamination

layer seems to desorb during the first 90 min and the fact that the sample does not seem to
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Chapter 7 - Water induced degradation of MASnI3

Figure 7.8: XPS measurement of water vapor degradation series of a MASnI3 sample. (a)
Evolution of the iodine component I(1-) and of I(tot).(b) Evolution of Sn(4+) and Olow. (c)
Evolution of Ihigh and Omiddle.

degradate during that period of time are the reason why it is more logical to plot the sample

after 90 minutes: first, the sample seems cleaner when looking at the ratios, and second, the

FWHM of the 90 min sample is smaller than for the pristine sample. The latter, also makes

it easier to compare with the 16.5 h degraded sample and to visualize in the figures.

Focusing on Sn(4+) (Figure 7.8 (b)), the Sn(4+)/Sn(tot) ratio decreased during the

first 90 minutes of exposure to water vapor, but after 16.5 h the ratio increased to 18 % of

the total amount of Sn. It should be noted that for exposures greater than 90 min, the

Olow component increased approximately twice as fast as Sn(4+). The ratio of Olow/Sn(4+)

became 1.8 after 4.5 h of water vapor degradation and remained close to 2 for the rest of

the experiment (see Figure 7.8 (b) (table)). This suggests the formation of SnO2 after long

exposure times. The fact that Sn(4+) was formed here, after a long exposure time and not

with the fast degradation observed with liquid water (Section 7.1) suggests that degradation

products containing Sn(4+), in this case SnO2, need more time to form than products with
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the oxidation state Sn(2+), such as SnO. In addition, one could speculate that the SnO

observed in Section 7.1 is the product of the unfinished reaction that would have formed

SnO2. Abbasli et al. also observed three oxygen peaks upon perovskite degradation and

assigned the lowest binding energy peak to SnO2 [21].

Note that, in Figure 7.5 (b), it was discussed that the transparent spots accounted

for approximatly 16 % of the surface of the sample. Here, it was shown that the Sn(4+)

represented 18 % of the total Sn after degradation. These values are very close to each other,

suggesting that the transparent spots that were visible in the picture were, in fact, SnO2.

It is not clear whether there are multiple steps to degradation. For example, MASnI3

could decompose into SnI2, which decomposes into SnO and further degrades into SnO2. Or,

instead, degradation into SnI2 and SnO2 could occur simultaneously. However, up to now it

was clear that MASnI3 decomposes into SnI2 and SnO2.

The evolution of the second iodine component is monitored through the Ihigh/Sn(tot)

ratio in Figure 7.8 (c). This component remains constant, close to 0, for the first 90 minutes

of exposure, but continuously increases for larger exposure times. Surprisingly, an similar

increase is observed for the evolution of the ratio Omiddle/Sn(tot). This correlation could

be caused by multiple phenomena, such as (i) the interaction of I, from the perovskite, and

O from the water molecules that would cause a different chemical environment for I, which

would translate into a binding energy peak shift, or (ii) the replacement of I by O in the

MASnI3 lattice upon the formation of I2, or even (iii) the presence of iodine oxide (IO) gas

that would be trapped in the MASnI3 crystal [132]. However, this phenomenon has never

been previously reported, and complementary measurements would be necessary to shed more

light on this second iodine component.
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7.3 Summary

In conclusion, in this chapter it was shown that liquid water and water vapor degrade

MASnI3 differently. When exposed to liquid water, the perovskite degrades in seconds,

forming an SnI2 film on the substrate. The degradation with water vapor occurs significantly

slower, and the SnI2 (for which the I/Sn ratio is 2) takes longer than 16.5 h of exposure to be

reached. During this process, there was also the formation of SnO2, which was not observed

when the sample was exposed to liquid water. From this set of measurements, it is clear that

water represents an important threat to MASnI3.
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Chapter 8

Synthetic air induced degradation

of MASnI3

In the previous chapter, the mechanism of degradation of MASnI3 induced by the inter-

action with water was studied. However, water vapor is only present in a small fraction in

air. Another stress that is usually associated with the degradation of MASnI3 is O2, which

represents approximately 20 % of the air composition. Therefore, here the aim is to isolate

the degradation induced by O2, to do so, synthetic air, which does not contain water, is

used. This chapter is divided into two main sections. First, a MASnI3 sample is studied after

being exposed to synthetic air (with a purity of 99.999 %). In the second part, the effects of

synthetic air are compared to those of water vapor investigated in Chapter 7.

8.1 Synthetic air induced degradation of MASnI3

In order to study the O2-induced degradation in MASnI3, a freshly deposited sample was

exposed to approximately 1000 mbar of synthetic air for different intervals of time. Synthetic

air consists in 20.5 Vol.% O2 and 79.5 Vol.% N2, with purity of 99.999 %. As N2 is expected to
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be inert, this equates to investigating the degradation of MASnI3 induced by oxygen. After

each exposure interval, the sample was moved in a vacuum suitcase to the XPS chamber,

where composition measurements were performed.

Figure 8.1 shows a sequence of pictures taken after the sample was exposed to synthetic

air for different intervals of time. For the first hour of exposure, the film remained dark and

did not show much difference in appearance. Nevertheless, after 3 h of exposure, the sample

became dark brown (instead of almost black), which means that it was becoming transparent

and the sample holder was reflecting back light through the sample. After 5 h of exposure

to synthetic air, the sample became light brown and finally, after 12 h it became almost fully

transparent. Note that the sample exposed for 12 h was a sister sample and this explains

the different sample holders visible in the pictures. Unlike the samples exposed to water (see

Chapter 7), these did not become yellow but transparent. This is an indication that the

O2-induced degradation forms SnO2, which is transparent, instead of SnI2 or SnI4, which

would be yellow.

Figure 8.1: Picture sequence of MASnI3 after different intervals of exposure to synthetic air.
The pictures were color adjust so that the sample holders would have a similar color.

In the previous chapter, XPS measurements were used to confirm the presence of SnI2

and other degradation products in the sample. There, the ratio I/Sn(tot) played a critical

role in proving the formation of SnI2. Furthermore, a second peak of iodine was found at

higher binding energies and was denoted Ihigh. This chapter takes a similar approach, in

the sense that quantitative XPS measurements were performed on the sample after each

exposure interval. The C and N contributions are not discussed in this chapter because they

110



Section 8.1 - Synthetic air induced degradation of MASnI3

are prone to have been affected by the multiple sample transfers that were performed during

this experiment.

Thus, in this case, iodine is of particular interest. In fact, if the film formed SnO2 instead

of SnI2, more iodine in the form of I2 should have left the sample. As a consequence, the

ratio I(1-)/Sn(tot) is expected to reach a value lower than 2. Here, the evolution of iodine

is discussed first, and the variation in tin is discussed later. A summary of the evolution of

both iodide components in the sample upon exposure to synthetic air is shown in Figure 8.2.

Notice that in total the sample was exposed to synthetic air for 5 h. This was because charging

was observed for longer exposure times (see Chapter 3), which significantly complexifies the

analysis. In fact, the charging in the sample could be another indication of the presence of

SnO2 in the sample, as this phase has a quite high bandgap (around 3.6 eV) [133].

As expected, from Chapter 4, the I3d spectrum of the pristine sample shows a single

peak for each of the spin orbit coupling peaks (see Figure 8.2 (a) (top)), as was also observed

in Chapter 3. Furthermore, the 5/2 peak has a Ebinding = 618.8 eV which aligns with the

expected value for this peak, as discussed in Chapter 3. After 5 h exposure to synthetic air,

part of the iodide in the oxidation state (1-) was converted to a higher binding energy, here

denoted Ihigh. This is represented by the darker blue peak visible in Figure 8.2 (a) at the

bottom. The impact of this additional contribution Ihigh in the peak shape can be seen in

Figure 8.2 (b), where the I3d spectra of the pristine sample and of the 5 h air exposed sample

were plotted. Here, the FWHM of the iodide peak clearly increased after 5 h of exposure,

suggesting that the iodine formed a different compound or is in a different environment. The

additional iodine component Ihigh was also observed in the previous chapter (see Chapter

7), when the MASnI3 sample was exposed to water vapor. The Ihigh peaks, from both

degradation processes, are compared in Section 8.2.

The evolution of the iodide ratios I(1-)/Sn(tot) and Ihigh/Sn(tot) as a function of the

exposure time to synthetic air are shown in Figure 8.2 (c). The ratio of the total amount

of iodide I(tot)/Sn(tot) decreased from 3.6 to 1.7. This led to two observations: First, the
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Figure 8.2: Evolution of iodide in MASnI3 as a function of exposure time to synthetic air.
(a) I3d peaks of the pristine sample (top) and the sample exposed to synthetic air for 5 h
(bottom), fitted with corresponding peak model. (b) Minimum to maximum normalized
I3d peaks of both samples overlapped. (c) Evolution of the ratio I/Sn as a function of the
exposure time.

initial ratio was larger than the stoichiometric ratio I/Sn = 3 expected for MASnI3, because

this sample suffered from cross-contamination with PEAI (see Chapter 4). Second, the ratio

of 1.7 was lower than the ratio I/Sn = 2, which is lower than the stoichiometric ratio of SnI2,

i.e. I/Sn = 2. Notice that, in the SnI2 phase the iodine is in the oxidation state (-1), which

also corresponds to the oxidation state of MASnI3 (see Chapter 3). Therefore, one should

only consider this component for the ratio, that is I(−1)/Sn(tot), doing so leads to an even

lower value, as I(−1)/Sn(tot) = 1.4. This argument suggests that the end product of this

degradation is not SnI2 and therefore Sn must bond with other elements. This is supported

by the transparent color of the sample, discussed in Figure 8.1, as SnI2 should have a yellow

appearance. Furthermore, the XRD measurement on the sample (see Figure A3) does not

show the presence of any additional crystalline phase.
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Having excluded the formation of SnI2, it is hypothesized that the measured iodide, in

the oxidation state (-1), is part of the remaining MASnI3. Note that the evolution of the

sample’s appearance (in Figure 8.1) to light brown is consistent with the presence of MASnI3

in the film. To check if this hypothesis is reasonable, one needs to first look at the Sn ratios,

shown in Figure 8.3 (c), and compare them to those of I.

Figure 8.3: Evolution of tin in MASnI3 as a function of exposure time to synthetic air. (a)
Sn3d peaks of the pristine sample (top) and the sample exposed to 5 h synthetic air (bottom),
fitted with the corresponding peak model. (b) Minimum to maximum normalized Sn3d peaks
of both samples overlapped. (c) Evolution of the Sn(0)/Sn(tot) and Sn(4+)/Sn(tot) as a
function of the exposure time.

Focusing on the pristine MASnI3 spectrum, in the Sn3d energy region, the sample mostly

contained Sn(2+) and only small quantities of Sn(0) and Sn(4+), probably due to contami-

nation in the glovebox (see Figure 8.3 (a) (top)). Upon exposure to synthetic air, part of the

Sn(2+) oxidized to Sn(4+), which is visible from the fitting in Figure 8.3 (a) (bottom) and

also from the increase in the FWHM of the exposed sample towards higher binding energies,
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in Figure 8.3 (b). Note that there was no Sn(0) formation, quite the opposite: the small

amount of Sn(0) present in the pristine sample (represented by dark brown peaks) vanished

after 5 h of exposure to synthetic air. This probably happened because the Sn(0) oxidized

into Sn(2+) or Sn(4+).

The time evolution of the ratios Sn(0)/Sn(tot) and Sn(4+)/Sn(tot) are shown in Fig-

ure 8.3 (c). While Sn(4+) increased rapidly to 32 %, which is roughly 1/3 of the total amount

of Sn, Sn(0) decreased from 3 % to 0 % or below the equipment’s detection limit. In contrast,

the ratio Sn(2+)/Sn(tot) decreases when the sample is exposed 5 h to synthetic air, going

from 0.9 to 0.7 (see Figure 8.4).

With this information, it is now possible to assess whether the remaining Sn(2+) was

forming MASnI3. Assuming that all remaining I(1-) formed stoichiometric perovskite, each

Sn atom in the oxidation state (2+) was bonded to three iodides in the oxidation state (1-).

Therefore, the following should be verified:

Sn(2+)

Sn(tot)
= 3 · I(1−)

Sn(tot)
(8.1)

However, based on the ratios of the degraded sample, it actually contains an excess of

Sn(2+), which is defined here as follows:

Sn(2+)excess
Sn(tot)

=
Sn(2+)

Sn(tot)
− 3 · I(1−)

Sn(tot)
(8.2)

The evolution of the ratios Sn(2+)/Sn(tot) and Sn(2+)excess/Sn(tot) is shown in Fig-

ure 8.4. As mentioned earlier, the Sn(2+)/Sn(tot) ratio decreased from around 0.95 to 0.68.

On the other hand, the Sn(+2)excess/Sn(tot) started negative (due to PEASI contamina-

tion) and after 5 h of exposure to synthetic air, the ratio reached 0.21. An excess of Sn

(i.e. Sn(+2)excess/Sn(tot)) of 0.21 implies that: all the iodide, in the oxidation state (-1), is
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Section 8.1 - Synthetic air induced degradation of MASnI3

bonded to Sn(2+) to form MASnI3 and that 0.21 (out of the total 0.68 of Sn(2+)) must be

connected to another element.

Figure 8.4: Evolution of the ratio Sn(+2)/Sn(tot) and of Sn(2+)excess as a function of the
exposure time.

The remaining measured elements to which Snexcess could have bonded are oxygen

(bonded as Omiddle and/or Olow and iodide (in the oxidation state Ihigh). One possibil-

ity would be to form SnO (Sn in (2+) and O in Olow), as previously observed, when the

sample was degraded with a drop of water (see Chapter 7). To verify this, it is important to

look at the evolution of oxygen with exposure to synthetic air, which is shown in Figure 8.5.

In terms of oxygen, the pristine sample started with a relatively low amount of oxygen, as

demonstrated in Figures 8.5 (a) (top) and (b), but increased significantly after 5 h of exposure

to synthetic air. Similarly to the exposure to water, only Olow/Sn(tot) and Omiddle/Sn(tot)

increased with time, while Ohigh/Sn(tot) remained mostly constant within the error bars (see

Figure 8.5 (c)).

Notice that the ratios associated with the degradation products, that is, Ihigh/Sn(tot),

Sn(4+)/Sn(tot), Olow/Sn(tot) and Omiddle/Sn(tot), increased at similar rates. By only

considering the degradation of synthetic air, it is extremely challenging to disentangle different

compounds such as SnO, SnO2 and SnI2. For this reason, it is necessary to use what was

learned in the chapter on water degradation (Chapter 7). To do so, one must first compare
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Chapter 8 - Synthetic air induced degradation of MASnI3

Figure 8.5: Evolution of oxygen in MASnI3 as a function of exposure time to synthetic
air. (a) O1s peaks of the pristine sample (top) and the sample exposed to 5 h synthetic
air (bottom), fitted with corresponding peak model. (b) Non-normalized O1s peaks of both
samples overlapped. (c) Evolution of the Olow/Sn(tot), Omiddle/Sn(tot) and Ohigh/Sn(tot)
ratios as a function of the exposure time.

the binding energy of the peaks. By doing so, we ensure that the measured chemical elements

have a similar oxidation state and a similar chemical environment.

To do so, a summary of the XPS spectra of Sn3d, I3d, and O1s is shown in Figures 8.6

(a), (b) and (c), respectively. For each figure, the top spectrum corresponds to the pristine

sample, the middle spectrum to the sample degraded with synthetic air, and the bottom

spectrum shows the sample that was exposed to water vapor.

For all three measurements, the binding energies of Sn(2+) and Sn(4+) were the same

(see Figure 8.6 (a)). This is also indicated by the vertical dashed lines in the figures. Similarly,

the I3d spectra, in Figure 8.6 (b), I(1-) had the same binding energy in the three spectra,

and Ihigh also coincided for both degraded samples. In the O1s spectra, the binding energies
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Section 8.1 - Synthetic air induced degradation of MASnI3

Figure 8.6: Spectra of (a) Sn3d, (b) I3d, (c) O1s of the pristine sample (top), the synthetic
air degraded sample (middle) and the water vapor degraded sample.
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Chapter 8 - Synthetic air induced degradation of MASnI3

of the pristine sample tended to differ from the binding energies of the degraded samples.

This is because oxygen was present in a very low amount and there was a considerable

amount of noise in the measurement. Otherwise, when it comes to the degraded samples, the

binding energies of Olow, Omiddle, and Ohigh also coincided for both samples. This means that

the degradation products from synthetic air-induced degradation are in an oxidation state /

chemical environment similar to that of the degradation products from the water degradation

in the chapter 7.

There, it was concluded that Olow can either form SnO, where Sn is in the oxidation

state (2+) or SnO2, where Olow bonds to Sn(4+). In Figure 8.7 (a) the ratios of Olow, Sn(4+)

and Sn(2+)excess are plotted. As visible, the amounts of Sn(2+)excess and Olow are similar,

while the amount of Sn(4+) is almost twice as large. Therefore, it is reasonable to deduce

that Olow forms SnO with Snexcess.

Figure 8.7: (a) Ratio evolution of Sn(2+)excess/Sn(tot), Sn(4+)/Sn(tot) and Olow/Sn(tot).
(b) Ratio evolution of Ihigh/Sn(tot), Sn(4+)/Sn(tot) and Omiddle/Sn(tot).

The remaining components are therefore Sn(4+), Ihigh and Omiddle (shown in Figure 8.7

(b)). In chapter 7, a close correlation was observed between the Omiddle and the Ihigh compo-

nents. However, here, this was not the case, because Omiddle/Sn(tot) = 0.26, was lower than

Ihigh/Sn(tot) = 0.35, which means that there was excess Ihigh compared to Omiddle. This

was probably because both components were still interacting with each other, but they also

participated in the formation of other products. For example, they could form Sn(Ix,Oy).
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Section 8.1 - Synthetic air induced degradation of MASnI3

In this case, both SnO and Sn(Ix,Oy) would be intermediary compounds before reaching the

thermodynamically more stable SnO2.

It should be noted that most of the components, namely Olow, Ohigh, Ihigh, Sn(4+)

and Sn(2+) follow a three-phase evolution. This is shown in Figures 8.8 (a) and (b), where

phase I is highlighted in darker gray, phase II in lighter gray, and phase III in white. Phase I

occurred during the first hour of exposure, and the ratios of the different components hardly

changed. In phase II, which occurred during the second hour of exposure, all components

changed rapidly. Finally, in phase III, there was a saturation, and the ratios evolved slowly.

There could be two distinct reasons for this degradation behavior, which are schematized in

Figure 8.8 (c):

1. The O2 molecules (represented in purple in Figure 8.8 (c) (top)) had a lower sticking

coefficient on the pristine MASnI3 surface was low and therefore some time was needed

until enough molecules adsorbed onto the surface for the reaction to start. This would

have led to slower degradation in phase I. In phase II, oxygen infiltrated the bulk, and

the perovskite degraded faster (represented with a purple layer). Finally, in phase III,

the degradation occurred mainly beyond 8 nm or 10 nm, which is approximately the

XPS probing depth, and as a result the degradation appeared to be slower in the XPS

measurement.

2. As already mentioned, this sample is contaminated with PEAI. PEAI is known to form

2D perovskites, such as phenethylammonium tin iodide ((PEA)2SnI4), which can help

improving the stability of normal 3D perovskites [134]. Assuming that (PEA)2SnI4

made the few top monolayers of the perovskite film (represented in light blue in Fig-

ure 8.8 (c) bottom), then phase I was due to a slower reaction of the O2 molecules

with (PEA)2SnI4. In that case, phase II corresponded to the moment when the oxygen

reached the MASnI3 layer in the bulk, and therefore the reaction occurred considerably

faster. Finally, like in the previous case, phase III corresponds to the degradation that

occurred deeper in the bulk, beyond the XPS probing depth.
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Chapter 8 - Synthetic air induced degradation of MASnI3

Figure 8.8: Three phase evolution of the ratios of (a) Ihigh, Sn(4+), Olow, Omiddle, and (b)
Sn(4+). (c) Schematized representation of the two hypothesis for the existence of three
phases. (d) Evolution of the ratios of I(tot) and I(-1).
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Section 8.2 - Comparison of MASnI3 degradation with water vapor and synthetic air

Unfortunately, the measurements do not allow to distinguish between the two hypotheses.

However, it should be noted that the I(−1)/Sn(tot) ratio did not follow the three-phase

evolution (see Figure 8.8 (d)). Instead, it shows a slow decrease in the first hour, beyond

which the decrease is more pronounced; however, it did not saturate after the second hour.

This can be explained by diffusion of ions in the bulk. Most probably, I(1-) was diffusing

towards the surface, where it then left the sample.

So far, synthetic air-induced degradation of MASnI3 has been shown to result in the for-

mation of the same oxidation states as the water vapor degradation. However, the ratios of

the different components change differently in both degradations, indicating that the degra-

dation products are different. The most obvious difference is that there was no evidence of

SnI2 formation. Furthermore, the XPS ratios had a very different evolution for the synthetic

air-induced degradation, which indicated a different degradation mechanism. It was con-

cluded that during degradation SnO and Sn(Ox,Iy) formed as an intermediate decomposition

step to form SnO2, which is more thermodynamically stable.

It is still impossible to compare these two kinds of degradation. Namely, the pressures

used during each degradation series were significantly different and therefore the degradation

cannot be compared in time. The next section addresses this point by utilizing the flux of

oxygen and water molecules interacting with the sample surface.

8.2 Comparison of MASnI3 degradation with water vapor and

synthetic air

It is not possible to compare the degradation induced by oxygen and the degradation

induced by synthetic air by simply comparing the changes in the ratio as a function of time,

because for each experiment the number of molecules in contact with the sample was different.

Hence, the flux of molecules hitting the surface of the sample should be considered. In the

case of a gas at low pressure, the flux Φ can be expressed as [49],
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Chapter 8 - Synthetic air induced degradation of MASnI3

Φ =
p√

2πmkBT
(8.3)

Where p is the gas pressure, m the molecular mass, kB the Boltzmann constant and

T the temperature. This equation was originally derived by Hertz and is the basis of the

Hertz-Knudsen equation (eq. 2.4). Furthermore, in general, by definition, a flux of molecules

represents the number of molecules N , divided by the time t and the area A, so,

Φ =
N

A · t
(8.4)

Therefore, the number of molecules per unit area that hit the sample’s surface after a

time t is given by

N

A
=

p√
2πmkBT

· t (8.5)

Note that equation 8.3 has multiple assumptions, such as ideal gas, low pressure, no

interaction between the gas molecules. None of which is respected here. This is a rough

estimate for comparison of the synthetic air- and water-induced degradation. The idea is to

understand which of the stresses degrades the perovskite faster. In addition, for air, it is

assumed that N2 and O2 behave independently of each other; therefore, the mass of oxygen

and the partial pressure of oxygen are taken into account independently.

The evolution of the ratios as a function of the molecules that hit the sample’s surface

is summarized in Figure 8.9. Solid lines represent the degradation caused by O2, whereas

dashed lines represent the degradation caused by water molecules. Interestingly, both oxygen

components increased faster when the sample interacted with water than with O2 (see 8.9

(a)). Similarly, Ihigh/Sn(tot) was formed faster with water 8.9 (b)).
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Section 8.2 - Comparison of MASnI3 degradation with water vapor and synthetic air

Figure 8.9: Composition ratios as a function of number of collisions of molecules as of water
(dashed line) and O2 (solid line) for (a) Olow, Omiddle, (b) Ihigh, (c) Sn(4+) and (d) I(tot).
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Chapter 8 - Synthetic air induced degradation of MASnI3

However, Sn(4+)/Sn(tot) formed faster with O2 (see Figure 8.9 (c)) and I(tot) decreased

faster with O2 (Figure 8.9 (d)), which means that iodine evaporated faster. This could happen

because O2 replaced iodine in the crystal, making iodine evaporate faster and oxidizing

Sn(2+) into Sn(4+). However, water molecules did not trigger such a fast evaporation of

iodine, because an important quantity of SnI2 was formed during degradation.

Once again, Figure 8.9 highlights that when MASnI3 is exposed to synthetic air and

water, it results in different degradation mechanisms and it is important to protect the

perovskite film against both. Nevertheless, it is important to note that here the number

of molecular interactions with the surface was considered. However, the number of water

molecules in the air is significantly lower than the number of O2 molecules. For example,

at 100 % humidity, the number of water molecules in the air is only around 3 % of the air

composition. This is important because in the field the perovskite would be less exposed to

water molecules than to O2 molecules.

8.3 Summary

In this chapter, it was shown that exposure to synthetic air degrades MASnI3 films. The

degradation mechanism is different from the one observed during exposure to water. Namely,

exposure to synthetic air did not form SnI2, but SnO and an additional phase, which was

assumed to contain Sn, O and I (denoted Sn(Ox,Iy)). Furthermore, the degradation of water

and synthetic air were compared. The quantity of Olow and Ihigh was shown to increase faster

with the number of molecules O2 molecules in contact with the sample. Nevertheless, the

oxidation of Sn into Sn(4+) and the evaporation of I occurred faster during exposure to water

vapor. This was evidence that different mechanisms occur in the samples at different rates

depending on the source of the external stress. In any case, both water and oxygen were

shown to contribute to the perovskite degradation. Therefore, chemically stabilizing the film

is essential through additives, and complementing it with air- and water-tight encapsulation.
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Chapter 9

Conclusion

In this thesis, MASnI3 was synthesized using PVD and exposed to different stresses in

an effort to determine the degradation pathways of the material.

In a first step, the impact of the deposition parameters and the use of different precur-

sor powders was studied. The crystalline structure of MASnI3 was shown to vary strongly

depending on the ratio of MAI vapor to evaporated SnI2. Furthermore, XRD measurements

showed that the crystalline signal of the samples strongly depends on the MAI precursor pow-

der used during the deposition. It was also shown that preconditioning of the PVD chamber

is essential to avoid contamination of the samples when other materials are deposited in

the same set-up. Finally, a stability study upon storage was conducted and samples were

observed to remain stable when stored in an N2-filled glovebox for up to 15 days. Longer

storage significantly increases the risk that the samples are contaminated by impurities in

the glovebox.

Second, the impact of UHV and XPS measurements on the sample was studied. Using

KPFM and XPS, it was shown that the sample initially contained a contamination layer,

probably due to storage in the glovebox, which desorbs when the sample is placed in UHV.

Furthermore, when measured in XPS repeatedly, MASnI3 tends to evaporate, without chang-
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ing the sample composition significantly. PL measurements suggested that the regions of the

sample where MASnI3 evaporated were more prone to degrade; this was translated by a

change in the PL peak position of the measurement in the region of the sample exposed to

X-rays, compared to that of the region that was not exposed.

Third, a study of the degradation mechanism induced by light was performed in UHV. It

was shown that upon illumination, the MASnI3film formed SnI2 and a small amount of Sn(0).

The carbon and nitrogen content also decreased, which was interpreted as MAI or fragments

of MAI that evaporated from the surface. A bi-layer model was proposed to describe this

system in order to estimate the thickness of the SnI2 layer that was forming at the surface.

Furthermore, the light-induced degradation of SnI2 and PbI2 was studied and compared.

PbI2 has shown low stability when exposed to light, whereas no significant changes were

observed in the composition of SnI2. This means that the main cause for the light-induced

MASnI3 degradation in UHV is not the use of Sn, but rather the evaporation of the MAI.

Fourth, water-induced degradation of MASnI3 was studied and was found to mainly

form SnI2, independently of whether the sample was exposed to liquid water or water vapor.

In addition, the formation of SnO and SnO2 was detected.

Finally, the last degradation study consisted of exposing MASnI3 to synthetic air. Unlike

the previous two degradation studies, here the sample did not show any sign of SnI2 formation.

From the trends of the composition ratios, it was concluded that the sample formed SnO and

another product that contained tin, iodine, and oxygen. Furthermore, degradation induced

by water and by oxygen were compared by taking into account the number of molecules

that interacted with the sample. From this analysis, it was concluded that both stresses

degrade MASnI3 but with different degradation mechanisms. That is, the quantity of oxygen

contamination and of the secondary iodine component increased faster with exposure to

O2. However, the oxidation of tin into (4+) and iodine evaporation was faster with water

exposure.
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It is important to note that the formation of SnI4 was not detected in any of the degra-

dation studies, contrary to the solvent-based synthesis reports in the literature. Therefore, it

is highly probable that the formation of SnI4 is precisely caused by the use of solvents in the

synthesis of Sn-based perovskites. Thus, a solution to avoid the formation of SnI4 is to avoid

the use of solvents or replace them with alternatives that do not oxidize the perovskite.
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Chapter 10

Appendix

10.1 Composition evolution of MASnI3 in vacuum

Figure A1: Evolution of the ratios of O/Sn and C/Sn at the MASnI3 surface, as a function
of time in vacuum.
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10.2 Crystalline structure of MASnI3 after degradation with

a water drop

Figure A2: XRD of MASnI3 after degradation with a water drop

10.3 Crystalline structure of MASnI3 after 5h degradation

with synthetic air

Figure A3: XRD of MASnI3 after 5h exposure to synthetic air
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