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Kurzfassung

Hybride Metall-Halogen Perowskit basierte Solarzellen haben im letzten Jahr-
zehnt eine noch nie dagewesene Entwicklung hinsichtlich ihrer Effizienzsteige-
rung erzielt. Dies ging mit einem rapiden Anstieg des Interesses der Forschungs-
gemeinschaft einher. Ein wichtiger Faktor für die Realisierung von Forschungser-
gebnissen ist der Übergang von Laborskalen zu industriellen Dimensionen, was
grundlegende Anpassungen im Herstellungsprozess notwenig macht. Hier hat
sich die physikalische Gasphasenabscheidung für andere Materialklassen bere-
its als gute Lösung bei der Herstellung von qualitativ hochwertigen Dünnschich-
ten erwiesen.

In dieser Arbeit wird die Vakuumabscheidung von FA1 – xCsxPb I3 – xBrx für die
Anwendung in Solarzellen durch Dreiquellenkoverdampfung erforscht. Durch
eine Kombination aus optischen und Röntgen-basierten Messverfahren konnte
eine Veränderung der Aufnahme des organischen Halogensalzes, Formamidini-
umiodid (FAI), in die Perowkitverbindung in Abhängigkeit vom Kammerdruck
festgestellt werden. Dadurch tritt eine Stöchiometrieänderung auf, welche sich
in einer Bandlückenverschiebung niederschlägt. Außerdem wurde eine Verän-
derung der Kristallitorientierung beobachtet. Diese Ergebnisse motivieren eine
genauere Untersuchung des Verdampfungsverhaltens des organischen Halo-
gensalzes. Mit Hilfe von Massenspektrometriemessungen und einer detaillierten
Erfassung der Prozessparameter konnte eine Zersetzung von FAI während der
Verdampfung festgestellt werden. Desweiteren wurden weitere Besonderheiten
im Abscheideverhalten, wie zum Beispiel Verdampfunsgrenzen und Verände-
rungen des Toolingfaktors beobachtet. Die Ergebnisse leisten einen wesent-
lichen Beitrag zum tieferen Verständnis der Vakuumabscheidung von organisch-
inorga- nischen Metall-Halogen Perowskiten.
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Abstract

In the last decade, hybrid metal halide perovskite-based solar cells have enjoyed
an unprecedented surge in development within the research community. The
next steps to further improve this technology will involve the transition from the
laboratory to commercial-scale production, which will require adjustments in
their fabrication processes. Here, physical vapour deposition has proven to be
a good option for the fabrication of high-quality thin films for perovskites and
other materials, like organic semiconductors.

In this work, triple-source co-evaporation deposition of FA1 – xCsxPb I3 – xBrx for
the production of thin films for solar cell applications is investigated. With a com-
bination of optical and X-ray-based measurement methods, a decrease in the
incorporation of the organic halide salt formamidinium iodide (FAI) was found
with increasing background pressure. This decrease results in a change in stoi-
chiometry of the compound and, with it, a shift of the band gap. Furthermore, a
change in crystallite orientation was observed. These findings motivate the ex-
amination of the evaporation behaviour of formamidinium iodide in more detail.
With mass spectrometry measurements and detailed tracking of the process
parameters, a degradation of FAI during evaporation was found. Furthermore,
several effects of the deposition behaviour, evaporation limits, and tooling shifts
were observed. These findings will be substantial for the deeper understanding
of vacuum deposition of organic-inorganic metal halide perovskites, and will be
significant in the expansion of perovskite-based solar technology.
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H. Thomas, F. Fries, M. Gmelch, T. Bärschneider, M. Kroll, A. Vavaleskou, S.
Reineke; ACS omega; 2021

• Thermally Evaporated Methylammonium-free Perovskite Solar Cells;
R. Ji, Z. Zhang, C. Cho, Q. An, F. Paulus, M. Kroll, M. Löffler, F. Nehm, B. Relling-
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1. Introduction

The most intriguing question for the development of human society has been
the issue of energy sources. The first humans used crude campfires for warmth
and light and moved on to burning candles and animal fats and oils as civilisa-
tion progressed. More recently, in the past two centuries, fossil fuels like coal
and oil have been used in ever-increasing quantities. It has, unfortunately, be-
come apparent that the use of these fossil fuels causes irrevocable damage to
our environment. With the population and demand for energy increasing, the
planet is being pushed to its limits. The consumption of non-renewable energy
sources is heating up the planet, bringing irreversible climate changes that will
keep affecting humankind for the next centuries. After decades of careless en-
ergy consumption, much of the world has realised that the biggest challenge
of the imminent future is to curb man-made global warming. The international
agreement of the climate conference in Paris in 2015 to limit the collateral tem-
perature increase to 1.5 °C. To achieve this crucial objective, a transition towards
renewable energy sources is inevitable. All renewable energy sources, e.g. wind
energy, water-based energy, biogas, and solar-radiation-based energy sources,
are cornerstones of this transition and must be developed further.

Solar cell technology is one of the main building blocks on the path to a fu-
ture based on renewable energies. Photoactive materials and their potential to
produce voltage and current were discovered by several inventors in the late
19th century. Albert Einstein explained the mechanism behind these materials
with his theory of the photoelectric effect in 1905 [1]. A major breakthrough
for modern photovoltaics (PV) was made by the development of the silicon-
based semiconductor industry in the 1950s. This technology made it possible
to power the first satellites in the 1960s, and then in the 70s and 80s, it became
commercially available for use in other sectors as well. Over the years, the effi-
ciency of silicon solar cells increased, and the processing techniques of silicon
wafers became more and more energy-efficient. This led to a sharp decrease in
price per watt, making current photovoltaics accessible for private households.
Nowadays, large MW-photovoltaic power plants can produce energy for only
3-5.5 ct/kWh, while small private roof-mounted systems produce energy for 6-
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1. Introduction

11.5 ct/kWh [2]. Over the last decades, the price of PV modules has decreased
by one order of magnitude about every ten years and has now reached a level
of just a few cents per watt. At the same time, the volume of production is in-
creasing such that more and more solar energy is produced every year. The
price and cumulative output of the solar energy sector are depicted in Fig. 1.1a).

With the new German government’s plan to increase the amount of installed
power per year from 5 to 22.5 GWh, it will be necessary for the production of
solar panels to increase simultaneously. The outline of this planning is shown
in Fig. 1.1b). Since the decrease of the subsidisation of the German solar cell
production in 2012, a lot of the primary production has moved to Asia, especially
China, which now dominates the market for solar wafer production. This shift
was due to the relatively low cost of energy from nuclear energy and coal for the
energy-intensive production of high-purity silicon wafers in China. Production in
Europe was not profitable anymore. The European production of solar panels
will need to follow new technologies to reenter the global market and to fulfil
the need of humanity for a future with limited global warming.

One of the most promising technologies for the future are thin-film solar cells.
Although these devices are still lagging behind conventional silicon-based solar
cells in terms of overall production, their market share is growing every year,
opening up a lot of new possible applications. The leading established thin-film
solar cells are based on CdTe and copper indium sulfide (CIS). Furthermore, in-
novative technologies like solar cell foils based on organic semiconductors are
about to enter the market.

Over the last decade, a new material system has caught the attention of the
research community. This system, known as perovskite, combines the advan-
tages of both inorganic and organic semiconductors. Perovskite is the name of
an already well-known material class of mineral, which has now been discovered
to have many advantageous properties to change the solar cell market. Metal
halide perovskites have increased their power conversion efficiency (PCE) since
the first publication of a 3.8% solar cell by Kojima et al.[3] to 25.7% [4] by the
UNIST within a little more than a decade. This increase in efficiency is unprece-
dented for any photovoltaic technology developed before. Organic-inorganic
halide lead perovskite combines the advantages of both the inorganic and or-
ganic world of photovoltaic materials. It has the high optical absorption and
charge carrier mobility of direct inorganic semiconductors, but their ease of pro-
duction resembles that of organic semiconducting materials. These include the
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Figure 1.1.: a) Planned photovoltaic construction according to the Bundesministeriumfür Wirtschaft und Klimaschutz, b) prize development of phorovoltaic mod-ules [2].
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1. Introduction

possibility of processing thin films from solution or by low-temperature evapo-
ration.

With perovskite’s promising properties and their rapid development on the
lab scale, a transition to industrial-scale production is the next big step needed
for their introduction into the solar cell market. Vacuum deposition has been
proven here to be the best deposition technique for up-scaling the production
of organic solar cells and light-emitting devices [5, 6]. For metal halide per-
ovskites, vacuum deposition has also shown very promising results. Important
works contributing to this include the first breakthrough by Liu et al.[7] in 2013,
where a PCE of 15% was reported, and the first device with over 20% efficiency
by Momblona et al. in 2016 [8]. In the last years, the transition to larger-scale
devices has also shown encouraging results. The work of Li et al.[9] in 2020 de-
scribed the first efficient mini-modules, and large-area films by Feng et al.[10]
in 2021 are prime examples. However, one of the rarely-mentioned key issues
with perovskite devices is the reproducibility and process stability of the vacuum
deposition process. These problems need to be solved for future commerciali-
sation since an industrial production line has no tolerance for variations in the
final product.

These issues lead to the main focus of this work: What is happening during the
evaporation, and what are factors that have to be taken into account during the
evaporation process? The focus of this study is on the production of inorganic-
organic mixed-halide perovskites without the addition of methylammonium. In
particular, the evaporation properties of the record-efficiency material formami-
dinium iodide are investigated[11].
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2. Theoretical background

This work focuses on vacuum-deposited perovskite solar cells. For a deeper
insight into this topic, an understanding of several basic principles is necessary.
First, the basics of solar energy conversion and thin-film solar cells are explained.
This is followed by a description of the perovskite system and the properties of
metal halide perovskites. Then, the vacuum deposition of perovskite and the
characteristics of this material are introduced. A good understanding of these
topics is necessary to follow the scope of this thesis.

2.1. Basics of thin-film solar cells

Thin-film solar cells are the second generation of photovoltaic technology after
the conventional silicon-based solar cells, which are not described in more de-
tail here [12]. For the description of thin-film solar cells, the general concept
of solar energy conversion is first described, and then the focus is laid on the
implementation of this concept in thin-film devices.
2.1.1. Solar energy conversion

The photoelectric effect is the ground laying principle of solar energy conversion,
producing electrical energy from solar radiation. Three underlying conditions
have to be fulfilled:

• The incident radiation, in general sunlight, has to be absorbed
• The light absorption has to generate mobile positive and negative charge

carriers
• The charge carriers must be separated to generate potential and current,

and with it, electrical energy.
Most semiconducting materials fulfil the first two conditions. An incoming pho-
ton with sufficient energy is absorbed by transferring its energy to an electron
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2. Theoretical background

Figure 2.1.: Typical device stack for a thin-film solar cell with bottom illumination in p-i-nstructure.

in the valence band, thus exciting it into the conduction band. The thereby gen-
erated electron-hole pair is either bound, a so-called exciton, or mobile and has
to be separated in either case. The separation can be realised by putting two
different semiconductors together (a heterojunction) or varying the doping level
within a single semiconductor (a homojunction). The electron-hole pair is then
split at the interface between materials, and both charges must be guided to
front and back contact, respectively. These three processes: absorption, charge
carrier generation, and separation and extraction, must be optimised for effi-
cient devices.

2.1.2. Structure of thin-film solar cells

In contrast to conventional silicon-based solar cells, where functional layers are
implanted or deposited on top or bottom of thin monocrystalline wafers, thin-
film solar cells are deposited directly onto a substrate. This makes all thin-film
solar cell technologies multilayer systems with sequentially processed, thin, func-
tional films. A typical structure for a thin-film solar cell with bottom illumination
is shown in Fig. 2.1. In general, this cell type has the following layers. Glass is the
most common substrate material, but flexible polymer substrates [13, 14, 15] or
metal sheets [16], which then work as electrical back contact, are also possible.
For a solar cell with bottom illumination, a transparent conductive material is de-
posited as the first layer. The conduction layer can be a transparent conductive
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2.2. Status of current thin-film solar cell technologies

oxide (TCO), which is sputtered on the substrate [17] or metallic nanostructures,
for example wires [18] or thin films [19]. Common TCO materials are indium tin
oxide (ITO), a mixture of indium oxide and tin oxide, or fluorine-doped tin oxide
(FTO). In most cases, silver is used as a metal electrode, but gold and aluminium
are also possible. This layer has to be optimised for low electrical resistance
and high light transmittance across the desired spectrum. For a solar cell with a
p-i-n structure, as is displayed in Fig. 2.1, the transparent electrode is followed
by a charge selective transport layer, in this case, the hole transport layer. This
hole-transporting layer (HTL) can consist of a metal oxide, like NiO or CuO, but
organic semiconductor layers are also common. Here, a variety of materials
have been investigated [20, 21]. For a device to work properly, the energy align-
ment with respect to the absorber layer has to be optimised to avoid charge
blocking [22] and recombination [23]. A high material conductivity for an effi-
cient charge extraction is beneficial [24]. The next layer in the thin-film device
is the light-absorbing layer. This generally consists of a bilayer that absorbs the
incoming light and separates the electrons and holes generated. The type of
material used here varies depending on the thin-film technology. The electron
transport layer follows the active layer. Here, fullerenes like C60 or PCBM, or
other organic materials are often used, since the high processing temperatures
or a sputtering process for inorganic layers can damage the absorber layer. The
electron transport layer underlies the same energy alignment and conductivity
conditions as the hole transport layer. Finally, the back contact is deposited. This
is usually a thin layer of metal that has a well-fitting work function, high conduc-
tivity, and, if necessary, a high reflection for increased recycling of unabsorbed
light [25]. Other functional thin films can be inserted between these layers, like
charge-selective blocking layers [26] or passivation layers [27] to reduce carrier
recombination. Furthermore, anti-reflection coatings [28] or coupling structures
[29, 30] can be used to increase light absorption. Each of these layers has to be
optimised and adjusted for high-efficiency thin-film solar cells.

2.2. Status of current thin-film solar cell technologies

This section gives an overview of existing thin-film solar cells and their function-
ality, along with future technologies which are still under development. Today’s
most prevalent photovoltaic technology is based on monocrystalline silicon. The
solar modules are cut from large monocrystals, or ingots, and are between
150 and 200µm thick. These ingots are produced by the Czochralski method
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2. Theoretical background

[31] from a silicon melt. Due to the high melting point of silicon, this process
is very energy-intensive, thereby limiting this technology’s cost efficiency. Cur-
rently, passivated emitter and rear cells (PERCs) are most common in the solar
cell market [32]. Rear contact passivation reflects otherwise unused red and
infrared light back into the solar cell, making it accessible for energy harvesting.
This technology has improved the device efficiency to over 22% [33]. Although
cells produced by this working principle still dominate the market, new possibil-
ities and advantages are accessible with thin-film solar cells or the second/third
generation of photovoltaic devices. The current status of these technologies will
be presented in the following.
2.2.1. Existing thin-film solar cell technologies

Thin-film solar cells are referred to as the second generation of photovoltaic
technologies after those based on Si, and in recent years their power conversion
efficiency has improved significantly. It is now higher than polycrystalline silicon-
based photovoltaics, and for some technologies now ranges in the region of
monocrystalline silicon solar cells [34]. This increased efficiency, together with a
lower energy consumption during production, reduces the energy amortisation
time. Consequently, thin-film solar cells are already a greener energy source
than conventional photovoltaics [35].

Three different thin-film technologies evolved to a substantial market share in
the current solar cell economy. With about a market share of roughly 5%, cad-
mium telluride solar cells are now the most successful technology [36]. First re-
ported by Bonnet and Rabenhorst in 1972 [37] with an efficiency of 6%, current
lab-scale devices reach an efficiency of 21.0% and commercial modules around
19% [36].

Industrial-scale CdTe solar cells are usually produced with different vacuum
deposition techniques on either thin soda-lime glass sheets or flexible polymer
substrates using a sputtered TCO layer as the front contact. The most commonly
used deposition technique is a high-rate vapour transport deposition process.
This involves a carrier gas transporting Cd and Te2 vapour onto a heated sub-
strate, where it then condenses to form a uniform thin film. A heterojunction is
formed by deposition of a p-type window layer of cadmium sulfide (CdS) on an
underlying n-type absorber material. The cell is finished with a metal back con-
tact [38, 39]. CdTe solar cells are now the cheapest and most energy-efficient
solar cells on the market, with an energy payback time of as little as 0.5 years [40].
Unfortunately, CdTe has some problematic drawbacks. These include the high
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2.2. Status of current thin-film solar cell technologies

Figure 2.2.: Working principle of a CdTe thin-film solar cell: a) Exemplary stack of CdTesolar cells and b) the band structure of the device, reproduced from Kapad-nis et al.[38] and Perrenoud et al.[39].

toxicity of cadmium, which raises issues in regard to public health and waste
disposal. Another downside is the scarcity of tellurium. This element is as rare
as platinum, which increases production costs and complicates upscaling [41,
42].
The second-largest thin-film technology is based on copper indium gallium dise-
lenide (CIGS, chemical formula CuInx Ga(1 – x) Se2), with a market share of approx-
imately 1.5% [36]. A typical way to produce CIGS solar cells is by co-evaporation,
comparable to the deposition process of perovskite explained in Sec. 2.6. The
absorber material is deposited on a substrate with a molybdenum back con-
tact, usually as a p-type semiconductor. After an alkali post-treatment, a thin
n-doped buffer layer of CdS is added from a chemical bath. The cell is finished
with an aluminium-doped zinc oxide (ZnO) layer as a conductive window ma-
terial and a nickel/aluminium grid as electrical front contact [43, 44]. With this
configuration, SolarFrontier reached a PCE of 22.3% for a lab-scale device of
0.5 cm²[45] and large modules have efficiencies of over 19% [46]. The issue
of toxic waste presents itself again with these cells, as they contain cadmium.
Furthermore, aquisition of the indium components is problematic, since it is as
rare as tellurium and is also in demand in other types of semiconductor devices.
Other noteworthy thin-film photovoltaic technologies include those based on
amorphous silicon (α-Si) and gallium arsenide (GaAs). Both have severe disad-
vantages for commercial realisation. α-Si has shown insufficient stability and
relatively low efficiencies, and GaAs, though being the most efficient of all thin-
film technologies, is too expensive for conventional use so is only implemented
in space-related applications.
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2. Theoretical background

2.2.2. Emerging solar cell technologies

While the second generation of solar cells increases its footprint in the grow-
ing market, the third generation is already in the starting gate. This technology
is also based on thin-films, but different absorber materials are used. The next
one to enter the market are solar modules based on organic semiconductors. In
contrast to the previously mentioned inorganic materials, the functional layers
here are made from hydrocarbon compounds, like polymers or small aromatic
molecules. They show semiconducting properties due to the delocalisation of
their electrons over the molecule. In contrast to inorganic semiconductors, the
materials are usually amorphous due to a lower intermolecular interaction. In
this material class, excited electron-hole pairs are bound more strongly due to a
lower dielectric constant of the organic materials and can not move as freely as
in inorganic crystals. These so-called excitons have to be separated to produce
electrical energy. Like in conventional solar cells, this seperation is facilitated
by bringing the absorber layer in contact with a different material, a so-called
acceptor layer, that encourages charge separation. This heterojunction is then
sandwiched between electron- and hole-selective transport layers to extract the
separated charges to the electrodes. These layers usually consist of a TCO and
a metal back contact. By using different molecule mixtures, the light-absorbing
properties can be tuned to adjust them to the desired absorption, making it pos-
sible to build transparent devices. The highest efficiency achieved with organic
thin-film solar cells right now is 18.2% [47], so slightly lower than the inorganic
modules presented beforehand. With growing demand and exceptional versa-
tility in applications, the market has been expanding over the recent years and
is expected to grow further [48].
With organic solar cells already being realised, the next promising candidates
for the future of photovoltaic technology are perovskite-based solar cells, which
are the point of interest of this work.

2.2.3. Status of Perovskite solar cells

Success in the development of perovskite solar cells has skyrocketed in the last
decade, with efficiencies approaching the Shockley-Queisser limit [49] for power
conversion efficiency. In this section, a more general classification of this tech-
nology into the field of thin-film solar cells is given. After the first realisation of
perovskite solar cells, a steep increase in PCEs between 2012 and 2015 led to ef-
fciencies of over 20% [50, 51]. One problem in this field of research is that many
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2.2. Status of current thin-film solar cell technologies

groups have recurring problems reproducing these results, despite relative sim-
plicity of the process [52]. This gives insight to recurring problems in this field of
research. Many important process parameters remain unknown, unpublished
or overlooked. Some to mention here are soft parameters, like the distance of
the pipette tip to the sample during spin coating, or the local atmosphere in the
spin coater. These concerns are known to experienced researchers, but few
published studies can be found on these topics. One of these factors has re-
cently been published by Taylor et al.[53], where a comprehensive study about
the application of the antisolvent was made. Further aspects that remain un-
mentioned batch-to-batch variations from inconsistent precursor quality, or the
influence of fluctuating ambient conditions in the lab. The development of the
perovskite research field is demonstrated by an open-access database project
by Jacobssen et al.[54], where the authors collected data from various groups
all over the world. These graphs, displayed in Fig. 2.3, are the result of the anal-
ysis of this data collection showing the often unmentioned problems of current
perovskite research.

Although record-breaking devices are frequently reported, the overall average
of device PCE is developing slowly, despite the fact that more and more sam-
ples are produced and characterised over the years. The majority of laboratory-
produced devices are small, usually smaller than one cm², which makes upscal-
ing the fabrication process to industrial standards the main focus of future re-
search. And finally, the long term stability T80, which indicates the time it takes
for the efficiency to drop under 80% of the initial value, is still in the range of
100-1000 hours, which is not suitable for real-life applications.

Nonetheless, the fast development of the field has led to an early industrialisa-
tion of perovskite solar cells and perovskite-based tandem solar cells. There are
currently four companies, located in England (Oxford P.V.), China (Microquanta
Semiconductor) and the US (Hunt Perovskite Technologies, Energy Materials),
that work on the realisation of perovskite solar cells as the newest generation
for photovoltaics. Although these companies are famous for their secrecy, Ox-
ford P.V. has published reports of tandem silicon devices with efficiencies close
to the benchmark of 30% with a 2000h stability [55, 56].

The final problematic factor that will be discussed here is the presence of toxic
heavy metals in perovskite solar cells. In contrast to the previously-mentioned
cadmium in CdTe and CIGS solar cells, the highly toxic heavy metal lead is present
in perovskite-based devices. This lead is in a water-soluble form, making it even
more problematic for the environment and aquatic life. Other factors besides
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Figure 2.3.: Data analysis from the perovskite database-project: a) development of over-all device efficiency, b) device efficiency depending on the active area, c)development of T80 stability under AM1.5 illumination and with maximumpower point tracking, reproduced from Jacobssen et al.[54].
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the toxicity also have to be taken into account, like the problematic and material-
consuming synthesis of the transport layers of the best-performing configura-
tions [57].

In conclusion, perovskite solar cells have experienced exceptional develop-
ment over the last years, but some obstacles remain. This makes further re-
search necessary, and the field is going from the hunt after new record efficien-
cies to now focus on stability, scalability and reproducibility, which could lead to
the next breakthrough of this technology.

2.3. The Perovskite system

The main focus of this work are metal halide perovskites. Perovskites are a well-
known class of semiconductor material which has caught a lot of interest in re-
cent years. After being known for decades in other technologies like supercon-
ductors or ferroelectrics, metal halide perovskite is now one of the most promis-
ing materials to revolutionise the field of solar cells. Perovskites’ unique struc-
tural characteristics, the semiconducting properties, and possibilities of compo-
sitional engineering, all make perovskite an excellent candidate for future pho-
tovoltaic technologies, as explained in the following.

2.3.1. Structure of Perovskite

The prototypical perovskite material is calcium titanium oxide CaTiO3. This mate-
rial was first discovered by Gustav Rose in 1839 and is named after the Russian
mineralogist Lev Perovski [58]. CaTiO3 crystallises in a characteristic ABX3 struc-
ture. Nowadays, the name ”Perovskite” is used as a general term for all ABX3-
compounds with the characteristic crystal structure. In this structure, a B-cation
is surrounded by six X-anions, forming an octahedron with the B-cation in the
centre. This cation is also surrounded by eight A-cations, holding the structure
in place. The structure is displayed in Fig. 2.4.

The crystallisation in perovskite structure is dictated by the radii of the used
elements. The bond lengths of the ionic bonds between A-X and B-X have to
fulfil the tolerance criteria described by the Goldschmidt rule [59]:

t = (RA + RX )√2(RB + RX ) (2.1)
with RA, RB and RX the radii of the respective ions and t the Goldschmidt toler-
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Figure 2.4.: Perovskite structure in orthorhombic crystallisation
ance factor. The value of t determines the crystal structure of the perovskite lat-
tice. When t > 1, the structure is hexagonal or tetragonal, for 0.9 < t < 1 a cubic
structure is the most stable and for 0.71 < t < 0.9, an orthorhombic or rhombo-
hedral structure is formed. If t < 0.71, the criteria for a perovskite structure is
no longer fulfilled, and it has to crystallise in a different structure [60].

2.4. Organic-inorganic mixed-halide metal perovskites

In contrast to the original perovskite material CaTiO3, metal halide perovskite is a
monovalent system that can have a variety of different compounds as part of the
crystal. On the A-site, small organic molecules like methylammonium (MA), for-
mamidinium (FA) or inorganic caesium can fulfil equation 2.1. In small amounts,
guanidinium (Ga) [61], and rubidium [62] can be incorporated into the crystal lat-
tice. The B-site metal ion is generally lead, due to it having the ideal ion size and
an electronic structure, that leads to a direct band gap semiconductor material.
The slightly smaller tin atom has similar properties as lead so it can be used as
well, although its required 2+ oxidation state is not entirely stable. The X-position
in the crystal is occupied by halide ions, in most cases iodine, but bromine or
chloride can also be used. A further discussion on composition engineering can
be found in Sec. 2.4.2.

Organic-inorganic mixed-halide metal perovskites have shown exceptionally
advantageous properties. These include absorption over a wide spectral range
[63], a tunable band gap [64], long diffusion lengths [65, 66], low recombina-
tion [67], and high charge carrier mobility [68]. Together with a low production
cost, these properties have made this material class one of the most promising
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candidates for future photovoltaic applications. One of the earliest of these de-
vices came about in 2009, when Kojima et al.[3] first reported a functional photo-
voltaic cell with a methylammonium lead triiodide (MAPbI3) absorber layer. This
first device had a power conversion efficiency (PCE) of 3.8%. From these promis-
ing results, perovskite-based photovoltaic technology improved rapidly over the
next years, with present record efficiencies of over 25% [11].
2.4.1. Semiconductor properties of metal halide perovskite

As mentioned beforehand, metal halide perovskite shows exceptionally advan-
tageous semiconductor properties. The band gap of perovskite is mainly de-
termined by the atomic states of the metal and the halide. In the case of lead
halide perovskite, a direct band gap is formed. The valence band maximum is
formed by the antibonding hybridised lead 6s orbital and the halides’ 5p orbital.
The antibonding conduction band minimum consists of the hybridised orbitals
of lead 6p with the 5p of the halide. Due to a more ionic character of this orbital
overlap, it is mainly determined by the 6p orbital of lead. This orbital splitting
is illustrated in Fig. 2.5a). Density functional theory calculations (DFT) of these
hybridised orbitals show a direct band gap. The calculated band structure of
MAPbI3 is depicted in Fig. 2.5b). Besides the direct band gap, metal halide per-
ovskites exhibit a low exciton binding energy of 16 meV and an effective mass
of the exciton of μ ∼ 0.1m0 with m0 being the free electron mass [71]. These
three properties: the direct band gap, the low exciton binding energy, and low
effective mass result in a very high absorption coefficient [63] and high charge
carrier mobility [68], all of which are beneficial for efficient photovoltaic devices.
Another favourable property of metal halide perovskites is a high defect toler-
ance, meaning that the energetic states induced by crystal defects are close to
the band edges. The energetic levels of defects in CsPbBr3 are depicted in Fig.
2.5. These shallow energy states are actually beneficial, as they do not introduce
deep traps in the band gap, which would induce charge carrier recombination.
Instead they work as doping states to induce more mobile charge carriers.
2.4.2. Compositional engineering for mixed-halide perovskites

Besides the excellent semiconductor properties described above, metal halide
perovskite exhibits another useful property. Since several different elements
can fulfil equation 2.1 to form a perovskite crystal lattice, and because the band
gap of a compound depends on the orbitals of its atoms, the band gap of per-
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Figure 2.5.: a) An illustration of the origin of the perovskites band gap by the splittingof the hybridised metal-halide orbitals, reproduced from [69]; b) calculatedband structure of MAPbI3 with density functional theory (DFT) performed byDr. Reinhard Scholz; c) Defect levels calculated with DFT for caesium leadbromide, reproduced from [70]
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Figure 2.6.: Schematic of 18 metal halide perovskites with the respective ionisation en-ergy, electron affinity and optical band gap, reproduced from Tao et al.[72]

ovskite can be tuned. Besides the optoelectronic properties, other important
factors are influenced, like the material’s long-term stability. These factors make
perovskite-based materials very versatile, as explained in the following. A simple
change of the precursors can give perovskite a wide range of different proper-
ties. For a substitution of the A-site cation, when the ionic radii of Pb2+ and I- are
considered as restrictions for the lattice, the possibilities are limited to organic
molecules with two (methylammonium) or three (formamidinium) C-C and C-N
bonds or the inorganic caesium atom. As explained in the section above, the en-
ergetical orbitals of the A-site cation do not contribute to the electronic states at
the band edges, but the different size of the ions influences the semiconducting
properties by the consequential change in lattice size. The band gap increases
from the smallest ion caesium to the largest ion formamidinium. For lead iodide-
based perovskite, this shift is about 200 meV [72]. When used in optoelectronic
devices, the A-cation influences the resulting perovskite film in terms of stability
[73], efficiency [74] and hysteresis [75]. The exchange of the B-cation from lead
to the smaller tin has a similar effect on the crystal lattice and, with it, the band
gap. The smaller tin ion reduces the band gap by about 350 meV. One problem
of tin is the self-induced change of oxidation states from Sn2+ to Sn4+, which
induces degradation of the material since the doubling of the charge does not
fulfil the requirements for the perovskites ABX3 structure.

The most impactful way to customise the properties of perovskite, even more
so than changing the A or B cation, is by changing the type of the halide. As
explained in Sec. 2.4.1, the valence band maximum is highly influenced by the
electronic state of the halide. By introducing bromide or chloride instead of io-
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dine, the band gap can be tuned from 1.59 eV to 3.06 eV [72] when going from
pure iodine to pure chloride in methylammonium and lead-based perovskite.
This effect can be observed by following the graph in Fig. 2.6 from left to right.
By intermixing the ions mentioned above, continuous transitions of the optical
band gap are possible. This mixing of different ions can unfortunately induce
photoactivated halide segregation, which is a separation of the composite ma-
terial into, for example, iodine and bromine-rich regions [76]. This demixing
can induce unfavourable degradation and defects in the perovskite [77]. With
careful adjustments, the properties of the perovskite can be tuned to fulfil the
desired specifications for the application as a light absorber in a photovoltaic
device and also for light emission in a perovskite-based LED.

2.5. Deposition methods of metal halide perovskite

The properties of metal halide perovskites are explained in the chapter above.
Now the focus will be shifted to the methods used to fabricate perovskite. One
of the big advantages of this material are the various production methods that
can be used to produce high-quality, low-cost semiconducting material. After
presenting the most prominent solution-based deposition methods, the focus
will be shifted to vacuum-deposited perovskite and the influence of different
evaporation parameters and effects during the deposition.

2.5.1. Spin coating process

The most common processing technique for perovskite thin-films is via spin coat-
ing. Here, the precursor salts are dissolved in polar aprotic solvents such as
dimethylformamide (DMF) or dimethyl sulfoxide (DMSO) or a mixture of both.
The precursor solution is then distributed uniformly on the substrate by spin-
ning it at several thousand rotations per minute. Advantages of this technique
are the relatively inexpensive equipment, a fast deposition, and a high trough-
put. This method offers several ways to control the crystallisation process. Some
examples include the necessary annealing step [78, 79, 80], applying antisol-
vents [53, 81], or including additives to the solution [82, 83]. There are some
drawbacks involved with the spin coating method. One of the biggest disadvan-
tages is the limitation to lab-scale devices and the complexity of automatised
processes. Furthermore, the material waste is high and toxic solvents are nec-
essary.
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Figure 2.7.: Schematic illustration of different perovskite deposition methods via spincoating, reproduced from Vaynzof (2020) [84].

Over the recent years, several spin coating approaches have been found to
obtain high-quality thin-films. The processes are illustrated in Fig. 2.7. First is the
one-step deposition. Here, the precursor solution is deposited equally on the
substrate, followed by an annealing step to evaporate the solvent and induce
crystallisation [85]. This technique is not very common anymore but still finds
application in certain recipes [86].

Another possibility to get high-performing perovskite films is by a two-step
method. Here, an inorganic metal halide layer is prepared first, either by solution
processing [87] or by vacuum deposition [88]. This layer is then converted into
perovskite by applying a solution of A-cation salt to convert the metal halide into
perovskite. With this method, an efficiency of 24% and high stability of over 2000
h has been achieved recently [89].

The most popular and commonly used deposition technique is the so-called
solvent engineering method, where an antisolvent is applied during the spin
coating of the film. This antisolvent removes the solvent and induces crystalli-
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sation of the perovskite [90]. A wide selection of antisolvents are available, and
high precision in all steps of the preparation is required to yield high-quality films
[53]. By optimising the deposition process and introducing additives to control
the crystallisation process [81], as well as applying passivation layers at the inter-
faces of the active layer [27], high-efficiency devices with increasing stability and
reproducibility can be produced. Latest advances have pushed the efficiency
to over 25% [11], which shows that spin coating is a technique to achieve high-
performing devices.
2.5.2. Scalable processes for perovskite deposition from solution

An important consideration in the field of solar cell science is whether a fab-
rication method can be upscaled for commercial mass production. Although
most research groups focus on spin coating due to the cheap equipment cost
and high throughput for small devices. It is not amenable to upscalling, since the
substrate size is limited due to edge inhomogeneity appearing in the coated film
[91]. Fortunately, there are several linear deposition techniques to solve these
problems and allow coverage of large areas. The most promising techniques
will be presented in the following.
In recent years, scalable processes like blade coating [92, 93], slot die coating
[94] and inkjet printing [95] have been investigated in more detail for the prepa-
ration of perovskite thin-films and solar cells. Illustrations of these processing
techniques are depicted in Fig. 2.8. Blade coating and slot die casting are menis-
cus guided deposition techniques. Here, the precursor solution is drawn over
a moving, heated substrate, where the solution forms a film with decreasing
thickness, the so-called meniscus. At the end of the meniscus, the solvent evap-
orates and the crystallisation begins. The crystallisation can be controlled by
varying the deposition parameters, like the substrate temperature and the cast-
ing speed [96]. The working principle of these two techniques are shown in
Fig. 2.8a) and b). For small area devices, efficiencies of 20% [92] and 18% [97]
have been achieved with blade coating and slot-die casting respectively. Un-
fortunately, for devices >10 cm² the efficiency goes down to 15.3% [98] and
11.8% [99]. In contrast to the previously described techniques, inkjet printing
is a contact-free deposition which offers the advantage of printing arbitrary pat-
terns. Here, the solution is deposited via a piezoelectric print head and after-
wards dried in vacuum and annealed. The process is illustrated in Fig. 2.8c).
This technique results in small devices with up to 21% efficiency [95] and up to
13.3% for devices > 1 cm² [100, 101]. In conclusion, all these techniques have
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Figure 2.8.: Scematics of scalable linear solution processing techniques: a) blade coat-ing, reproduced from Park et al.[102], b) slot die casting, reproduced fromPatibar et al.[94], c) inkjet printing, reproduced from Park et al.[102]
the possibility to produce high-efficiency devices on the lab-scale but still have
to prove their advantages for module-size photovoltaics.

2.6. Vacuum deposition of perovskite

Vacuum deposition is a well-established method for preparing thin-films, with
applications ranging from organic LED displays [103], solid-state battery produc-
tion [104] to packaging in food industry. In this section, this method is explained
for the processing of metal halide perovskites and the influence of different pro-
cess parameters, like the substrate material, the substrate temperature, and
the deposition properties of the organic cation on the resulting thin-film. How-
ever, first, an introduction to the possible approaches and an overview of the
development of the field, with some milestone works, are presented.

Analogous to one-step and two-step spin coating methods, there are two dif-
ferent approaches to vacuum deposition, namely co-evaporation and sequential
deposition. For co-evaporation, all precursor salts are sublimed simultaneously
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such that the composite material forms directly on the substrate. For this pro-
cess, annealing is not always required, or even detrimental [105, 106, 107]. This
makes one energy-consuming step redundant, which is advantageous for poten-
tial future industrial processes. The sequential deposition approach is compara-
ble to the two-step spin coating method. Here, the metal halide film is deposited
first and then covered with the A-cation salts. With this process a multilayer
structure is also possible. The layered structure transforms into perovskite by
an inevitable annealing step [108]. This shows the versatility of the deposition
technique and the applicability for the production of high-quality perovskite so-
lar cells.

In 2013 Liu et al.[7] showed that the co-evaporation process can make highly
efficient perovskite solar cells. In this work, methylammonium iodide (MAI) and
lead chloride (PbCl2) were co-evaporated in a molar ratio of 4:1, leading directly
to dark brown films and very efficient devices with 15.1% PCE, a record at that
time. The perovskite was deposited on compact titanium dioxide (TiO2) and cov-
ered with lithium-doped Spiro-OMeTAD, making this one of the standard config-
urations over the past years. By further optimisation of the process, Momblona
et al.[8] broke the benchmark of 20% PCE in 2016 by using fully evaporated
doped organic transport layers. Here, the authors produced the absorber layer
comparably to Liu et al.[7] by co-evaporation of PbI2 and MAI, in a similar ra-
tio. In the years since, many variations of metal halide perovskite have been
vacuum processed successfully: methylammonium-free [107, 109], triple-cation
[110], pure FAPbI3[111], stabilised cubic FAPbI3[112] with organic and inorganic
transport layers from deposited solution, as well as fully evaporated devices.
Another advantage of evaporation-based deposition techniques is the accurate
film control and high homogeneity over large areas. This was already shown
for module-size devices by Li et al.[9] in 2020 using a co-deposition approach.
Here, over 20% for small cells and 18% efficiency for minimodules of 21 cm²
were achieved. In 2021 Feng et al.[10] demonstrated 400 cm² homogeneous
films with sequential deposition of PbI2, FAI and CsBr and in-vacuum annealing.
When used in small devices (0.09 cm²) in the established TiO2, Spiro-OMeTAD
architecture, the champion cell showed a PCE of 21.32%, a record for vacuum-
deposited perovskite at the moment. These promising results show that the
vacuum deposition process has a high potential for the industrial-scale produc-
tion of highly efficient perovskite solar cells. The main research topics in recent
years that have led to these remarkable results are described in the following.
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2.6.1. Deposition of the organic cation

One of the biggest challenges in vacuum depositing perovskite is a well-control-
led deposition of the organic cation. In the beginning, mainly methylammo-
nium was used as the A-cation in vacuum-deposited perovskites. This mate-
rial presents some difficulties during vacuum deposition. The small molecule is
known for its high vapour pressure and gas-like behaviour in vacuum. Together
with a low adhesion coefficient, this complicates the control over the evapora-
tion and led several groups to control the MAI rate via the partial pressure of
the material [106, 113, 114, 115].

These problems were addressed by Borchert et al.[116] in 2019, where the
evaporation behaviour of MAI from several different suppliers, as well as self-
synthesised material, were investigated. The authors found a correlation be-
tween phosphorus-containing impurities and the possibility of measuring a rate
at the quartz crystal microbalances (QCM). It was found that the presence of im-
purities increases the detected rate or the adhesion on the gold-covered QCM
surface. The difference is clearly observable by comparing Fig. 2.9 a), and b),
where an SEM picture of two QCM surfaces with different types of MAI evapo-
rated on top is shown. With new technological developments such as the appli-
cation of strongly cooled QCMs, the rate detection became more reliable, but
other crucial factors were left unaddressed. One of these factors involves the ad-
hesion of the organic cation salt to the substrate. In 2020 Roß et al.[117] found
a strong decrease in adhesion of MAI to the substrate with increasing substrate
temperature. The authors also found a difference between two commonly used
underlying organic substrate layers. In Fig. 2.9c), the observed tooling properties
at the investigated temperatures are shown, illustrating the reduced adhesion
of the organic salt to a surface with increasing temperature. The influence of
substrates will be discussed in more detail in Sec. 2.6.2.

Further insight into the deposition kinetics was obtained in 2020 by Kim et
al.[118] via monitoring the deposition rate at different positions in the chamber
during MAPbI3 co-evaporation. The authors found that the monitored deposi-
tion rate of the organic cation is very different depending on the presence of
lead halide. This observation indicates a chemical vapour deposition compo-
nent in the co-evaporation of MAPbI3, which means that the adhesion of MAI
to an unreacted lead halide surface is increased by a diffusive component driv-
ing the conversion to perovskite. This diffusion is only possible when unreacted
lead halide is present. Similar effects were seen by other groups as well, where
a partial conversion with a closed shutter was observed [106].
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Figure 2.9.: The adhesion of MAI to the substrate: SEM-images of an as-deposited MAIlayer on a QCM, a) with impurities, b) without impurities, reproduced fromBorchert et al.[111]; c) temperature dependent tooling factor of MAI to apolymeric surface, reproduced from Roß et al.[117]
It can be concluded that a well-controlled deposition of the organic cation is

one of the critical factors for a precise perovskite deposition. The properties of
the process are influenced by a series of aspects that have consequences on
the quality of the final material.

2.6.2. Influence of the substrate material on the crystallisation of
vacuum-deposited perovskite

The substrate material significantly affects the crystallisation properties of a va-
cuum-deposited film. Several studies on this topic showing the impact on a well-
controlled deposition are presented in the following.

Abzieher et al.[106] recently published a comprehensive study about the
MAPbI3 growth on various popular organic and inorganic substrate materials.
The growth properties were investigated by XRD and SEM, and the polarity of
the substrate layers was found to be a critical factor in the growth process. The
authors found that non-polar samples induced a columnar growth of the crys-
tallites. In contrast to disordered nucleation on polar substrates, this colum-
nar growth reduces grain boundaries horizontal to the transport layer, which
is beneficial for the device’s performance. The different growth properties are
illustrated in Fig. 2.10. In general, a higher nucleation density was found for
vacuum-processed perovskite in comparison to solution-processed layers, lead-
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Figure 2.10.: Illustration for growth conditions: a) disordered growth on a polar TiO2layer in contrast to b) columnar growth on an non-polar PTAA layer, repro-duced from [106]
ing to the often-reported smaller crystallite size [119].

In 2020, Klipfel et al.[120] also found a preferred growth orientation on a TiO2substrate layer depending on the evaporation rate. This is found by combining
GIWAX, absorption and UPS measurements. An increase in upward-directed
crystallites was found for a growth rate of 0.54 Å/s, which also resulted in an in-
crease in device performance. These findings contradict the study by Abzieher
et al.[106], which found no columnar growth on TiO2. Furthermore, a change in
band gap and Fermi level was observed for the differently oriented films. The
Fermi level moved from a p-type to a nearly intrinsic material for well-oriented
crystals. Besides the influence of the deposition rate, different types of sub-
strate layers induced a shift in doping level. Here, the transport layers induced
a well-centred Fermi level in the band gap of the semiconductor, leading to the
best-performing devices. This result emphasises that the growth conditions are
crucial for good solar cell devices.

These growth conditions were investigated in detail by Olthof et al.[121] via
photoelectron spectroscopy measurements of very thin films during the deposi-
tion process. Depending on the substrate material, it was found that the catalytic
action of metal oxides impedes the perovskite formation due to an increase in
methylammonium degradation. The perovskite growth can only begin after a
passivation layer has formed. This ∼30 nm thick interlayer does not form on
organic contact layers, where a distinct perovskite feature can be measured af-
ter only 3 nm. Furthermore, it was found that the contact layers and interface
structure can induce dipoles at the interface, which lead to band bending and a
change in the materials’ work function, which still can be measured after 200 nm
in the case of metal oxide substrate materials.

These findings show that the crystallisation process and resulting material
quality are strongly dependent on the substrate layer. The substrate influences
the film’s crystallographic and energetic properties. It further shows that the
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deposition process must be adjusted when the underlying layer material is ex-
changed.
2.6.3. Influence of substrate temperature on the crystallisation process

One important factor not yet discussed in the crystallisation of perovskite in
vacuum is the effect of the substrate temperature. The temperature is known
to influence not only the adsorption of the organic molecule, as was found by
Roß et al.[117] and discussed here in chapter 2.6.1, but also impacts the crystal
formation, as found in recent studies.

In 2020, Lohmann et al.[122] compared cooled and room temperature sub-
strates and a sequence of both. The authors were able to tune the crystallite
size of evaporated MAPbI3 films reducing the substrate temperature. At temper-
atures of -2 °C, extraordinary large grains in the mm range were found, which
is unusual for vacuum-deposited perovskites. Although increased grain size is
often associated with improved performance in solution-processed perovskite
solar cells, this is not the case for vacuum-deposited perovskite. Besides the
change in crystallinity, the samples prepared at room temperature have an ex-
cess of lead iodide, which hints at a change in stoichiometry due to the adhesion
of MA. Despite the stoichiometry of the film and a reduced crystallinity, the pho-
tovoltaic performance was the best for films deposited at room temperature.
Similar behaviour was found by Kottokkaran et al.[123], where an elevated sub-
strate temperature was investigated. By adjusting the partial pressure of MAI,
the stoichiometry was kept constant, and an increase in crystallite size could be
observed for substrate temperatures of 50 °C and 75 °C. Similar to the study of
cooled substrates, the photovoltaic performance was best for devices produced
at room temperature.
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3.1. Physical vapor deposition

Physical vapour deposition, or PVD, is a collective term for several thin film de-
position techniques. Typical film thicknesses range from a few nanometers to
some micrometres, and an accurate thickness control is desired. The coating
is realised by vaporising a solid material in a vacuum and depositing it on the
desired surface. The variety of processable materials ranges from metals over
compound materials and semiconductors to organic materials and plastics. De-
pending on the deposition material and the desired film properties, the vapori-
sation process can vary significantly. Common techniques are sputtering, here
the solid material is extracted from the surface by hitting it with ions or plasma
and thermal evaporation, where the material is transferred into the gas phase
by thermal energy. This can be realised through exposure to thermal radiation,
Joule heating in a resistive boat or hitting the material with a guided electron
beam or a high current pulsed arc. Also, pulsed lasers can be used to evaporate
the material. These techniques have differing properties regarding the material
requirements like stability, vapour pressure or electrical conductivity[124].
3.1.1. Theoretical description of thermal evaporation

Several conditions define the evaporation and deposition characteristics of a
material and a deposition setup. The process is illustrated in Fig. 3.1. Firstly, the
evaporation properties of a material are mainly defined by its vapour pressure
and thermal stability. Both are intrinsic material properties. The equilibrium
vapour pressure Peq of a material is adjusted by the evaporation temperature
Tsource or the input of thermal energy in the case of an electron beam or arc evap-
oration. With increasing temperature, more material sublimates and leaves the
effusion cell. Besides the temperature, the geometry of the evaporation source
and especially the orifice size δA influences the material beam intensity JW leav-
ing the source. For an ideal effusive cell, the angular distribution approaches
the cosine law of emission. The ideality depends on factors like the probability
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Figure 3.1.: Illustration of the vapor deposition of a thin film, from a Knudsen cell evap-oration source.

of collisions of the particles on their path to the substrate. This depends on
the background pressure Pchamber and is given by the free mean path l of the
particle. The incident flux ji, of particles hitting the substrate further depends
on the angle of source and substrate j, the deposition angle b and the distance
R. Together with the condensation coefficient of the material and any possible
re-evaporation from the substrate, which is especially significant for heated sub-
strates, the condensation flux jc is determined. From all these factors, the de-
position rate ν, which gives the thickening of the film on the substrate, can be
calculated. The deposition rate is usually given in Å per s.

3.1.2. Experimental realisation

For a well-controlled evaporation, several variables have to be considered. As
described beforehand, the most essential variable is the source temperature,
which is usually controlled by regulating the current through the boat or the
filament, and with it, the energy input. Secondly, the vessel pressure defines
the equilibrium vapour pressure and with it the amount of material subliming
from the source, as well as the mean free path of the evaporated material on
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the way to the substrate to reduce scattering. The last process to control is the
condensation on the substrate, which can be influenced by surface treatments,
adhesion layers and, most important, the substrate temperature. To ensure a
uniform deposition, the substrate can be rotated.

The most common way to measure deposition rate is using a quartz crystal
microbalance (QCM). Here the quartz micro frequency of a quartz crystal res-
onator is measured. The frequency is dependent on the mass deposited on the
surface of the crystal. For a known material, the deposited thickness change can
be measured in sub angstrom accuracy. For an accurate rate measurement at
the substrate, the geometrical relation of the QCMs position to the substrate
has to be calibrated. This process is called tooling.

3.2. Vacuum deposition of perovskite layers

3.2.1. Vacuum deposition chamber

The materials were deposited in a MiniPerovap deposition chamber from Crea-
Phys. The chamber has a water-cooled inner sheath to prevent re-evaporation
from the walls and ensures a lower base pressure. It is cooled with a Huber
cc-508 cooling system. The cooling agent is held at -22 °C, which results in ∼-
12 °C at the inner surfaces. The chamber is equipped with four LTE-evaporation
sources with a designed temperature range of ∼100 °C - 800 °C, also from Crea-
Phys. The deposition rates of the four sources can be measured individually
with QCMs located 8 cm above each of the sources. The rates are read out with
a four-channel Inficon SQC-310c rate monitor with a resolution of 0.01 Å/s. The
sources and QCMs are separated with metal blinds attached to the cooled base
plate to avoid cross-talk and contamination between the sources. The experi-
ments are controlled and recorded with the software SweepMe!.
3.2.2. Materials

The perovskite precursor materials, formamidinium iodide (FAI), CsBr and PbI2were bought from Sigma Aldrich. 3H-Cyclopropa(1,9) (5,6)fulleren-C60-Ih-3- bu-
tanoic acid-3-phenyl-methylester (PC61BM) (99.5%) was purchased from Solenne
BV, and Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) and bathocupro-
ine (BCP) were purchased from Sigma Aldrich and used as received. Pre-patter-
ned ITO coated glass substrates were purchased from Yingkou Shangneng Pho-
toelectric material CO., Ltd. The pre-patterned ITO substrates were ultrasoni-
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3. Experimental methods

Figure 3.2.: Picture of the vacuum deposition setup
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3.2. Vacuum deposition of perovskite layers

cally cleaned with acetone, ethanol and isopropanol, followed by a 10 min oxy-
gen plasma treatment.

3.2.3. Tooling process

Tooling experiments were performed in the chamber by comparing the signals
of two QCMs located at the top of the chamber, one close to the substrate and
one close to the crucible. Since the quartz at the height of the substrate is slightly
off-centre, the most accurate way to determine the geometrical tooling factor is
by measuring the thickness of a deposited layer and comparing it to the signals
read out by the QCMs. In the used deposition setup, described in Sec. 3.2.1, the
geometrical tooling factor was determined to be 22% of the signal of the QCM
at the crucible. The dynamic tooling factors are measured with the top QCM
compared to the bottom QCM.

3.2.4. Charge transport layer preperation and device fabrication

The PTAA solution was prepared by dissolving 1.5 mg/ml PTAA in anhydrous
toluene and stirring overnight at 70 °C. For the preparation of the hole extraction
layer, the freshly cleaned ITO substrates are dynamically spin-coated with 30 µl
solution for 30 s at 2000 rpm. After the spin coating, they are annealed at 100 °C
for 10 min. The ITO-substrates with the hole extraction layer are stored in inert
nitrogen atmosphere before the perovskite deposition. For the electron extrac-
tion layer, 20 mg/ml PCBM is dissolved in anhydrous chlorobenzene by stirring
the solution for 3 hours at 70 °C. Afterwards, the solution is filtered with a PTFE
filter. The thin film is prepared by spin-coating 20 µl for 30 s at 2000 rpm on the
perovskite layer. This step is followed by 10 min annealing at 100 °C. The elec-
tron exctraction layer is followed by the hole blocking material BCP. The solution
is prepared by dissolving 0.5 mg/ml BCP in anhydrous isopropanol by stirring it
at 70 °C overnight. The thin film is prepared by dynamically spin-coating 40 µl of
solution for 30 s at 4000 rpm. No annealing is needed for this film. The device is
finished by thermally evaporating 80 nm of silver in a Mantis evaporation system
integrated into a glovebox. The initial deposition rate was 0.1 Å/s until 20 nm are
reached when it was increased to 1 Å/s. The pixel size is defined by the overlap
of the ITO-bottom contact and the silver back contact to 4.5 mm².
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3.3. Analytical techniques

3.3.1. UV-Vis spectroscopy

In UV-Vis spectroscopy, the light from a continuously emitting light source over
the whole spectrum of interest, in this case, 300-1200 nm, is sent through a
monochromator and guided through the sample. The transmitted light is recor-
ded at every wavelength with a photodiode in an integrating sphere. To deter-
mine the absorbance of a film, the reflected ratio of the incident light has to be
subtracted. This is measured in the same setup by switching the sample position
and reversing the reference and measurement beam. If the layer thickness d is
known, the absorption coefficient a(l) can be determined by the Beer-Lambert
law:

A = log

(
I0
I

) = α(λ)d (3.1)
From the absorbance measurements, the band gap is calculated with a Tauc-
plot calculation for a direct band gap semiconductor[125]. In this work, a Shi-
madzu UV-3100 spectrometer with an integrating sphere was used to measure
the UV-Vis absorption spectra.

3.3.2. Photoluminescence measurements

The photoluminescence of the thin-films was measured using an integrating
sphere (Ulbricht-sphere). As excitation source a 405 nm laser from Coherent
with 50 mW intensity in cw-mode was used. The spot size was determined to
roughly 1 mm². The emission spectra were recorded with a QE65 Pro spectrom-
eter from Ocean Optics.

3.3.3. Mass spectrometry

In a quadrupole mass spectrometer, ions are separated by selecting one stable
flight trajectory in an oscillating electric field. Two pairs of conductive rods gen-
erate the field with an applied radio frequency voltage (RF) and a DC voltage. In
a full range scan, the RF amplitude and the DC voltage are scanned, and only
ions with the right m/Z-ratio can pass the fields.

The residual gas analysis in the vacuum system was performed with an XT300M
quadruple RGA system from Extorr In. (USA). It was directly attached to the vac-
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3.3. Analytical techniques

Figure 3.3.: XRD-measurement setup: a) Schematic of the measurement geometry, re-produced from [126], b) picture of the measurement setup, with attachedvacuum measurement chamber.
uum chamber, and the full range of m/Z = 1 to 300 AMU was scanned three
times per minute.
3.3.4. X-ray diffraction (XRD)

X-ray diffraction is used to determine the crystal structure. When Bragg’s law
3.2 is fulfilled, X-rays reflected from a crystalline material interfere constructively.
This causes intensity maxima, so-called Bragg peaks.

nλ = 2dsin(θ) (3.2)
with l the wavelength of the incident radiation, d the distance between two crys-
tal planes, and j the diffraction angle. By measuring the diffracted X-ray inten-
sity depending on the diffraction angle, the crystal structure, and information
about the orientation can be determined. For the measurements in this work, a
Bruker Discover D8 with 1.6 kW Cu-Ka1 radiation with a wavelength of 1.54 Å was
used. The measurements were performed in parallel-beam geometry in reflec-
tion mode. The geometry is depicted in Fig. 3.3. The diffractometer is equipped
with a Lynxeye 1D-detector, which was read out in continuous mode with the
software DiffracMeasurementCenter. The measurements were background cor-
rected with the software DiffracEva.
3.3.5. GIWAXS

Grazing incidence wide-angle X-ray scattering (GIWAXS) gives insight into the
crystal arrangement of thin films, especially the orientation of the crystal planes

33
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is investigated. For GIWAXS measurements, intense, highly-brilliant synchrotron
radiation is used. In the case of the measurements displayed here, the X-ray hits
the sample under a very shallow angle, 0.1° and 0.3°. These small angles lead to
a control of the surface sensitivity since at angles below the critical angle for X-
rays, only an evanescent wave penetrates the sample at the surface, and no sig-
nal from the bulk is observed. The scattered radiation is detected with a planar
detector, which also allows detection of the signals from structures oriented in-
plane of the sample surface. This is not possible for XRD measurements, which
only probe crystal planes perpendicular to the scattering plane.

The GIWAXS experiments were performed at the European Synchrotron Ra-
diation Facility (ESRF) in Grenoble at beamline ID10, employing a PIlatus 300K
area detector. Beam energy was 22 keV, and all experiments were conducted
under nitrogen atmosphere.

3.3.6. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is based on the interaction of accelerated
electrons and the sample. In the used instrument, electrons are emitted from a
field emission gun, subsequently accelerated and then focused on the sample
with a system of magnetic lenses. The focus point is about 1 nm in diameter
which is then also the resolution limit. The electron beam is scanned over the
sample, where it interacts with the to-be-measured sample. By this interaction
several characteristic signals are produced: secondary electrons (SE), reflected
and elastically backscattered electrons (BSE) and characteristic X-ray emission
(EDX). The pictures displayed in this work were taken with an inlens detector.
This detector mode measures low-energy secondary electrons emitted from
the surface region, which are emitted in a low-angle cone in the direction of
the incident beam. A schematic setup is displayed in Fig. 3.4. The scanning elec-
tron microscopy images were taken with a Zeiss Gemini SEM 500. The primary
electron beam had an energy of 2 keV, and the microscope was operated at a
working distance of 2.4 mm, and a magnification of 100.000. The samples were
mounted on a standard SEM-sample holder, and a thin layer of gold was sput-
tered on the sample to prevent electron beam-induced charging. This layer is
2-3 nm thick and does not interfere with the image acquisition. The measure-
ments were taken in high vacuum (5 · 10–6 mbar).
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Figure 3.4.: Schematic of an SEM-setup with an InLens SE detector. Taken from [127]
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Figure 3.5.: Schematics of a typical AFM configuration, to determin the surface topologyof a sumple, reproduced from [128]

3.3.7. Atomic force microscopy

Atomic force microscopy is a surface-sensitive measurement technique used
to determine surface roughness and layer thicknesses. A cantilever with a very
small tip is scanned over the surface. For all measurements, the so-called tap-
ping mode is used. Here, the cantilever tip is vibrated near its resonant fre-
quency and brought into close proximity to the substrate. By the vibration of
the cantilever, the tip touches the substrate only very shortly in the periodicity
of the resonant frequency, reducing the force on the underlying substrate. This
makes it a less invasive measurement procedure than contact mode, where the
cantilever is drawn over the substrate. In both cases, the amplitude of the inter-
action is measured with a deflection-sensitive photodiode. The working principle
of an AFM is illustrated in Fig. 3.5.

3.3.8. Profilometer

For the film thickness measurements, a Veeco Dektak 150 is used. The pro-
filometer has a three µm diamond stylus, which is drawn over the sample with a
contact force of 3 mg. By tracking the stylus amplitude, a one-dimensional sur-
face profile is measured. The film thickness is determined by either scratching
the sample with a razor blade and determining the deepness of the resulting
scratch or by removing a stripe of Kapton tape, which was put on the substrate
before the deposition and measuring the resulting step.
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Figure 3.6.: Illustration of XPS-measurement: a) Schematic of the Phoibos 100 setupused for XPS measurements, b) Schematic diagram of the excitation processresponsible for with XPS measurable photoelectrons. a) Reproduced from[129] and b) from [130].
3.3.9. X-ray photoelectron spectroscopy (XPS)

XPS probes the core levels of an atom by measuring the collected photoelec-
trons produced upon X-ray illumination. The measured binding energy is spe-
cific for each element and its electronic configuration. By comparing the peak
intensities of the measured atomic species taking a correction factor about the
atomic sensitivity into account, XPS can determine the chemical composition of
a material. Roughly the top 10 nm of material are probed, determined by the
inelastic free mean path of the emitted electrons in the material. The photon-
electron interaction and the resulting photoelectron are illustrated in Fig. 3.6.

X-ray photoelectron spectroscopy measurements were performed in a cus-
tom design UHV system at a base pressure of 6 · 10–10 mbar using a hemispher-
ical electron energy analyser (Phoibos 100, Specs). For excitation, a non-mono-
chromatic X-ray source was used with an Mg anode (hn= 1252.6 eV, probing
depth=10 nm) at a pass energy of 10 eV and the energy resolution is 800 meV.
The XPS peaks were fitted with the XPS Peak Fit 4.1 program.

3.3.10. Solar cell characterisation

Solar cell devices were characterised under standardised testing conditions. An
ABET AAA Sun 3000 solar simulator was used as the light source to simulate a
100 mW/cm–2 AM1.5G spectrum. The light intensity was calibrated using a refer-
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ence silicon diode (NIST traceable, VLSI) and corrected by the spectral mismatch
between the AM1.5G spectrum and the spectral response of the sample. The
solar cells were scanned with a Keithley 2450 source measurement unit from
1.2 V to 0 V and back in steps of 0.025 V with a dwell time of 0.1 s.

38



4. Pressure dependent triple-source
co-evaporation of
methylammonium-free perovskite

As already discussed in chapters 2.6.1, 2.6.2 and 2.6.3, vacuum deposition is a
delicate process, where variations in any number of parameters can strongly
influence the outcome. One point that was highlighted during the research of
Ji et al.[107] or Gil-Escrig et al.[131] is the necessity for an excess of the organic
cation. In previous studies on methylammonium-based perovskites, a ratio in
the order of 3 or 4 parts organic cation to one part of B-cation salt was often
reported [7, 132]. A similar trend in the ratio of organic to B-cation was observed
in the scope of the here-presented study. Since one of the factors observed
during the evaporation was a fluctuation in the chamber pressure, and since
many groups in the past used this parameter as an adjustment screw for the
composition of the thin-film[113, 114], the influence of the background pressure
on the co-evaporation of the material is investigated.

Parts of this chapter were taken from our publication ”Insights into the evapo-
ration behaviour of FAI: material degradation and consequences for perovskite
solar cells”, which was created in collaboration with, among others, Seren Di-
lara Öz and Dr. Selina Olthof (XPS measurements, Universität Köln). Further
measurements presented here were performed by Zongbao Zhang (SEM, Tech-
nische Universität Dresden), Oleg Konovalov and Maciej Jankowski (GIWAXS ex-
periment, DESY Hamburg), Lena Merten, Dr. Alexander Hinderhofer, and Prof.
Dr. Frank Schreiber (GIWAXS analysis, Universität Tübingen).

In this chapter, the vacuum deposition properties of formamidinium iodide
for later implementation in a triple source co-evaporation were investigated,
using both in-situ mass spectrometry measurements and detailed tracking of
the evaporation conditions. With these methods, it was possible to reveal an
inevitable decomposition during the evaporation, further highlighting the ne-
cessity of pretreatment of as-received material to remove remaining impurities.
The decomposition reaction strongly influences the background pressure. This
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4. Pressure dependent triple-source co-evaporation of methylammonium-free perovskite

Figure 4.1.: Preheating of fresh FAI: a) chamber pressure and crucible temperature, b)deposition rate at bottom QCM at the crucible.
leads to a detailed investigation of this process parameter on the deposition.
Here, the focus is laid on the tooling properties of the organic cation salt.

4.1. Precursor purification

Before investigating the evaporation behaviour of FAI, a close look must be taken
at the material itself. Material purity and quality are vital factors for the produc-
tion of high-quality semiconductors. A sublimation step to rid the material of
impurities is usually employed during the synthesis and purification of organic
materials when used for semiconductor devices. This purification step is not
standard for perovskite precursor materials, leaving the production of thin films
prone to unwanted contamination. For the vacuum deposition process, this
problem can be ameliorated by an in-situ purification step prior to the deposi-
tion to increase the material purity and stabilise the deposition conditions.

To increase batch-to-batch reproducibility, each deposition is started with fresh
precursor material. Furthermore all evaporation parameters, like pressure, tem-
perature and deposition rate, are recorded for further analysis. The first step
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4.1. Precursor purification

Figure 4.2.: Preheating procedure of fresh FAI: a) illustration of the development of thecomposition of the background atmosphere during the preheating proce-dure, b) single mass spectrum at the highest pressure with the probablecomponents highlighted.
m/Z Likely molecule Molecular Formula18 Water H2O32 Methanol CH3OH46 Ethanol C2H5OH58 Acetone C3H6O74 Diethyl ether (C2H5)2O

Table 4.1.: Table of molecules leaving the material during preheating.

involves heating the crucible until the target deposition rate is reached, in this
case 1.6 Å/s. During this initial heating of the fresh material, a strong increase
in chamber pressure was observed. The development of the chamber pressure
and the crucible temperature during the preheating step is depicted in Fig. 4.1
a). The pressure increases from a base pressure Pbase = 5 · 10–7 mbar to about
1 ·10–4 mbar at approximately 125 °C. This increase of over two orders of magni-
tude starts before the detection of a deposition rate (Fig. 4.1 b)). After the initial
pressure peak, a decrease is observed when a temperature of approximately
150 °C is reached.

To better understand what underlying causes lead to the appearance of this
peak in pressure, the chamber’s atmosphere is continuously probed with a mass
spectrometer.

In Fig. 4.2 a) both the evolution of the partial pressure of the detected mole-
cules and their m/Z-ratio are plotted over the time of the evaporation procedure.

41



4. Pressure dependent triple-source co-evaporation of methylammonium-free perovskite

The increase in pressure can be attributed to a variety of materials leaving the
precursor during this initial heating. The most dominant signals are those as-
sociated with organic solvents, as highlighted in Fig. 4.2 b). The m/Z-ratio of
each of the detected solvents is presented in Table 4.1. From the decrease in
pressure after the initial heating out, it can be deduced that the material is not
dried properly after the synthesis, resulting in residual solvents in the material
if used as received from the supplier. FAI from several popular suppliers was
tested, and a similar outgassing behaviour was found for all of them. The mea-
surement results are depicted in the Appendix in Fig. A.1. Since most research
groups use the precursor materials as received directly from the vendor, it can
be assumed that these material impurities are pervasive in perovskite research.

The same preheating procedure was performed before every evaporation of
FAI in the following to ensure a reproducible evaporation behaviour.

As already illustrated in Sec. 2.6.1, is the deposition of the organic cation one
of the most sensitive process parameters involved during the vacuum depo-
sition of perovskite. For a well-controlled co-evaporation, high accuracy is re-
quired in all parts of the deposition since small variations influence the resulting
material. Many studies report the necessity of an excess amount of organic
cation for the deposition of a stoichiometric film [107, 131, 133]. The same was
observed during the preparation of methylammonium-free FA1 – xCsxPb I3 – xBrxmixed halide metal perovskite in preliminary experiments, which led to a deeper
investigation of the evaporation behaviour of the organic cation.

4.2. Film deposition procedure

The deposition of thin-films is a delicate process due to the thin layers and var-
ious factors influencing the film properties. Especially for perovskites, this has
been shown previously, as already discussed in Sec. 2.6.

All films characterised in this section were co-evaporated in a dedicated depo-
sition tool, which is described in the experimental section 3.2.1. The deposition
procedure is defined precisely to reduce possible variations and increase re-
producibility. Methylammonium-free, FA(1 – x)CsxPb (I(3 – x)Brx) was chosen as per-
ovskite material. This was co-evaporated from FAI, CsBr and PbI2. For every
deposition, fresh FAI was used and prepared as described in Sec. 4.1. The inor-
ganic salts were used for several depositions since they do not degrade in the
chamber and show reproducible evaporation behaviour. The film composition
is controlled by constant tracking of the deposition rates. First, the CsBr rate is
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set between 0.09 - 0.1 Å/s. Due to noise in the sensing electronics, a more ac-
curate control is not possible. The CsBr rate is reached at approximately 400 °C
and 50% source power. Then the rate of PbI2 was set to 0.6 Å/s, and stabilised
via a power control of the PID-module implemented in SweepMe!, which tracks
and controls the evaporation parameter. This rate is reached at around 290 °C
and 38.5% of the output power. Lastly, a rate of 1.6 Å/s is achieved in the same
way for FAI as for PbI2, but at 125 °C and 29% power. To ensure steady heating
of the material and keep the degradation as low as possible during the heating
procedure, the source power is limited to 40%. The molar ratio of the deposited
precursors adds up to 1.6:0.25:1 for FAI:CsBr:PbI2, which means that an excess
of 85% of A-cation salt has to be deposited to form the perovskite layer. Through-
out the deposition process, the substrate holder is kept at room temperature
to ensure constant crystallisation properties.

4.3. Crystallographic characterisation

The microstructure and composition of a perovskite thin-film influence its prop-
erties in various ways, the most important being their stability [134] and per-
formance [135]. The influence of different background pressures on the crys-
tallinity and morphology of the co-evaporated perovskite thin-films was charac-
terised by XRD, GIWAXS and SEM, and is described in the following section.

4.3.1. XRD

The X-ray diffraction measurements, shown in Fig. 4.3, confirm the perovskite
structure of the as-deposited films. The dominant peaks at q = 1.00 Å–1 and q =
2.00 Å–1, correspond to the (100) and (200) crystal planes of the pseudo-cubic
α-phase of FA-based perovskite systems. Only a small contribution of the non-
photoactive hexagonal δ-phase can be found. This crystal phase is indicated
by a δ in Fig. 4.3. The small peak observed at q = 0.70 Å–1 corresponds to the
δ-phase of CsPbI3 and the small shoulder at q = 0.83 Å–1 to the one of FAPbI3.
Furthermore, an excess of PbI2 is seen for all films, indicated by the characteris-
tic reflection at q = 0.89 Å–1, marked with an asterisk. The PbI2 excess rises with
increasing background pressure, indicating a change in the material composi-
tion. Since the deposition ratio of A-cation salts to B-cation salt is approximately
2:1, no PbI2 excess should be expected. However, previous studies have shown
that a small lead iodide excess can passivate surface defects, benefitting the
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Figure 4.3.: X-ray diffractogram of as-deposited FA1 – xCsxPb I3 – xBrx: a) at low pressure5 · 10–6 mbar, b) at medium pressure 2 · 10–5 mbar, c) at high pressure1 · 10–4 mbar, the signal of PbI2 at 0.89 Å–1 is marked with an asterisk, thecorresponding lattice planes of the perovskite diffraction signal are labeled.The signals corresponding to the hexagonal crystal phases are labeled witha ”δ”.
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Pressure Peak position (100) FWHM (100) Peak Ratio (100)/(110)5 · 10–6 mbar 1.000 0.0194 3.262 · 10–5 mbar 0.999 0.0181 29.301 · 10–4 mbar 0.998 0.0215 42.73
Table 4.2.: Analysis of the peak fits from Fig. 4.3

performance of perovskite-based photovoltaic devices [136].
By analysis of the XRD pattern, further insight into the crystallinity and crys-

tallite orientation can be gained. The peaks were fitted with a Gaussian, and
the extracted parameters are displayed in table 4.2. From the peak position
of the (100) reflection, the lattice spacing of the pseudo-cubic crystal structure
can be calculated via the Bragg condition to 6.29 Å, which corresponds well to
a perovskite composition of approximately FA0.7 Cs0.3 Pb I2.7 Br0.3 [137]. The dif-
ference in the peak positions between the as-deposited films is very small, so
the assumption that the lattice constant increases at elevated pressures cannot
be made. The margin of error of the peak fits and the measurement is higher
than the difference in the peak position. The crystallite size of a polycrystalline
thin-film is related to the peaks’ full width at half maximum (FWHM). A narrower
FWHM corresponds to larger crystallites. From the peak analysis, no clear trend
for a change in crystallite size to the pressure during the deposition of the thin-
films can be deduced. Additionally, the height of the peaks corresponding to the
(100) and (110) lattice planes are compared. The higher contribution of the (110)-
reflection of the film, prepared at low pressure, indicates a different orientation
of the crystallite growth compared to the other two samples. The orientation of
the crystallites is further confirmed via GIWAXS measurements, as presented in
the following section.
4.3.2. GIWAXS

The GIWAXS measurements presented in the following section were performed
by Oleg Konovalov and Maciej Jankowski (ESRF). The data was analysed and pre-
pared by Lena Merten (AG Schreiber, Universität Tübingen).

From the analysis of the GIWAXS measurements performed on as-deposited
films and those annealed at 100 °C for 10 min, a change in orientation with the
deposition pressure can be observed. At low pressures, the crystallites have
a slightly preferred orientation with the (100)-lattice plane parallel to the sub-
strate, as illustrated in Fig. 4.5 a). This is indicated by a higher proportion of the
angular maxima marked in blue in Fig. 4.4 a), c) and d). Annealing the sample
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Figure 4.4.: The angular profile of the 1.00 Å–1 reflection corresponding to the (100)-lattice plane and the 1.40 Å–1 corresponding to the (110)-lattice plane of anunannealed perovskite film a) and b). For an annealed film c) and d). Thedata is extracted from the reciprocal space maps shown in Fig. A.3 in theappendix. GIWAXS measurement analysed by Lena Merten.
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Figure 4.5.: Schematics of the minor (blue) and main (orange) perovskite crystallite ori-entation observed in the GIWAXS measurements.
evaporated at low pressure seems to make the crystal orientation more similar
to the high-pressure samples. In the annealed low-pressure films, the (110)-
plane tends to grow in parallel to the substrate, as illustrated in Fig. 4.5 b). This
is indicated by a higher proportion of the peaks highlighted in orange. Annealing
does not have much influence on the crystal orientation of samples deposited
at higher pressure. The difference in orientation of the as-deposited material
shows the influence of the background pressure on the crystallisation process
of the co-evaporated material. In other studies, crystal growth in the here minor
orientation has shown beneficial effects on the photovoltaic performance of the
thin-film [106].

4.3.3. Scanning electron microscopy

To get more insight into the microstructure of the deposited thin-films, the crys-
tal morphology of the samples evaporated at three different pressure levels is
investigated by SEM. The images are displayed in Fig. 4.6.

The pictures at all pressure levels show small crystallites, with grain sizes smal-
ler than 100 nm. This grain size is typical for vacuum-deposited perovskites and
has been observed in other studies as well [117, 110]. Due to the diminutive
grain size, microscopic structures such as terraces were not observed. There-
fore further information on crystal orientation could not be gleaned from this
measurement, and XRD measurements cannot be validated by this method. Fur-
thermore, no excess PbI2 crystals on the surface can be seen, which would be
indicated by bright hexagonal or needle-like crystals [138]. This leads to the con-
clusion that the excess of PbI2 detected by XRD is well distributed through the
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Figure 4.6.: SEM-pictures of as-deposited FA1 – xCsxPb I3 – xBrx, a) at low pressure = 5 ·10–6 mbar, b) at medium pressure = 2 · 10–5 mbar, c) at high pressure =1 · 10–4 mbar. The measurements were performed by Zongbao Zhang atDCN Dresden.
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Figure 4.7.: Tauc plot from absorption measurements for perovskite films deposited atdifferent pressures
whole layer. This will be discussed in more detail in Sec. 5.4.3. All films are very
homogeneous and pinhole-free with no surface flaws.

4.4. Optical characterisation

The increased PbI2 excess observed in the X-ray scattering experiment hints to-
ward a lack of incorporation of the organic A-cation salt into the film at elevated
pressures. Although this change in the stoichiometry of the thin-film was not
resolvable in XRD measurements, it has to be visible in optical measurements.
The composition of FA1 – xCsxPb I3 – xBrx was checked by determining the optical
band gap from absorption measurements via the Tauc method, and photolumi-
nescence measurements were performed to confirm the result.

A band gap of approximately 1.6 eV can be determined for the different per-
ovskite compositions. By comparing this to the results of a comprehensive study
of solution-processed perovskite by Bush et al.[139] a value of x = 0.25 can be de-
duced for the FA1 – xCsxPb I3 – xBrx composition. This result is also in good agree-
ment with the results of Chiang et al.[140], who worked on a comparable per-
ovskite composition. For the perovskite deposited at different pressure levels, a
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Figure 4.8.: Photoluminescence spectra of FA1 – xCsxPb I3 – xBrx-films deposited at vary-ing pressures. The films were excited with a 405 nm laser in cw-mode andmeasured inside an integrating sphere.
band gap shift of 0.05 eV, from 1.59 eV to 1.64 eV, can be deduced from the ab-
sorption measurement. This band gap shift can be related to a lower amount of
FAI incorporated in the film, which implies a composition 10% richer in bromine
for the samples prepared at elevated pressure compared to the ones at low
pressure.

The samples prepared at increased background pressures show a decrease
in PL intensity, the corresponding measurements being displayed in Fig. 4.8.
This decrease suggests a lower perovskite quality[67]. Furthermore, the blue
shift of the emission peak further verifies the band gap shift of the deposited
layer. For the layers deposited at elevated pressures, the photoluminescence
spectrum shows a slight double peak. This could hint toward a light-induced
demixing into iodine-richer and bromine-richer regions of the thin-film, which
results in crystallites with different emission spectra. Due to the low intensity
and low quality of the photoluminescent signal, no reasonable fit of the double
peak feature was possible and the result can only be described qualitatively.

4.5. Incorporation of FAI into thin-films

To gain more insight into the incorporation of FAI into co-evaporated perovskite
thin-films, dual-source co-evaporated FAPbI3 films were characterised with XPS.
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Figure 4.9.: XPS measurement results for the core levels of Pb4f7/2 and N1s for FAPbI3deposited at low pressure a) and b), and elevated pressure c) and d). TheXPS measurements were performed by Seren Dilara Öz
The films were deposited and measured by Seren Dilara Öz in a different prepa-
ration setup attached to an XPS system. The deposition ratio in this system was
optimised beforehand, and a rate ratio of 3.5:1 for FAI:PbI2 was found to be op-
timal for good FAPbI3 films. The measurements are displayed in Fig. 4.9. The
different ratio requirements between evaporation setups highlight that results
and recipes are not transferable between deposition setups. The stoichiome-
try is measured by comparing the peak intensity of the core signals of lead and
nitrogen, corresponding to FA. While the Pb signal remains unchanged, the N
signal decreases significantly. This leads to the conclusion that only 2/3 of the
FAI reaches the sample at elevated pressures. This result is in good agreement
with the optical analysis of co-evaporated FA1 – xCsxPb I3 – xBrx-films, as discussed
beforehand.

4.6. Photovoltaic devices

The films prepared at varying pressures were tested in photovoltaic devices to
investigate the influence of the crystallisation process on the photovoltaic per-
formance.

The devices are prepared in a well-established p-i-n architecture for high-effi-
ciency devices [27, 141]. The front contact is made of ITO, which is then covered
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Figure 4.10.: Solar cell stack of the devices prepared in p-i-n architecture.

with 5 nm of the polymeric hole extraction material PTAA by spin coating. After
the deposition of the 450 nm thick perovskite layer, the cell is finished with a
20 nm-thick layer of PC61BM with a 8 nm hole blocking layer made from BCP on
top. Both layers are also spin-coated from solution. The device is finished with
80 nm of silver as a back contact. The metal is vacuum deposited in a designated
evaporation system. More details about the device fabrication process can be
found in Sec. 3.2 in the experimental section. The architecture is shown in Fig.
4.10.

4.6.1. Pressure adjustments

As described in Sec. 5.4.2, the material reaching the substrate from the source
decreases with higher pressures. The film thickness of the as-deposited films
decreases by roughly 25% when the background pressure is increased from
5·10–6 mbar to 1·10–4 mbar. Profilometer measurements illustrate the thickness
decrease in Fig. 4.11. The deposition time is adjusted for a reproducible layer
thickness to compare the film quality and exclude thickness variations.
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Figure 4.11.: Thickness measurements of FA1 – xCsxPb I3 – xBrx-films deposited at pres-sures from 5 · 10–6 mbar to 1 · 10–4 mbar.

4.6.2. Photovoltaic performance

The performance of the described solar cells are measured according to the
procedure described in Sec. 3.3.10.

The different batches are displayed together in Fig. 4.12a), b), and c). The
other photovoltaic parameters open-circuit voltage (VOC), short current density
(jSC), and fill factor (FF) are displayed in the Appendix A.2. Each batch with one
sequence of deposition pressures was prepared with simultaneously prepared
substrates and transport layers and finished with the back contact in a single
metal evaporation. Between each processing step, the devices were stored in
the dark under inert nitrogen-filled glovebox atmosphere to reduce degrada-
tion by any possible environmental influences. The perovskite depositions were
performed consecutively in the same chamber.

The different pressures, at which the samples were prepared, influence the
photovoltaic performance of the solar cell devices. Although the process param-
eters, like substrate temperature, deposition rates, and of course background
pressure were kept as constant as possible, the variation from batch to batch
is significant. With all pressure configurations, champion devices with close
to and over 15% efficiency were produced. In general, the highest pressure

53



4. Pressure dependent triple-source co-evaporation of methylammonium-free perovskite

Figure 4.12.: Photo conversion efficiency of consecutive runs of solar cell devices. Thedevices presented in a),b), and c) were each prepared in consecutiveweeks. The open-circuit voltage (VOC), short current density (jSC), and fillfactor (FF) are displayed in the Appendix A.2. Non-functional devices wereexcluded.Plow=5 · 10–6 mbar, Pmid=2 · 10–5 mbar, Phigh=1 · 10–4 mbar.
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Phigh=1·10–4 mbar showed slightly worse results than samples produced at lower
pressures. However, no definitive conclusion about the ideal background atmo-
sphere can be drawn from these experiments. Overall, the results underline the
capriciousness of the vacuum deposition process of perovskites.

4.7. Summary

The experiments described in this chapter illustrate the importance of depo-
sition pressure in the evaporation of perovskites. Pressure variations induce
changes in the crystal growth orientation. Even more significant is the change in
stoichiometry, which is induced by the lower incorporation of the organic cation
salt. The FAI deposition is obviously impacted more strongly by the background
atmosphere than the inorganic salts. With XPS measurements, a reduction of
approximately 30% of the compound was found at elevated pressures as com-
pared to baseline pressure. The reduction is detectable even at pressure varia-
tions that are considered normal working pressures, as evidenced by the shift
in band gap when increasing the pressure from 5 · 10–6 mbar to 2 · 10–5 mbar.

The base pressure is a parameter that is highly dependent on several fac-
tors. These include the type of vacuum system used for the deposition, cross-
contamination between different source materials, and systemic defects such
as leakage. This becomes evident when comparing the recipes and evaporation
properties between different deposition setups. The differences in source ge-
ometry and background pressure lead to a drastic change in the required excess
of the organic cation salt. In the tested setups, a change from 1.85:1 to 3.5:1 was
observed. This doubling of the material excess underlies the differences from
setup to setup.

By comparing preliminary experiments during the optimisation process, it be-
came evident that the deposition properties of the organic cation salt tend to
fluctuate and are the likely reason for the high variation in the results. This in-
consistency of results leads this study towards a more specific investigation of
the properties of evaporated formamidinium iodide, as presented in the next
chapter.
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5. Evaporation properties of
formamidinium iodide

As made evident in the previous chapter, the evaporation behaviour of the or-
ganic salt component is a crucial process parameter for stable and reproducible
perovskite co-evaporation. In the following, the evaporation properties of for-
mamidinium iodide and its impact on film formation are investigated.

5.1. Degradation reactions of formamidinium iodide

One of the main problems facing perovskite-based device development is the in-
stability of the organic cation [142, 143]. The degradation of perovskite has been
subject to several studies, for example, by thermal degradation with in-situ elec-
tron microscopy measurements [144] and in-situ X-ray crystallography [145]. Ex-
posure to high temperatures has been noted to have a detrimental effect. It was
also found that humidity [146] and oxygen [147] are reasons for degradation in
perovskite thin-films. The thermal instability of methylammonium iodide leads
to decomposition into ammonia, and methyl iodide [148], which both have a
boiling point under or close to room temperature [149]. These observations
led the research community to move away from methylammonium iodide as an
A-cation salt, using the more-stable FAI instead [150]. FAI also degrades, as it
was investigated by Perez et al.[151] in 2019, but at higher temperatures than
MAI. Known degradation routes of formamidinium iodide are depicted in Fig. 5.1.
The first step of this degradation involves the deprotonation of FAI, resulting in
the formation of formamidine and hydrogen iodide. This reaction is an equilib-
rium reaction that is used in reverse during the synthesis of FAI and is shifted
towards the formamidine and hydrogen iodide with higher temperatures, Fig.
5.1a). The so accruing formamidine can react further by the separation of an
ammonia molecule to form hydrogen cyanide, Fig. 5.1b). This is also an equilib-
rium reaction, influenced by increasing temperature. Lastly, three formamidine
moleules can form the circular sym-triazine under the separation of three am-
monia molecules in an irreversible reaction.
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Figure 5.1.: Degradation reactions of formamidinium iodide: a) deprotonation of FAI toformamide and hydrogen iodide, b) degradation of formamide to hydrogencyanide and ammonia, c) formation of formamide to sym-triazine with am-monia separation
Although formamide and sym-triazine are solids at room temperature, their

low vapour pressure leads to their sublimation in high vacuum. All other degra-
dation products are gaseous at room temperature. This was tested by putting
pure sym-triazine in a vacuum chamber, where a pressure of ∼ 10–2 mbar was
retained for several hours, which resulted in a complete sublimation of the ma-
terial. Due to the high background pressure, this could not be measured with
the mass spectrometer.

5.2. Evaporation behaviour of formamidinium iodide

Throughout subsequent depositions of perovskite by triple source co-evapora-
tion, issues with replicating the results were noted. Upon closer investigation,
the source of these variations was found to stem mainly from the organic cation
salt. To determine the deposition behaviour of the salt for a future transition
to large scale depositions for industrial-scale production, the organic salt was
investigated thoroughly by tracking all deposition parameters and in-situ mass
spectrometry measurements.
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After the formamidinium iodide was prepared as described in Sec. 4.1, 300
mg of FAI is placed into the crucible, which is then heated constantly at 40%
of the maximum power. The evaporation behaviour is investigated by combin-
ing in-situ mass spectrometry of the chamber atmosphere, tracking pressure,
temperature, and deposition rate at two quartz microbalances, one close to the
crucible and one close to the substrate.

The evaporation behaviour can be separated into four distinct regimes. In the
first regime (I), the crucible temperature goes from room temperature to about
50 °C. Here we observe a slow increase in pressure from the base pressure of
5 · 10–7 mbar to 1 · 10–6 mbar. Notably, no substantial pressure increase like
the one observed in the preheating step can be detected, which indicates that
the material was successfully purified. The first increase in pressure can be ex-
plained by the evaporation of a small amount of adsorbed water condensed on
the source’s cooled surfaces and close surroundings.

In the second regime (II), in which the source’s temperature increases from
50 °C to∼120 °C, the partial pressure related to triazine and cyanide starts to in-
crease. This indicates that this temperature range is sufficiently high to initialise
the degradation reactions of formamidine to cyanide (Fig. 5.1b)) and triazine (Fig.
5.1c)). It is important to note that in this regime, no rate is yet detected by the
QCM so no increase in formamidine partial pressure is recorded (Fig. 5.2 b,c).
The signal of I+/HI increases gradually in the meantime, indicating that the reac-
tions occur in solid-state and that the resulting degradation products sublimate
in vacuum. In this regime, the pressure stabilises at approximately 2 ·10–6 mbar.

The third regime (III) is marked by the onset of a rate signal detected by the
QCMs, which starts in this system at approximately 125 °C. With the onset of FAI
evaporation, the pressure as well as the formamidine signal increase. Together
with the rate, the pressure increases to 5 · 10–5 mbar. This is caused by an ac-
celeration of the degradation reactions, which manifests in progressively higher
partial pressure of the products.

This trend continues until a temperature of ∼195 °C is reached, marking the
beginning of severe thermal decomposition of the fourth regime (IV). The pres-
sure in this regime rapidly increases to approximately 10–3 mbar, forcing the
mass spectrometer to shut off (grey shaded area in Fig. 5.2c). The rate quickly
rises, reaching up to 32 Å/s as recorded by the bottom quartz before the source
runs empty at approximately 210 °C. Analysis of all the signals detected before
and after this point leads to the conclusion that here the material decomposes
completely into triazine and hydrogen cyanide at the end of the evaporation. It
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Figure 5.2.: Evaporation of formamidinium iodide: a) chamber pressure in mbar andcrucible temperature, b) rate as measured by the bottom sensor close tocrucible and by the top sensor close to the substrate, c) evolution of themass spectrometer signals of the dominant degradation products over theevaporation
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is important to note that in this regime, the rate detected by the top QCM de-
creases significantly, which means that no material can reach the substrate at
this pressure level.

All experiments shown in this section were done with FAI purchased from
Sigma Aldrich (Purity ≥ 99%). Similar measurements with FAI from different
suppliers are shown in the Appendix Fig. A.4 and yield comparable results.

5.3. Theoretical considerations during the deposition process

In Sec. 3.1 the general theoretical basis of physical vapour deposition was ex-
plained. These considerations will now be applied to the co-evaporation pro-
cess, particularly in the process involving the organic cation FAI. The focus lies
primarily on the organic cation FAI.

To describe the deposition process, we have to recapitulate some formulas
from kinetic gas theory. Firstly, the classical gas equation gives us the relation of
pressure P, temperature T and particles per volume n:

P = nkBT (5.1)
where kB is the Boltzmann constant. From here, we can follow the mean free
path between collisions of one particle (1) in a different particle (2)’s background
atmosphere. By considering the radii of the two particles involved, the free mean
path in dependence of the particle density n2 results in:

λ1 = 1
π((d1 + d2)/2)

[1 + v12
v22

]2
n2 (5.2)

with v1 and v2 the mean velocities of the respective particles. The mean velocity
of a particle depends on the particles’ temperature T, and can be followed from
from Boltzmann distribution for a classical gas:

v = (8kBT

πm

)1/2 (5.3)
Where m is the mass of the particle in question. For the list of molecules involved
in the evaporation process, see table 5.1.

Keeping the equations mentioned above in mind, we can look at how this af-
fects the experiment results. As already stated in Sec.5.2, the organic salt FAI
sublimes separated, in the form of FA and HI, as described by reaction 5.1a),
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m/Z Likely molecule Molecular Formular172 Formamidinium iodide CH4N2 I27 Hydrogencyanid HCN44 Formamide CH3N281 Triazine C3H3N354 Triazine fragment C2H2N2
Table 5.1.: Table of reactants and products, involved in the reactions displayed in Fig.5.1.

Figure 5.3.: The free mean path of FA and PbI2 in triazine atmosphere, the relevant re-gion of evaporation is emphasised in gray.

and can be observed by tracking the background atmosphere (Fig.5.2). Since
the molecules’ mass and temperature are known, the free mean path can be
calculated for the involved particles using formula 5.2 as follows. Using Tparticle =
Tevaporation ≈125 °C, the diameters dFA = 253 pm [152], dtriazine = 3 ·dFA = 759 pm
and assuming the atmosphere is pure triazine. The relationship between free
mean path and chamber pressure is seen to be directly proportional, as shown
in Fig.5.3. From here, we can deduce that the free mean path for a classical gas
particle with the properties of FA is in the range of meters for the pressures
observed during the evaporation. These calculations show, in contrast to the
findings of Abzieher et al.[106], that the organic and inorganic cations are sim-
ilarly influenced by the pressure. The free mean path of FAI is still high, longer
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than the evaporation distance (∼ 20 cm). So the difference in deposition rate
of FAI and PbI2 can not be explained by scattering, as described in classical gas
theory.

If we now have a closer look at the deposition, it becomes evident that the local
pressure above the crucible would be very different from what is measured by
the pressure gauge on the chamber walls. By comparing the impingement rate
of the evaporated particles on the substrate to the amount of material leaving
the crucible, the difference in local pressure can be estimated with Formula 5.1.
With a deposition rate RDeposition = 1 Å/s, the density of FAI ρFAI = 2.2 g/cm3, and
the molar mass of FAI MFAI = 172 g/mol, the amount of molecules deposited on
an area A = 1 cm2 results in a particle flow of nMolecules = 1.3 · 10–10 Mol/s. To
estimate the pressure caused by the deposition molecules on the substrate, Vol-
ume V is defined by the area A and the distance a molecule travels in one second,
which is described by formula 5.3. For an FAI molecule at an evaporation temper-
ature of Tevaporation = 400 K this results in vFAI = 220 m/s. Altogether, this results
in a pressure PMolecules = 1.95 ·10–5 Pa on the substrate. This value is significantly
lower than the chamber pressure, but it gives a rough estimate of the impinge-
ment rate of FAI on the substrate. This value has to be compared to the local
pressure above the crucible. The weight of a crucible was measured before and
after a one-hour 1 Å/s deposition. The loss in crucible mass Δmcrucible = 69 mg,
which yields a particle flow of nMolecules = 1.1 · 10–7 Mol/s. With the same as-
sumptions as above, the local pressure above the crucible can be estimated to
PMolecules = 1.7 · 10–2 Pa, so three orders of magnitude higher. This higher pres-
sure results in a short free mean path in the order of cm and is accompanied
by significant scattering. Since colliding FA molecules can form triazine and frag-
ments of triazine, more material is lost on the way from the crucible than what
actually accrues on the substrate.

5.4. Tooling behaviour of Formamidinium iodide

For precise control of FAI deposition, knowledge about not only the material’s
evaporation behaviour but also its deposition kinetics is essential. Previous stud-
ies on the deposition of organic cations during the co-evaporation of perovskite
have been described in chapter 2.6.1. In this section, the deposition character-
istics and tooling behaviour of FAI found in this work will be presented.

The general aspects of the tooling process are described in Sec. 3.1.2 and will
also be applied in this chapter. Since, during co-evaporation, the tooling impacts
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the stoichiometry of the film, an exact determination is essential. The tooling
properties of FAI were investigated to determine the influence of an elevated
background pressure, which the above-mentioned degradation reaction could
cause.
5.4.1. Pressure dependence of the tooling properties

To determine the influence of chamber pressure on the tooling properties, the
background pressure was increased via a controlled inlet of nitrogen into the de-
position chamber via a mass flow controller. Varying the pressure simulates dif-
ferent evaporation conditions, since the overall pressure is influenced by setup-
dependent properties. These properties include things like the pumping speed
of the vacuum system, contamination by previous experiments or leakage. This
is especially a problem in frequently opened systems, like the one used for these
experiments.

The experiment was performed with 300 mg FAI, which was prepared accord-
ing to the procedure described in Sec. 4.1. The tooling is performed according to
the process described in Sec. 3.2.3. The standard deposition rate for perovskite
production (1.6 Å/s) was set via the stabilised rate control of the deposition soft-
ware.

When the deposition rate of rDeposition = 1.6 Å/s is reached, the pressure in the
chamber increased from the base pressure to P1 = 5 ·10–6 mbar. This pressure
value is stable over the 500 s of the experiment. A tooling factor of t1 = 19.5%
was measured here. The next pressure value was set to P2 = 2 · 10–5 mbar, and
the tooling measurement was started when the pressure stabilised. Periodic
variations in pressure originate from the atmospheric stabilisation of the glove-
box, which is connected with the vacuum chamber via the valve of the mass
flow controller. At pressure P2, the tooling factor decreased to t2 = 18.1%. At
a pressure of P3 = 1 · 10–4 mbar, the amount of material recorded by the top
sensor dropped further to t3 = 15.8%. This ≈ 4% decrease is well within the
range of variation reported in previous studies [107, 153, 154]. This leads to the
conclusion that only the chamber pressure influences the amount of material
that can reach the top of the chamber.

As a reference measurement, the tooling factors were determined for PbI2 in
the same conditions. Here a decrease from t1 = 27.1% at P1 = 5 · 10–6 mbar to
t3 = 24.5% at P3 = 1 · 10–4 mbar. The measurement is shown in the Appendix
Fig. A.5. This ≈ 3% decrease corroborates the idea that less material reaches
the top of the chamber at higher pressures, since increased pressure causes
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Figure 5.4.: Tooling properties of FAI under different background pressures: black: thebackground pressure, red: the deposition rate as observed by the bottomsensor, blue: the deposition ratio of top sensor and bottom sensor
more scattering, thereby shortening the free mean path. It is important to note
is that the tooling factors of PbI2 are higher than for FAI, although the geometry
is identical. This indicates a higher ideality of the emission characteristics of the
inorganic salt compared to the organic salt.

5.4.2. Development of tooling factor

In the experiment described in the previous section, the rate was set to a con-
stant value and stabilised there. However, for applications in commercial pro-
duction lines, a higher evaporation rate might be necessary to increase the pro-
duction throughput. As shown in Sec. 5.1, FAI can not be heated higher than
∼200 °C due to a complete material degradation in this temperature range. The
source power was limited to 35% of the maximum to avoid this. This experiment
is performed with 300 mg of pretreated FAI, under the same conditions in the
experiments described before.

To determine the rate dependence of the tooling factor, the crucible is heated
constantly, and the evaporation parameters are recorded. The tooling factor in-
creases throughout the evaporation. After heating for 1500 s, the deposition
rate reaches a maximum of 8 Å/s at a stable temperature of 170 °C. It is impor-
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Figure 5.5.: The tooling behaviour of FAI at high rates. The pressure is depicted in black,the measured rates in orange and the tooling factor in blue.

tant to note that the maximum pressure is detected before the maximum of the
deposition rate. This highlights the idea that degradation of FAI with gaseous
products is happening in parallel with the evaporation, and the proportion of
the reactions depends on the amount of material in the crucible. We observed
that the tooling factor changes depending on the deposition rate. Some dis-
crepancies appear upon closer investigation. The difference in the tooling fac-
tors cannot be related to any of the processing parameters discussed earlier.
The dependence of the tooling factor on the process parameters is depicted in
the Appendix A.6. It is evident that the tooling factor does not depend on the
pressure, the rate, or the temperature. This leaves only the constantly-changing
crucible filling that occurs throughout the evaporation as the critical parameter
causing this behaviour.

The tooling factor varies at different points in the evaporation, even when the
measured deposition rate stays the same. This clearly shows that the tooling
factor is not rate-dependent. Since we have already shown that the background
pressure is influenced by the fullness of the crucible because more reactive vol-
ume is present. And the tooling factor is pressure and filling dependent. This
is a self-influencing cycle that changes throughout the course of one evapora-
tion. A uniform layer is hard to accomplish since the decreasing pressure and
the change in evaporation geometry with an emptier crucible both increase the
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Figure 5.6.: Relative intensity of the PbI2-peak at 0.89 Å–1 peak, compared to the amountof overall material, depending on the probing depth.
tooling factor affecting in turn the amount of material reaching the substrate.
5.4.3. Influence on material composition

The gradual increase of the tooling factor of FAI over the course of an evapo-
ration should lead to an FAI-poorer film at the beginning and an FAI-richer stoi-
chiometry at the end of the deposition. To verify this assumption, the films were
measured via GIWAXS with a variation of the angle between the sample and
the probing beam. By varying this angle, the probing depth increases from low
angles to higher angles, thereby providing information about deeper regions of
the film. To determine the composition changes through the film, the integrated
angular signals of the 0.89 Å–1 peak in relation to the overall amount of material
were plotted as shown in Fig. 5.6.

The reduced amount of PbI2 at different depths in the unannealed sample
shows that the material excess decreases towards the surface of the film. This
shows that more FAI is incorporated into the film towards the end of the deposi-
tion, which becomes evident in an increase of the (100)-perovskite peak at lower
probing depth. The development of the intensity of the (100)-perovskite peak is
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depicted in the Appendix Fig. A.7. This diagram nicely shows that the change in
tooling factor observed previously influences the material composition through-
out the 450 nm-thick deposited layer from top to bottom. The difference is small
but still in the range of some percent, which is a common stoichiometric varia-
tion[154]. Adding an annealing step post-evaporation then redistributes the ma-
terial, and the PbI2 excess becomes constant throughout the whole layer. This
change in film stoichiometry makes it evident that an annealing step is neces-
sary for a uniform layer and better device performance since the stoichiome-
try influences the material’s band gap and the doping level, as it was found by
Dänekamp et al.[155]. Here, the authors evaporated a homojunction of p- and
n-type MAPbI3 by changing the stoichiometry of the film. This creates a type of
self-doping by vacancies and interstitials, as explained in Sec. 2.4.1. Although
the stoichiometry variation is higher in this case, a similar effect can be expected
for this perovskite composition. This would affect charge carrier extraction in a
photovoltaic device since the p-i-n structure used for the solar cell devices (Sec.
4.6.2) is designed in a manner contrary to the n-doping trend induced by an
increase of PbI2 interstitials.

5.5. Summary

In this chapter, we investigated the evaporation behaviour of the most significant
material during co-evaporation, formamidinium iodide. Most importantly, the
degradation process found by Perez et al.[151], where the material degrades
into the highly volatile compounds sym-triazine and hydrogen cyanide, takes
place during the deposition process. It was found that these degradation prod-
ucts are the main reason for the high background pressure during the evapora-
tion process. FAI degrades completely above 195 °C, so deposition above this
temperature is not possible. Since the degradation reactions start even before
the onset of the rate acquisition, we conclude that this process is unavoidable
during the deposition. The speed of the degradation reaction and the amount
of resulting products in the chamber’s atmosphere were found to depend on
the amount of material left in the crucible.

Furthermore, it was found that the tooling factor, and thus the amount of ma-
terial reaching the substrate surface, depends on both the background pressure
and the material distribution in the crucible. Since the tooling factor decreases
when the background pressure is increased with a nitrogen inlet but increases
with less material in the crucible, it was thought that these two effects could com-
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pensate each other. The observed decrease in excess PbI2 shows that this is
not the case, leading to a stoichiometric change throughout the whole layer. An-
nealing the film decreases the amount of excess PbI2 by redistributing it equally
throughout the entire layer. This result underlines the importance of adding a
post-evaporation annealing step to compensate for fluctuations during the de-
position process.
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Despite the exceptional optoelectronic properties of hybrid mixed halide per-
ovskite materials, several problems must be addressed for this material to revo-
lutionise solar cell technology. Aside from the problems of instability and toxic-
ity, which were outside of the scope of this thesis, the processability and repro-
ducibility of the perovskite remain a major impediment to perovskite’s transition
from the laboratory to the factory.

In this work, the vacuum deposition properties of triple-source co-evaporated
FA1 – xCsxPb I3 – xBrx were investigated. The main focus was on the influence of
the background pressure on the properties of the material and the deposition
behaviour of the most important component, the organic halide salt formami-
dinium iodide.

It was found that a change in background pressure during evaporation in-
fluences the material in several ways. Most importantly, the stoichiometry of
the perovskite material changes since FAI is more sensitive to pressure changes
than the inorganic components. With increasing pressure, the incorporation of
the organic salt decreases, resulting in a film with a higher bromine content and
an increased PbI2-excess. The resulting bandgap increase did not lead to a sta-
tistically significant increase in the VOC of solar cell devices with a p-i-n structure.
Along with stoichiometry deviations, a change in crystallisation orientation was
measured, which is also known to influence the resulting device performance
[120].

Throughout the experiments, the instability of the co-evaporation process be-
came evident. Measurable process parameters, like background pressure, de-
position rates, and substrate temperature, are known to affect the outcome.
Additionally, harder-to-control influences like the cleanliness of the chamber (a
cleaning step does not necessarily lead to a better result) or variations in cru-
cible fillings have an influence on the result. It was found that fluctuations of the
evaporation behaviour of formamidinium iodide are the main culprit of prob-
lems with reproducibility. This led to a thorough investigation of the evaporation
behaviour of FAI specifically.

The organic halide salt formamidinium iodide has shown several problematic
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6. Summary & Outlook

properties that hinder reproducible evaporation. Firstly, the material is sold with
a significant amount of impurities, which have to be gassed out before the de-
position since they impair the vacuum in the deposition chamber. Several of
these foreign molecules were found by measuring the background atmosphere
during evaporation with a mass spectrometer. These molecules are evidence
of decomposition reactions. These reactions happen in parallel to the evapora-
tion, strongly influencing the background pressure as these products are very
volatile. The pressure in the vessel is consequently directly dependent on the
processing temperature and the crucible filling of FAI. Besides the varying pres-
sure and its influence on the composition, the filling and the distribution of the
material inside the crucible influence the amount of material that reaches the
substrate, compared to what is measured at the QCMs. Here, an increase in
tooling factor was found throughout an evaporation since the material starts to
evaporate from the walls and later from the centre of the crucible.

In conclusion, triple source co-evaporation of FA1 – xCsxPb I3 – xBrx was success-
fully implemented for the production of solar cells. Through the detailed track-
ing of all accessible process parameters, a significant instability of the process
became evident since, although every controllable parameter was kept as con-
stant as possible, the results changed. This will be very problematic for later
implementation in the PV industry since variations in commercial products are
unacceptable. Further questions arise from the degradation of FAI during film
production and the various influences on the final result, that is, whether the
process can be finely supervised and adjusted enough to compensate for these
variations.

There are ultimately still open questions regarding the evaporation of per-
ovskite, especially the transition to industrial-scale evaporation systems and the
extent of new problems arising there are of increased interest. To ensure well-
controlled evaporation on larger scales, a novel evaporation source design could
solve the problem. One important criterion here is to keep the amount of heated
FAI constant. This issue can be solved by replenishing material during evapora-
tion to compensate for the evaporating and decomposing material in the cru-
cible.

Another approach could be the exclusion of FAI in the composition. Since
MAI is also known to have problematic evaporation behaviour, the inorganic
salt CsI is the evident candidate due to its unproblematic sublimation behaviour.
Besides the better processability in vacuum, Cs-based perovskites also have
shown a higher long-term stability[156] and also fully thermally-evaporated de-
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vices based on CsPbI3 have already been shown[157]. One disadvantage is the
lower PCE up to now and the larger bandgap of the resulting fully-inorganic per-
ovskite in comparison to FA-based compounds, which limits the maximum PCE.

The next years will show if perovskite-based solar cells can accomplish the
transition from the laboratories to the real world. It would be a major turning
point for photovoltaics, if future devices are made out of perovskite, and if so,
whether co-evaporation is the way to go remains an open question.
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A. Appendix

Figure A.1.: Evaporation properties of FAI from different vendors; a),b),c): Outgassingbehaviour of materials from different suppliers. a),b) show very similar be-haviour, which leads to the assumption that the material is from the sameproduction line, c) shows a lower increase in pressure in the beginning,which originates from a finer milled powder.
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Figure A.2.: The photovoltaic parameters corresponding to the batches presented inFig. 4.12a),b), and c): The open-circuit voltage (VOC), short current density(jSC), and fill factor (FF) are displayed. Plow=5 · 10–6 mbar, Pmid=2 · 10–5 mbar,Phigh=1 · 10–4 mbar.
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A. Appendix

Figure A.3.: Reciprocal space maps of GIWAXS measurements of samples prepared atvarying background pressures: a) surface, as deposited, b) surface annealed,c) bulk as deposited, d) bulk annealed. Plow=5·10–6 mbar, Pmid=2·10–5 mbar,Phigh=1 · 10–4 mbar.
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Figure A.4.: Degradation properties of FAI from different vendors in dependance of thecrucible temperature

Figure A.5.: Tooling properties of PbI2 depending on the background pressure
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A. Appendix

Figure A.6.: The tooling factor depicted in Fig. 5.5 in dependence of various process pa-rameters: a) the source temperature, b) the pressure, c) the rate measuredby the bottom QCM, d) the rate measured by the top QCM.

Figure A.7.: Development of the (100)-perovskite peak with increasing probing depth: a)an as deposited thin-film, b) an annealed thin-film (10min at 100 °C)
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F. Nehm, K. Leo, A. Redinger, J. Höcker, T. Kirchartz, J. Warby, E. Gutierrez-Partida,
D. Neher, M. Stolterfoht, U. Würfel, M. Unmüssig, J. Herterich, C. Baretzky, J. Mo-
hanraj, M. Thelakkat, C. Maheu, W. Jaegermann, T. Mayer, J. Rieger, T. Fauster, D.
Niesner, F. Yang, S. Albrecht, T. Riedl, A. Fakharuddin, M. Vasilopoulou, Y. Vaynzof,
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