@ NAWI Graz TU

Natural Sciences

Corinna Maria Weixler, BSc

Influence of different A-site cations on the properties of tin

halide perovskites for the application in solar cells

MASTER’S THESIS
to achieve the university degree of
Diplom-Ingenieurin

Master’s degree programme: Technical Chemistry

submitted to

Graz University of Technology

Supervisor
Assoc.Prof. Dipl.-Ing. Dr.techn. Gregor Trimmel

Institute for Chemistry and Technology of Materials

Graz, June 2019



AFFIDAVIT

| declare that | have authored this thesis independently, that | have not used other than the
declared sources/resources, and that | have explicitly indicated all material which has been
quoted either literally or by content from the sources used. The text document uploaded to

TUGRAZonline is identical to the present master‘s thesis.

EIDESSTATTLICHE ERKLARUNG

Ich erkldre an Eides statt, dass ich die vorliegende Arbeit selbststdndig verfasst, andere als die
angegebenen Quellen/Hilfsmittel nicht benutzt, und die den benutzten Quellen wortlich und
inhaltlich entnommenen Stellen als solche kenntlich gemacht habe. Das in TUGRAZonline

hochgeladene Textdokument ist mit der vorliegenden Masterarbeit identisch.

Date/Datum Signature/Unterschrift



Abstract

Over the last years, perovskite solar cells (PSC) developed to a promising new alternative to the
currently market leading silicon based solar cells. Especially, lead PSCs were investigated extensively
and were up to now improved to efficiencies greater than 23%. However, as lead exhibits a high toxicity,
carcinogenicity and environmental toxicity, research towards alternatives is in progress. In the course
of this work, the influence of different A-site cations in ASnls perovskites on structure and optical
properties as well as on the cell performance and the cell stability was investigated. Therefore, diverse
characterization methods like X-ray diffraction, UV-VIS spectroscopy, scanning electron microscopy,
optical microscopy, profilometry measurements, current-voltage plots and external quantum efficiency
measurements were used. All cells contained perovskite layers that were prepared by means of solution
processing, using an antisolvent (AS) precipitation step.

First, a formamidinium tin iodide (FASNI5) reference system was used to investigate and improve the
solar cells. Therefore, different methods like AS dripping at varying times, hot AS dripping and hot
substrate spinning, for the formation of FASnI; perovskite layers, were tested. Among all these methods,
the best results were obtained with an optimized AS dripping procedure, which was also used for further
experiments. Furthermore, the influence of different SnF, additions to the perovskite precursor solution
and the integration of different interlayers between the hole transport and the perovskite absorber layer
were studied. Optical and structural investigations of this material were in accordance with literature
data. The prepared FASnIs solar cells were able to achieve a power conversion efficiency (PCE) of
3.55%. In addition, the single cation perovskites CsSnls and RbSnlz were prepared and characterized. It
was shown that CsSnls crystallized in an orthorhombic B-y polymorph, but low PCEs suggest the
conclusion that the used cell set-up seemed to be inappropriate for this material. In contrast, RbSnls

crystallized in a photoinactive yellow 1D crystal structure.

Moreover, another main part of this work was the investigation of mixed A-site cation perovskites. For
that purpose, small amounts of piperazine-1,4-diium iodide (PIPI;) and n-hexylammonium iodide (HAI)
were added to a FASNI; precursor solution and the best resulting new PSCs were characterized in more
detail. Structural investigation of FAo.esP1Po.02Snlz provided no evidence for insertion of PIP into the
perovskite structure, whereas FAq.ssHA0 0sSN1z most probably changes to a lower dimensionality. The
small amounts of PIPl; and HAI almost did not cause any changes of the absorption spectra and
determined bandgaps compared to FASnls. Furthermore, current-voltage measurements were carried
out and provided highest PCEs of 1.49% for FAo.esP1Po.02Snls and 2.31% for FAg.9sHA0.05SNs.



Kurzfassung

Perowskitsolarzellen (PSZ) haben sich (iber die letzten Jahre hinweg zu einer vielversprechenden neuen
Alternative zu den derzeit markfuhrenden Siliziumsolarzellen entwickelt. Vor allem Blei-basierte PSZ
wurden umfassend untersucht und konnten bisher zu Effizienzen von tber 23% verbessert werden. Da
Blei jedoch eine hohe Toxizitat, Karzinogenitat und Umweltschadlichkeit aufweist, ist die Forschung
nach Alternativen im Gange. Im Zuge dieser Arbeit, wurde der Einfluss unterschiedlicher A-Kationen
eines ASnls Perowskiten auf die Struktur, die optischen Eigenschaften als auch die Zellleistung und die
Zellstabilitat untersucht. Es wurden hierzu Messmethoden wie Rontgendiffraktometrie, UV-VIS
Spektroskopie, Rasterelektronenmikroskopie, optische Mikroskopie, Profilometrie, Strom-Spannungs-
Messungen als auch externe Quanteneffizienzmessungen verwendet. Alle Zellen enthielten
Perowskitschichten die anhand eines Ldsungsprozesses unter Verwendung eines Antisolvent (AS)
Fallungsschrittes hergestellt wurden.

Zuerst wurde ein Formamidiniumzinniodid (FASnI;) Referenzsystem verwendet um die Solarzellen zu
untersuchen und zu verbessern. Dazu wurden unterschiedliche Methoden wie AS dripping zu
unterschiedlichen Zeitpunkten, heiles AS dripping als auch heif3es substrate spinning flr die Herstellung
von FASnI; Perowskitschichten getestet. Unter all diesen Methoden wurden die besten Ergebnisse mit
einem optimierten AS dripping erhalten, welches auch flir weitere Experimente verwendet wurde.
Zusétzlich wurden der Einfluss von unterschiedlichen SnF, Zusétzen zur Perowskit Precursor-Ldsung
und der Einbau von unterschiedlichen Zwischenschichten zwischen die Lochleiter- und Perowskit
Absorberschicht untersucht. Optische und strukturelle Untersuchungen dieses Materials waren in
Ubereinstimmung mit Literaturdaten. Die gebrauchsfertigen FASnI; Solarzellen konnten eine Effizienz
von 3.55% erzielen. Dartber hinaus, wurden auch die ein-kationischen Perowskite CsSnls und RbSnl;
hergestellt und charakterisiert. Es wurde gezeigt, dass CsSnl; in einem orthorhombischen
B-y Polymorph kristallisiert, jedoch lassen niedrige Effizienzen vermuten, dass der gewahlte Aufbau fir
dieses Material unpassend ist. Im Gegensatz dazu kristallisierte RbSnls in einer photoinaktiven, gelben
1D-KTristallstruktur.

Zudem war ein weiterer Hauptteil dieser Arbeit die Untersuchung von gemischten A-kationischen
Perowskiten. Fir diesen Zweck wurden kleine Mengen Piperazin-1,4-diiumiodid (PIPIl;) und
n-Hexylammoniumiodid (HAI) zu einer FASnlz Precursor-Lésung zugegeben und die besten
resultierenden PSZ genauer charakterisiert. Strukturelle Untersuchungen von FAqsPIPo.02Snls zeigten
keinen Beweis fur den Einbau von PIP in die Perowskitstruktur, wohingegen FAo.gsHA00sSNl3
vermutlich eine niedrigere Dimensionalitat ausbildet. Die geringen Mengen von PIPI; und HAI hatten
kaum Anderung der Absorptionsspektren und der Bandliicke im Vergleich zu dem puren FASnl; zur
Folge. Zudem wurden auch Strom-Spannungs-Messungen durchgefihrt, die héchste Effizienzen von
1.49% flr FA0.9sP1P0.02Snls und 2.31% flr FAg.esHA 0sSN13 zeigten.
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1 Introduction

The demand for energy increased very much over the last decade and reached its record high in 2018.
In that year the total energy demand rose by 2.3% with China, the United States and India as main
contributors. This development can be explained by a growing global economy and higher heating and
cooling needs in a few regions. As a consequence, the demand for all fuels increased as well. A main
problem the world has to face, is the increasing demand in electricity, which rose by 4% in 2018 and
now nearly reaches a 20% share in total energy consumption.! Due to that fast rise in energy demand
the global warming also developed to a severe problem over the last decades and is mainly caused by
the anthropogenic greenhouse effect. Especially, the concentrations of the greenhouse gases carbon
dioxide, methane and nitrous oxide have risen strongly. For example, the concentration of CO; increased
by approximately 40% compared to pre-industrial levels and thus, causes the largest contribution to
radiative forcing.? In 2018 the CO, emissions rose by 1.7%, which corresponds to a total of 33 Gt CO;
emissions worldwide.! To assess the climate development in the past and forecast trends, different
climate scenarios were developed. One important scenario is the 450 scenario, which describes a 50%
chance of limiting the average global temperature increase to two degrees compared to pre-industrial
levels.® To implement this temperature goal, the global greenhouse gas emissions should not exceed 450

ppm CO; equivalents in long term.* Therefore, the usage of renewable technologies gains in importance.

The main renewable energy sources are bioenergy, hydropower, solar energy and wind energy. They all
contribute to the total energy consumption in the electricity, heat and transport sector. Figure 1

demonstrates the total renewable energy consumption of the European Union for 2017 and 2023.°

Renewable Energy Consumption 2017 Renewable Energy Consumption 2023
3%
13% 2% 59 13% 6%
@ Others
15% 18% b(.)lar PV
Bioenergy
Wind
Hyropower
65% 60%

Figure 1 Consumption of renewable energy in 2017 and forecast of the energy consumption in 2023 for the European Union.

Figure based on data from literature 5.



In 2023 the share of renewables in the power sector will increase and will reach approximately 30%.

This growth is primarily caused by solar photovoltaics followed by wind, hydropower and bioenergy.®

The sun is one of the most important renewable energy sources and provides 1.08*10 kWh energy per
year. Only one ten thousandths of the incoming solar energy would be enough to cover the energy
demand worldwide.® At the time different types of technologies are used to provide energy from the sun.
The most common ones comprise solar photovoltaics, solar thermal power systems, solar space heating
and cooling systems as well as solar water heating systems. Electricity generation can be done with the
first two mentioned types. In solar PVs the photovoltaic effect is used to convert solar energy directly
into electricity. An indirect way to provide electricity is utilized in solar thermal power systems. Here,
solar concentrating collectors are used to drive a heat engine and further convert this mechanical energy
into electrical energy.” In general, there exist many different types of solar cells like for example silicon
solar cells, organic solar cells, dye sensitized solar cells or also perovskite solar cells.2® Especially, lead
perovskite solar cells gained much attention, due to their fast increase in power conversion efficiencies
over the last years. However, lead shows the main drawback of high toxicity for environment and

therefore, also alternative elements like tin or germanium, were studied extensively.1

During this work different tin-based perovskite solar cells were fabricated and investigated. One main
focus was on the development and improvement of a stable and reliable reference system. Therefore,
different single cation perovskites like FASnls, CsSnls and RbSnls were studied. All investigated cells
had the set-up “Glass-ITO/PEDOT:PSS/Perovskite/PCeoBM/Aluminium”. Based on these results,
FASnNI; seemed to be a promising candidate as a reference perovskite material. First, improvements
concerning the preparation of the perovskite layer were carried out. Therefore, antisolvent (AS) dripping
times, hot AS dripping and hot substrate spinning were tested. Furthermore, different layer thicknesses
and SnF, concentrations as well as the insertion of interlayers between PEDOT:PSS and the perovskite
layer were investigated. Another important part of this work was the investigation of new mixed tin
halide perovskites. For that purpose, varying amounts of n-hexylammonium iodide and
piperazine-1,4-diium iodide were integrated into the FASNI; structure. Extensive characterization of the
reference system and the newly developed double cationic perovskites was conducted, using methods
like current-voltage-measurements, UV-VIS spectroscopy, profilometry, scanning electron microscopy,

light microscopy and X-ray diffraction.



2 Theoretical Background

2.1 Working principle of a solar cell

To understand the working principle of a solar cell it is necessary to understand a semiconducting
material. In general, every electron in an atom possesses discrete energy levels. If many atoms are
combined, like it is the case in a solid, the energy levels must shift to lower or higher energies due to the
Pauli exclusion principle, which describes that no more than two electrons are capable to occupy each
energy level. The splitting causes the formation of many energy levels with small differences in energies
that so-called “energy bands” can be formed. One can differ between the valence band, which is the
energy band of lower energy and the conduction band, which is the energy band of higher energy.
Depending on the materials that are used, it may lead to a gap between the shifted energy levels that is
called “bandgap”. There can be distinguished three types of materials: metals (overlapping valence and
conduction band), semiconductors (bandgaps up to 4.0 eV) and insulators (bandgaps > 4.0 eV).!!

Figure 2 illustrates the behavior of such materials.

Conduction
Conduction Band
Band
Conduction Bandgap > 4.0 6V
Band Bandgap < 4.0 eV
Valence Valence Valence
Band Band Band

Metal -
The valence and
conduction band
are overlapping,
which enables an
easy transition

Semiconductor —
The valence and
conduction band
have bandgap
energies < 4.0 eV.

Insulators —
The valence and
conduction band

have bandgap
energies > 4.0
eV.

for electrons.

Figure 2 Band structures of metals, semiconductors and insulators. Self-designed based on literature 11.

A semiconducting material has relatively low bandgap energies and possesses conductivities between
metals and insulators at room temperature.'? In general, one can differ between intrinsic and extrinsic
semiconductors. Intrinsic semiconductors are mostly influenced by temperature and are independent of
impurities. The properties of extrinsic semiconductors (n- or p- type) are normally determined by usage
of dopants. Doping describes the insertion of impurities into a semiconducting material to improve its
conductivity. For n-type semiconducting materials normally impurities that cause an electron excess in
the material (e.g. addition of phosphorus or antimony to silicon or germanium) are inserted. The p-type
doping in contrast works with additions of impurities that result in a deficiency of electrons in the

material (e.g. addition of gallium or boron to silicon or germanium). The main advantage of such



materials is that they are independent of temperature and therefore, very interesting for different

technical applications.!1

A photovoltaic cell describes a device, which is capable to convert radiant energy into electrical
energy.!2 This is achieved by light induced charge generation, followed by the transport of the generated
charges and their collection at the electrodes.® The underlying working principle can vary between the
different types of solar cells. In this chapter, the main focus will be on the investigation of perovskite
solar cells (PSCs).

The first step is induced by the absorption of incoming photons that cause the formation of an electron-
hole pair called “exciton”. In the past it was shown that the excitons formed in perovskite solar cells,
have very small binding energies and can therefore, decompose easily into free electrons and holes.®
Only a photon with an energy higher than the bandgap energy can excite an electron from the valence
into the conduction band.'* The formed free charges are then separated in an electric field.*? The simplest
form of a photodiode can be described with a p-n junction. If the n-type and p-type semiconductors
come in contact with each other it is generated a concentration gradient in the material that causes a
diffusion current. This diffusion current evolves from the flow of the free charges. The electrons from
the n-type semiconductor migrate to the p-type semiconductor to recombine there with the holes and
leave behind a fixed positive charge. For holes the same process takes place, they flow from the p-type
to the n-type semiconductor and leave behind fixed negative charges. After a while there are nearly no
free charges left at the interfaces and only fixed charges remain in the materials. It develops an electric
field that forces the electrons to the n-type side and holes to the p-type side resulting in a drift current.
The resulted drift current and the diffusion current are in equilibrium with each other and cause the
formation of a space-charge region at the p-n junction. This behavior is exemplified in figure 3. For a
better understanding, also the band diagrams of these materials are shown. In general, an undoped
(intrinsic) semiconductor should have a fermi level directly in the middle of the bandgap. Doping results
in a displacement of the fermi levels so that the n-doped material (electron excess, higher probability
that electrons are in the conduction band) has a higher fermi energy and the p-doped material (electron
deficiency, higher probability that electrons are in the valence band) has a lower fermi energy.* The
produced charges are separated by this generated electric field and travel through the doped regions to
the respective electrodes, where the charges are collected. The electrons are directed to the n-type
semiconductor and the holes to the p-type semiconductor. In the end, the electrons are transported

through an external circuit to the back contact to recombine there with the holes, generating a current.®12



Principle of pn-junction Band diagram
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Figure 3 Principle of a p-n junction and the corresponding band diagrams for the n- and p- doped semiconductors.

Self-designed based on literature 14.

PSCs typically work as n-i-p or p-i-n junction solar cells. They normally consist of a transparent
conductive glass that is coated with either an electron selective (n-type) or a hole selective (p-type)
contact, followed by a light absorbing perovskite layer, an electron or hole selective layer and a metal
contact. For that purpose, an intrinsic semiconductor is normally sandwiched between a n-type and a
p-type semiconducting material.®® This is necessary to achieve charge separation and to create an electric

field in the photovoltaic cell. The working principle of a n-i-p junction solar cell is pictured in figure 4.

[
. LUMO -
| 1
e h*
HOMU
3
2

ETL Perovskite HTL

Figure 4 Working principle of a perovskite solar cell with a n-i-p architecture. (1) Absorption of a photon and generation of
free charges; (2) Charge transport to the hole and electron transport materials; (3) Extraction of the charges by the
electrodes. Self-designed based on literature 9.



Here, the first step is induced by incoming light that excites an electron from the valence into the
conduction band of the absorber material. Afterwards, the electrons migrate to the ETL forming a n-i
junction and the holes migrate to the HTL forming an i-p junction. The electrons and holes can be
collected at the corresponding electrodes. If the two electrodes are connected, the electrons are injected
into an external circuit and can recombine again with the holes at the HTL/back contact to generate a
current. During this process the charges flow until equilibrium is reached and a space-charge region can
be formed at the respective interfaces, which causes band-bending. For this process the band alignment
of the different layers in the perovskite solar cell is of high importance. In general, the conduction band
edge of the ETL should be lower than that of the absorber layer and the valence band edge of the HTL

should be higher compared to that of the absorber layer.®

The usage of a p-i-n junction shows sometimes advantages over the normal p-n junction. With the
integration of the intrinsic semiconductor (perovskite absorber layer) it is possible to increase the
depletion region between the n-type and the p-type semiconductor, resulting in larger radiation
absorption region that can be helpful to increase the efficiency of a photodiode. Furthermore, they often
provide higher quantum efficiencies, higher bandwidths and reduced capacitance compared to normal

p-n junction solar cells. 162

2.2 Solar cell characteristics

A solar cell works like a photodiode and can be characterized with 1V-measurements (Current-Voltage
measurements), that are normally carried out under standard test conditions (STC). Therefore, solar cells
are measured under controlled conditions with an artificial light source at AM1.5 (air mass 1.5) with a
power density of 1000 W/m? at 25 °C.2! The air mass is defined by the magnitude of 1/sin(ys), where
ys describes the angle between the incident light to the earth’s surface (elevation angle). The air mass
of 1.5 at STC would correspond to a ys-angle of approximately 41.8°. The smaller the angle of ys, the
longer is the way of sunlight through the atmosphere and the higher is the AM value.?? However, it is
also possible to define the AM by the angle 9 between the zenith (vertical to earth’s surface) and the
incident sunlight, which changes the formula for the AM to 1/cos 8. In this case, an AM of 1.5 would

correspond to an #-angle of 48.2°.2:%

Figure 5 pictures typical 1\V-curves of a solar cell device that was measured in the dark and during
illumination. It can be seen, that the current output increases with increasing illumination of the solar

cell. In case of the dark curve, no current is generated during measurement.?
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illuminated

Increasing light
intensity

Figure 5 IV-curves of a solar cell: The dark curve pictures a solar cell that is not illuminated and generates no current; the
blue curves show the generated current by a solar cell when the light intensity is increased.
Self-designed based on literature 25.

The generated photocurrent strongly depends on the absorption properties and the quantum efficiency
of a material. In general, the absorption can be increased if the reflection of the material is reduced to a
minimum (use of antireflective surfaces). Investigations of the internal (considers reflection) and
external quantum efficiency enable a determination of electron-hole pairs that contribute to the

generated photocurrent.?®

The IV-curves can be used to obtain information about important cell parameters like the Short Circuit
Current (lsc), the Open Circuit Voltage (Voc), the Maximum Power Point (MPP), the Fill Factor (FF)

and the Power Conversion Efficiency (PCE). In figure 6 are shown all important cell parameters.

The Isc can be determined by the intersection of the 1\VV-curve with the Current axis (y-axis). At this
point, the current that flows in the solar cell reaches its maximum and can only occur when the voltage
in the device is zero (means when the device is short circuited). It can be influenced by the area of the
solar cell, the light intensity, the spectrum of the light and optical losses. To consider the area

dependence, it is often useful to use the current density J (mA*cm2) instead of the current 1.2226.2

Another important parameter is the Voc, that can be taken from the intersection of the I\V-curve with the
voltage axis (x-axis). The value corresponds to the maximum voltage of a solar cell when no current
flows through the device. If the Voc or Isc are equal to zero the solar cell cannot generate any electric

power 22,26,28
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Figure 6 1V-curve and Power-curve of a solar cell. In the picture are shown the most important cell parameters.

Self-designed based on literature 26.

In general, the power P can be defined by the product of I*V. The highest achievable power of a solar
cell is called the Maximum Power Point (MPP), and the corresponding current and voltage at MPP are
called lvpe and Vmer. This parameter describes the area of the largest rectangle that fits in the IV-curve.
Based on these values, it is possible to define another new parameter called “Fill Factor”. It is a measure
for the quality of a cell and can be calculated with the ratio of the maximum power to the product of Isc

and Voc (see formula 1).24:%62

Vupp * Iupp _ Pupp

FF = =
Voc * Isc Voc * Isc

Formula (1)

Typically, the FF shows magnitudes between 25% - 94%, whereas low values are mainly caused by high
series resistances or low shunt resistances. These resistances originate especially from high resistive

materials or layers with many defects that reduce the mobility of charge carriers.??

However, the efficiency of a solar cell is one of the most important parameters and is used to compare
different solar cells. Since, the efficiency is highly dependent on the solar spectrum, the intensity of the
incoming light and the temperature it is necessary to measure the solar cells under STC. The efficiency
can be calculated with the maximum achievable power Pwvee Over the input power of the sunlight Pi,
(formula 2).%

_ Pupp _ Voc * Isc * FF

P, = P, Formula (2)




2.3 Perovskite solar cells

Over the last years perovskite solar cells developed to an interesting alternative to more established solar
cell materials based on Si, CdTe or GaAs.*® In 2009 the first group published a dye sensitized solar cell
that contained a methylammonium lead halide perovskite adsorbed on a nanocrystalline TiO- surface,
which achieved efficiencies of around 3-4%. Further improvements were done on liquid perovskite solar
cells, but they attained little attention.® A few years later in 2012, the first long-term durable stable
solid-state perovskite solar cell with a PCE of 9.7% was discovered and research towards perovskite
solar cells increased. Two years later it was already possible to fabricate perovskite solar cells with a
certified PCE of 17.9 %, which improved further to record efficiencies of 25%.323

Originally, the perovskite structure was related to the crystal structure of calcium titanate that was
discovered in 1839 by the mineralogist Gustav Rose and named after the Russian mineralogist Lev
Perovski.** Typically, perovskites can be described with an ABX; crystal structure that can vary in its
composition. They are most often composed of a monovalent A-site cation, a divalent metal atom as
well as a halide anion at the X position. The A-site cations can vary very much and can have an inorganic
(e.g. K*, Rb*, Cs*) or organic nature (e.g. methylammonium (MA*), formamidinium (FA*)). For the B
site of the perovskite structure, the metal cations Pb?* and Sn?* are mainly used and the X-site is normally
occupied by a halide anion like chloride, bromide or iodide. However, not only halide anions but also
other anionic species like oxides or chalcogenides are able to form a perovskite structure but are of less
importance for the application in perovskite solar cells. Typically, the BXs octahedra form a connected
3-dimensional network with A-site cations at the 12-fold coordinated voids to gain charge neutrality. If
the structure is imagined as a cubic unit cell, it consists of five atoms where the cation B has six nearest
neighbors and the A-site cation has 12 nearest neighbors. However, also higher valent metal cations like
Bi®* or Sh** can be integrated at the B-site resulting in a AsB,Xs structure. Figure 7 shows the structure
of an ABX; perovskite.*536

Figure 7 ABXz perovskite structure. Here, A describes a monovalent organic or inorganic cation (FA*, MA*, Cs*, etc.), Ba
divalent metal atom (Pb2*, Sn?*) and X a halide anion (I, Br , CI').

Reproduced from literature 35; Copyright by the authors.



To investigate the structure and stability of a perovskite it is possible to use the octahedral factor p
(formula 3) and the Goldschmidt tolerance factor t (formula 4). In these equations the terms of 14,75, 1y
are defined as the ionic radii of the A-site cation, B-site cation and X-site anion.

)]
U= — Formula (3)
Tx
T+ 1y
Formula (4)

= V2 * (rg + %)

Typically, the octahedral factor can be used to determine the stability of the BX, octahedra, while the
Goldschmidt tolerance factor can be used to predict a crystal structure. To obtain a perovskite structure
the tolerance factor should range between 0.8 <t <1.0. A tolerance factor close to one results normally
in a cubic structure, while for lower values between 0.8 — 0.89 distorted structures (orthorhombic,
tetragonal, rhombohedral) develop. Deviations from that region often results in lower dimensionalities
or other crystal structures. Especially, large cations often lead to the formation of two-dimensional
(layered), one-dimensional (chain-like) or zero-dimensional perovskite structures.®**¢ An important
application is the usage as absorber material in perovskite solar cells, since these materials provide
interesting properties like strong optical absorption, high electron and hole mobilities and diffusion
lengths, high defect tolerance, low surface recombination rate, favorable grain boundaries and tunable
bandgaps.® The electrical and optical properties of those materials can be influenced strongly by bandgap
tuning. It was found that the bandgap correlates with the largest metal-halide-metal bond angle, that can
be influenced by octahedra tilting. For that purpose, the steric size of the cation plays an important role
and usually, the integration of suitable molecular cations can be helpful to control the bond angles.
Often, the cations are only charge compensators and do not contribute directly to the band structure.
However, their size and form can have an important influence on the deformation of the octahedra and

as a consequence, on the absorption range and the band gap energy of the perovskite.*¢3

In general, perovskite solar cells can be divided into the three main structures mesoscopic, planar and
inverted. A mesoscopic device contains a nanostructured ETL (should provide better light harvesting
and enhanced electronic collection efficiency). In contrast, the planar device does not have this
nanostructured ETL but a similar set-up. Exchange of the ETL and the HTL results in an inverted PSC.
Typical examples for ETMs are TiO, or ZnO nanostructures (for mesoscopic devices), PCBM or Ceo,
while HTMs can be for example spiro-OMeTAD, PTAA or PEDOT:PSS. All basic structures are

pictured in figure 8.%
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Figure 8 Mesoscopic (A), Planar (B), Inverted (C) cell set-up.
Self-designed based on literature 38.

2.3.1 Lead perovskite solar cells

Like mentioned above Pb?* cations are able to form perovskite structures with the formula ABXs, where
A is an organic or inorganic cation and X is a halide anion. Especially, lead perovskite solar cells were
studied extensively over the last years, causing large increase in efficiencies from 3.8% in 2009 to
22.1% in 2016.% Recently, the National Renewable Energy Laboratory (NREL) reported an even higher
PCE value of 25%, which is up to now the best reported efficiency for PSCs.*

In 2009, Kojima et al. were the first ones who demonstrated organo-lead halide perovskites as visible-
light sensitizers in dye sensitized solar cells. They wused a MAPDIs/TiO, anode
(MA* = methylammonium) , a Pt-coated fluorine doped tin oxide (FTO) glass as cathode and a mixture
of Lil and I, dissolved in methoxyacetonitrile as electrolyte and were able to achieve a PCE of 3.81%.%
Im et al. managed to further improve that system to efficiencies of 6.54% but mentioned high stability
problems due to perovskite dissolution into the electrolyte.** Therefore, many other working groups
began to investigate “solid-state perovskite solar cells” by usage of spiro-OMeTAD or PTAA as hole
transport layers to improve the stability and efficiencies up to 12.0%.%%%% In the very beginning
especially, monocationic Pb-perovskites like MAPbX3, FAPbX; (FA* = formamidinium) and CsPbX3
were studied. MAPDbI; was found to have long carrier lifetimes, very good charge carrier mobilities as
well as long diffusion lengths but suffers from poor moisture stability, thermal degradation and
observable hysteresis during operation.®® At the time, the best MAPbIl; PSCs reached efficiencies of
greater 20% and were reported by Son et al., who improved the hole and electron extraction at the grain
boundaries, and Momblona et al., who demonstrated a vacuum deposition method for the perovskite
film to produce highly efficient solar cells.***> Further improvements of these systems were achieved
by using mixed A-site cations or mixed X-site anions, different HTMs and ETMs and new methods to
prepare the perovskite absorber layer.*® In 2016, Anaraki et al. fabricated a planar solar cell device with
an efficiency of 20.7%, which is up to now the best reported PSC for this set-up. They used SnO, as
electron selective layer (ESL), which was first spin coated onto an FTO substrate and post-treated with

chemical bath deposition. Afterwards, the Cs/MA/FA containing mixed triple cation lead
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iodide/bromide perovskite precursor solution was spin coated onto the ESL via AS dripping procedure,
followed by spiro-OMeTAD and Au electrodes. The produced devices showed very high efficiencies of
nearly 21%, mild hysteresis and good reproducibility.*” However, higher PCEs were achieved with
mesoscopic cell structures like demonstrated by Gratzels working group. They developed a cell that
consisted of “Glass-FTO/compact TiOz/mesoporous TiO/Perovskite/Spiro-OMeTAD/Au”, whereby
the lead perovskite layer was made of a quadruple composition of Rb*/Cs*/MA*/FA* with mixed
bromide and iodide anions (fabrication with chlorobenzene AS dripping procedure).*® An even higher
certified PCE of 22.1% was achieved by Yang et al., who used a special intramolecular exchange process
to prepare the perovskite film. Therefore, a mixture of Pbl, and PbBr, was spin coated onto a TiO>
surface, followed by spin coating of a solution of MABr and FAI enriched with I3 ions, to reduce iodide
deficiency. The device showed the set-up “FTO/thin barrier TiO2 (~60 nm)/mesoporous TiO; :
perovskite composite layer (~150 nm)/perovskite upper layer (~500 nm)/PTAA (~50 nm)/Au (~100

nm)”. 4

2.3.2 Lead-free perovskite solar cells

Although, lead-based perovskites provided very good results in the past, their toxicity is a challenging
problem. Lead is able to bind to thiol and cellular phosphate groups in enzymes, proteins and cell
membranes and can therefore, affect the functionality of the hematopoietic, renal, reproductive and
central nervous system, the latter is especially harmful for children. Furthermore, it is supposed that a
few lead compounds are water-soluble, which enables an accumulation in the food chain. All these
reasons led to an incorporation of lead to the “Restriction of Hazardous Substances” (RoOHS), which
prohibits and regulates the usage of hazardous substances in electrical and electronic equipment. The
most interesting alternative metal cations comprise group 14 elements like Sn?* and Ge?* (3D perovskite
framework), group 15 elements like Bi®** and Sb** (pseudoperovskites without corner sharing octahedra)
and transition metals like Cu?*(forms typically 2D layered perovskites).>®5* However, also these
compounds can be dangerous for health and environment but still less harmful compared to lead based
systems. Tin for example, is able to affect the iron/calcium metabolism and can cause nutritional
disorders and inhibition of haematopoiesis. Bismuth has the property to denaturate and thus, destroy
organisms that possess sylhydril groups and antimony can cause reproductive disorders, heart failure

and hepatic damage.>® Below, all these systems are discussed in more detail.
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2.3.2.1 Tin perovskite solar cells

Since, it was found that the stability of lead perovskites is in conjunction with the electronic
configuration of lead (s?p?), other elements in the same group seemed to be the most promising
alternatives to lead-based perovskites for solar cell applications. Especially, tin seems to be an
interesting alternative due to its narrower bandgap energies that range from 1.2 to 1.4 eV and thus, are
very near at the ideal bandgap energy of 1.34 eV (corresponds to a theoretical maximum PCE of around
33.5%) according to the Shockley-Queisser limit for single-junction solar cells. In order to form a
perovskite structure, it is necessary that the metal cations keep their s2 electron pair and lose their two
electrons in the p-orbitals, resulting in a +2 charge of the metal cation. This inert s pair is more common
in heavier elements such as lead, since the relativistic contraction stabilizes the s-orbitals. Therefore,
lead is more stable in the divalent oxidation state compared to tin or germanium, which can be easily
oxidized to the oxidation state +4 resulting in severe stability issues.52%* Thus, tin perovskites are usually
fabricated in an inert atmosphere in absence of oxygen to prevent the formation of Sn**, which would
lead to p-type doping and consequently, to higher carrier recombination and poor device

performance.1%%

One of the most intensively studied A-site cations for the application in tin perovskite solar cells
comprise methylammonium (MA*, CHsNHs") and formamidinium (FA*, CH(NH2).") as organic cations

as well as the inorganic cesium cation (Cs*).%°

CsSnl; was one of the first studied perovskite materials in solar cell devices, since it showed good
thermal stability (approximately 400 °C), a low bandgap energy of 1.3 eV and very high hole
mobilities.* The first time, it attracted attention in 2012, when it was used in dye sensitized solar cells
as hole transport material.>® Thereupon, Chung et al. investigated CsSnls and found that this material is
a direct p-type semiconductor with high carrier concentrations and exceptionally high hole mobility,
which explains the metal-like character.>” Kumar et al. demonstrates the usage of CsSnls as absorber
material in perovskite solar cell. They added SnF; to the perovskite solution to control its Sn-cation
vacancies and consequently, its metal-like conductivity. Their best prepared cell had a “FTO/c-TiO2/m-
TiO2/CsSnls/m-MTDATA/AuU” set-up resulting in a PCE of 2.02% if 20 mol% SnF, were added.%® By
so far, the best CsSnls cell was published in 2017 by Song et al. and achieved a PCE of 4.81% with a
molar ratio of Csl:Snl, of 0.4:1. The preparation of the cell was carried out in a reducing vapour

atmosphere of hydrazine.>

In 2014 Noel et al. described the first MASnNI; perovskite solar cell with the device set-up “FTO/compact
TiOz/mesoporous TiO./MASNIs/spiro-OMeTAD/Au” and achieved PCE values of 6.4% under
illumination of 1 sun.*®® In the same year, also the research group of Kanatzidis demonstrated highly
efficient methylammonium tin halide perovskite solar cells. They were capable to fabricate a
MASNIsBry (x = 0,1,2,3) perovskite solar cell with a PCE of 5.73 %, using spiro-OMeTAD as HTL
and TiO- as ETL and found out that an increasing amount of Br additions resulted in a blue shift of the
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absorption onset, which leaded to a decreased Jsc and increased Voc.® The quality of a perovskite film
is a limiting factor for highly efficient solar cell devices. Therefore, further research of Kanatzidis group
provided results concerning the fabrication of highly uniform, pinhole-free perovskite films from
dimethyl sulfoxide solution via a Snl.*3 DMSO intermediate phase. It was supposed that the use of
DMSO instead of DMF slows down the crystallization process and thus, provides an increased

homogeneity of the perovskite film.®

Comparatively late, research on formamidinium tin halide perovskites as absorber materials for solar
cells began. In 2013, Stoumpos et al. compared the properties of the three cations MA*, FA* and Cs* in
tin and lead iodide perovskites. They showed that the FA™ ion in the tin iodide perovskite structure
provides slightly higher resistivities and lower mobilities compared to Cs™ or MA* but still, good ohmic
behavior, which makes it an interesting material for energy-related applications.®®? The first
investigation of such a formamidinium tin iodide absorber layer in perovskite solar cells was done in
2015. Koh et al. produced a FASnl; cell with the set-up “Glass-FTO/TiO, blocking layer/m-
TiO2/FASNI/Spiro-OMeTAD/AU” that possessed an optical bandgap of 1.41 eV and reached an
efficiency of 2.10% upon incorporation of 20 mol% SnF. This work shows that 10 mol% and 20 mol%
additions of tin fluoride lead to a suppression of the oxidation from Sn?* to Sn** and furthermore,
improve the film morphology of the perovskite absorber layer. Higher SnF, additions of 30 mol% and
40 mol% resulted in nano-platelet structures with a negative effect on the cell performance, mainly
caused through a photocurrent drop.5® Later, Lee et al. tried to add varying amounts of pyrazine to
complex SnF; in the perovskite solution. With this additive they were able to produce highly efficient
mesoscopic FASnI; perovskite solar cells with a PCE of 4.8% that were less prone to oxidation of Sn?*
and therefore, showed good reproducibility and long term stability over 100 days when encapsulated.5
In 2016, Liao et al. showed a FASnI; perovskite solar cell with an inverted cell set-up that reached power
conversion efficiencies of 6.22%°%, which is still the highest PCE up to now for this cell type.

Like mentioned above, these tin-based perovskite solar cells often show problematic stability issues,
due to their self-doping properties caused by the oxidation of Sn* to Sn**. Especially, the addition of
SnF; to the perovskite solution was a breakthrough in perovskite solar cell research and lead many
different groups to explain the role of SnF; as additive in the perovskite absorber layer. Typically, SnF,
can prevent the formation of Sn vacancies in perovskites caused by oxidation of Sn?* to Sn**, which
would lead to unwanted p-type doping. This in turn, results in reduced background carrier density and
higher resistance to charge recombination to overall improve the cell performance.®®¢” Other studies by
Gupta et al. showed that SnF; is able to decrease the work function and the ionization potential of a
CsSnBr; perovskite, which causes a shift of the valence band maximum closer to the HOMO level of
the HTM and thus, a decrease in voltage losses in the cell.®® But these are not the only properties like
Xiao et al. demonstrated in 2017. Here, they showed that SnF is able to create nucleuses for the crystal

growth to obtain an improved uniformity of the thin film with high coverage.®® Structural investigations
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of CsSnls; by Kumar et al. provided that SnF, cannot be integrated into the perovskite structure but is
uniformly distributed in the perovskite film.%® Further improvements were achieved with an addition of
pyrazine to the SnF to obtain highly efficient cells with good reproducibilities and stabilities.®* Not only
Snk; but also other excess tin sources like Snl, and SnCl, were used to provide better cell performance,
due to reduction of Sn vacancies and oxidation degree. Another approach to improve the cell
performance was the usage of reducing agents like hydrazine or hypophosphorous acid.®? Song et al.
recently reported piperazine as reducing agent in CsSnls perovskite solar cells, since it possesses a
diamine character similar to hydrazine but is too bulky to be integrated into the perovskite structure. The

diamine group is crucial for suppression of self-doping effects in perovskites.®

The engineering of the A-site cationic mixture has been demonstrated to be an effective possibility to
adjust the properties and to improve the cell performance.®® In 2017 Zhao et al. demonstrated an inverted
mixed-organic-cation perovskite solar cell on tin basis that was capable to reach power conversion
efficiencies of 8.12% and a very high open circuit voltage of 0.61 V. The perovskite consisted of
FAXMA.LSnI; (x =0, 0.25, 0.50, 0.75, 1.0) with 10 mol% SnF; as additive, the best results were obtained
with a cell set-up of “ITO/PEDOT:PSS/FA..7sMA0 255n13/Ceo/BCP/AG”. SEM investigations revealed
that a lower content of FA* caused phase separation in the perovskite layer whereas, a higher content
improved the thin film morphology greatly. It should be mentioned that a SnF, addition of 10 mol%
resulted in an enhancement in grain size and thus, in an increase in performance. All higher SnF;
additions caused a decrease in cell performance due to, phase separation and reappearing of pinholes.”
However one year later, Liu et al. managed to outmatch this result with a nearly similar cell set-up (Al
electrode instead of Ag) by application of solvent engineering, resulting in a PCE of 9.06%. While Zhao
et al. used only DMSO as solvent for the perovskite precursor solution, Liu et al. were working with a
mixture of DMF and DMSO also adding 10 mol% SnF.. In both cases the solvent dripping step was
carried out with chlorobenzene.™ Another interesting approach was provided by Ke et al., who published
a hollow MA{en} (en = ethylenediammonium) tin iodide solar cell with an efficiency of 6.63% and
improved stability. In comparison to the pure MASnI3 cell, the incorporation of the {en} caused an
increase in Snl, vacancies and thus, a larger bandgap, larger unit cell volumes and much longer carrier
lifetimes.” On the other hand, the same group worked on a hollow FA{en}Snl; perovskite using a new
dopant-free tetrakis-triphenylamine (TPE) as hole transport layer in an mesoscopic cell set-up made of
“FTO/m-TiO2/FA{en}Snls/TPE/AuU”. TPE can be easily synthesized and is composed of a
tetraphenylethene core with four endcapped triphenylamine units. Due to its intrinsic high hole mobility,
a dopant is unnecessary and makes it a highly efficient and low-cost HTM. The absorber layer was
capable to absorb over a wide wavelength range from 300 to 880 nm and was produced with 15 mol%
SnkF;, providing a smooth and pinhole-less morphology to reduce charge recombination. All these
improvements resulted in a PCE of 7.23%." The 3D hollow perovskite structure, which develops when
ethylenediammonium is integrated in the structure, was varied by Kanatzidis’ group. They found out
that propylenediammonium (PN) and trimethylenediammonium (TN), which are slightly bigger than
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FA*, can be integrated into the perovskite structure without changing the 3D dimensionality. For that
experiment was used a normal set-up with “FTO/m-TiO2/FASnI; with 10 mol% PN or TN/PTAA/AU”.
The perovskite was prepared with an addition of 10 mol% PN or TN and 15 mol% SnF; to a FASnl;
precursor solution, resulting in nearly two-times higher efficiencies compared to pristine FASnl; solar
cells. These additions lead to a better film morphology and reduce the trap-state density, the dark
currents and the recombination of the devices.”® Apart from that, researchers from Taiwan tried to
integrate a nonpolar guanidinium cation (GA*) into a FASnl; perovskite structure with 1%
ethylenediammonium iodide (EDAI;) and 10 % SnF; as additives. They were able to achieve power
conversion efficiencies of 9.6 % with an inverted cell set-up, if a molar ratio of 20:80 (GA*:FA*) was
used for the perovskite. XRD data showed that the GA* is inserted into the FASnI; lattice, resulting in
larger unit cell parameters but still maintaining a 3D perovskite structure. With an increased GAI
proportion, the energy levels of the valence bands began to shift downwards nearer to PEDOT:PSS
(favoring larger Jsc) and the Eq values increased (favoring larger Voc). The little amount of EDAI,
helped to control the kinetics of film formation and thus, produce a more uniform crystal size.”™

All the devices above, described in this section, were based on a 3D perovskite structure that normally,
provides better cell performance but also stability problems. Recently, 2D and mixed 2D/3D perovskite
structures were found to be more stable towards humidity and light, show improved processability, long
term durability and higher versatility compared to 3D structures. The most often used A-site cations for
2D perovskites are minimally branched aliphatic ammonium cations like for example
phenylethylammonium (PEA) or butylammonium (BA). Typically, they can form different structures
like a 2D layer, mixed 2D/3D perovskite phases, capping layers or passivated 3D perovskites. The
growth of their layers is a crucial parameter to form highly efficient perovskites and was shown to be
most efficient in a vertical alignment of the inorganic perovskite sheets to enable a good charge transport.
However, most 2D structures are growing horizontal to the substrate and thus, show worse charge-
transport. Furthermore, 2D structures have compared to the 3D ones, higher exciton binding energies,

which means that excited electrons are more attracted to the holes and recombine more easily.>*

The usage of PEA" cations was studied very intensively in the last years. Liao et al. studied a 3D FASnl;
perovskite with 20% of PEA content and discovered that the organic PEA ligands have an encapsulating
effect and thus, enhance the stability. SEM investigations showed that the obtained film was very smooth
and dense, inhibiting the oxygen infiltration. Furthermore, they observed less diffraction peaks for the
mixed perovskite compared to the pure FASnl; perovskite in the XRD, implying that the crystal grains
have preferential orientations. GIWAX data provided that the (101) plane of the crystal grains grew
parallel to the substrate surface. The best cell had an inverted cell set-up and a PEA>FAsSnsl.s absorber
layer that contained 10% SnF, as additive, resulting in 5.94% efficiency.”® Even higher efficiencies of
9.0% were obtained by Shao et al, who wused an inverted cell set-up of
“ITO/PEDOT:PSS/Perovskite/Ceo/BCP/AI”. The perovskite solution was prepared from 0.08 M PEAI,
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0.92 M FAI, 1 M Snl; and 0.1 M SnF; in a 4:1 mixture of DMF:DMSO. Moreover, also this report
showed a high orientation of the 2D/3D perovskite crystal grains. They supposed that double layers of
Snls octahedra are separated by double layers of PEA molecules.”” Like mentioned above, the two
studies added a PEAI salt to the perovskite precursor solution resulting in a throughout layered 2D/3D
perovskite structure. Recently, Chen et al. demonstrated the usage of PEABTr as interlayer between a
hole transport layer and a FASnl; perovskite. They supposed that only at the HTM/Perovskite interface
a 2D/3D layered structure can be formed, while the upper part of the FASnI; perovskite remains in a 3D
structure. The best cell achieved a PCE of 7.05% with an inverted solar cell set-up of
“ITO/PEDOT:PSS/PEABI/FASNI/Ce/BCP/Cu”. It should be mentioned that the high efficiency was
most likely caused by an increase in Voc and Jsc, which can be explained by an improvement of the film
morphology due to the introduction of the PEABr interlayer.” Table 1 summarizes a few important
results of Sn-based PSCs.

Table 1 Most promising results of tin perovskite solar cells

Perovskite PCE [%] FF [%0] Jsc [mA*cm?] Voc [V]
CsSnls 4.81 49.05 25.71 0.382
MASnNI; 6.4 42 16.8 0.88
FASnhI; 6.22 60.67 22.07 0.465
FA0sGAp2SNl3 9.6 72.9 21.2 0.619
2D/3D 9.0 71 24.1 0.525

The experimental procedure and idea behind this thesis were based on previous works and findings on
tin halide PSCs by Jasmin Handl, Bastian Friesenbichler and Stefan Weber. Especially, the master theses
of Bastian Friesenbichler, who investigated different A-site cations for ASnl; perovskites and of
Jasmin HandI®, who examined and optimized a triple cation tin iodide perovskite were used as basis.
One of their most important works explored the properties of a triple cation
methylammonium/formamidinium/phenylethylammonium tin iodide perovskite with the composition
MAG 75FA015sPEA01Snls and described possible ways to improve this system. Investigation of the
perovskite layer preparation provided that a two times AS dripping step with chlorobenzene at 20 s and
80 s from a distance of approximately 4.5 cm, followed by a direct annealing step on the hot heating
plate resulted in much better perovskite film morphology with smaller grains and less pinholes.
Moreover, they investigated the electrical properties of this perovskite material in a “Glass-
ITO/PEDOT:PSS/ MAg.75FA0.1sPEAG1SNIs/PCeoBM/Aluminium” set-up, resulting in PCEs up to 5%.
Shelf-life tests of this cell provided very good results with only slight losses in performance after
5400 h storage and also very high stability under active load.8! Furthermore, Weber et al. tried to do a
partial substitution of iodide with bromide, resulting in the structure MAo.75FAo.1sPEA0.1SN(Brylz.x) with
x =0 - 1. With the introduction of bromide, the absorption onset provided a blueshift and consequently,
an increase in Voc. The best efficiencies were achieved with a bromide content of x = 0.25 and provided

a PCE value of 4.63%.82
17



2.3.2.2 Germanium perovskite solar cells

Germanium based perovskites are another interesting alternative to lead-based systems. It is located in
the same group of the periodic table like Pb and Sn and therefore, also has a ns? configuration. Like
described above, this configuration is very important to form a stable perovskite structure. In general,
the s electrons of Ge are not stabilized as good as the ones of Pb, resulting in higher oxidation tendencies
of Ge?* to Ge** and this in turn, to metal-like conductivity and short circuits of the solar cell devices.
The bandgaps of Ge perovskites are slightly higher than the ones of their Pb and Sn analogs (contrary
to expectations), due to a very small ionic radius of Ge?*, which causes [Gels] octahedra distortion.5-%5:83
In 2015, Stoumpos et al. described different hybrid inorganic/organic germanium iodide perovskites as
semiconducting materials. They investigated the bandgap energies and structures of CsGels (E; = 1.6
eV), MAGels; (Eq = 1.9 eV), FAGels (Eg = 2.2 V), CH3C(NH.).Gels (Eq = 2.5 V), (NH2)3Gels (Eg = 2.7
eV), (CHs)sNHGels (Eq = 2.5 eV) and (CH3).CHNH3Gels (Eq =2.8 eV) and found out that the first four
structures resulted in a 3D perovskite structure, while the others formed 1D infinite chains. All 3D
perovskite materials revealed a direct band transition and all 1D structures an indirect band transition.®*
In the same year, Krishnamoorthy et al. investigated the stabilities and performances of CsGels, MAGel;
and FAGels. All compounds were measured with thermogravimetric analysis (TGA) and showed
thermal stability up to 150 °C, which is within the region of device working temperature. The obtained
performances of the cells were relatively bad, due to poor perovskite film quality and high oxidation
tendencies of Ge and poor solubility of these compounds in polar solvents. It was possible to reach
power conversion efficiencies of 0.11% and 0.20% for CsGels and MAGel; respectively.® However,
further improvement of the PCE value was achieved by Kopacic et al., who produced an inverted
methylammonium germanium halide perovskite solar cell with an efficiency of 0.68% by substitution
of 10% iodide with bromide.® Up to now, the efficiencies of pure germanium halide perovskites are
relatively low, therefore more interest was devoted to mixed Ge-Sn PSC. Recently, Chen et al. described
a CsSngsGegsls PSC with an efficiency of 7.11% and very high stability through native-oxide

passivation.®’ In table 2, the most important results of germanium halide PSCs are listed.

Table 2 Most promising results of germanium perovskite solar cells

Perovskite PCE [%)] FF [%] Jsc [MA*cm?] Voc [V]
CsGels 0.11 27 5.7 0.074
MAGel; 0.20 30 4.0 0.150
MAGel,7Bros 0.68 48 3.11 0.46
CsSnosGepsls 7.11 60.6 18.61 0.63
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2.3.2.3 Bismuth perovskite solar cells

Since, Sn and Ge based PSC often show poor stability and reproducibility, Bi perovskites were of high
interest over the last years. Bismuth can be found in the 15" group of the periodic table directly next to
lead, resulting in very similar electronic configuration, electronegativity and ionic radius, which makes
the material a promising alternative. Furthermore, Bi-compounds show higher chemical stability and
lower toxicity compared to the lead analogs. In general, the perovskites of this element have the formula
AsBi2Xg, where A is a monovalent cation and X is a monovalent halide anion. It was found that the
dimensionality (0D, 1D, 2D) of these materials is dependent on the halide anion and the size of the A
cation (especially tunable with organic bulky cations).®® Very early Park et al. demonstrated three
different Bi halide PSC, which were composed of “Glass-FTO/compact-TiO2/mesoscopic-
TiO2/Perovskite/HTM/Ag”. For that purpose, CssBizls, MA3Bi2lg and MA3Bi2lsCly were used as
absorber layers and provided PCE values of 1.09%, 0.12% and 0.003% respectively.® Often the
photoactive film quality is very poor, resulting in low PCE values. Therefore, Zhang et al. published a
new two-step perovskite preparation method for MAsBizlg (Bils was deposited in high-vacuum an is
transformed to the perovskite in low-vacuum). This resulted in more uniform, compact, pinhole-free,
large-grained films that were able to achieve a PCE of 1.64% (see table 3).°° However, even better
results were obtained for a Cs3Bizlg PSC, using a “FTO/c-TiOa/Perovskite/Cul/Au” cell structure. Bai
et al. used a dissolution-recrystallization process to fabricate high quality ultra-thin perovskite
nanosheets, resulting in an efficiency of 3.20% (see table 3), which is the best efficiency for bismuth
halide PSCs in literature up to now. For the recrystallization a mixture of Csl and Bils was dissolved in
DMF, spin coated onto TiO; layer and annealed at 100 °C. Afterwards, a polar organic solvent made of
DMF and CH3;OH was dropped onto the perovskite film and annealed at 100 °C for 30 min.*

Table 3 Most promising results of bismuth perovskite solar cells

Perovskite PCE [%0] FF [%] Jsc [mA*cm?] Voc [V]
MA:Bi2lg 1.64 69 2.95 0.81
Cs3Bizlg 3.20 64.4 5.78 0.86
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2.3.2.4 Antimony perovskite solar cells

Antimony perovskites behave relatively similar to bismuth perovskites. With an electron configuration
of [Kr]4d'°5s?5p3, they have to lose three electrons to achieve a 5s2 configuration, which is necessary to
form a perovskite structure. Since, Sh*" cannot form an ABX structure, an alternative AsB»X, structure
(like observed for bismuth) is formed. Typically those perovskites form either a hexagonal phase
consisting of 0D bioctahedral face-sharing (Malo)* clusters or 2D corrugated layers with partially
corner-sharing MXs octahedra.®® In 2017, Boopathi et al. demonstrated the two perovskite materials
MAGsShzls (Eq = 1.95 eV) and CssShalg (Eg = 2.0 eV) as absorber layers in an inverted cell set-up made
of “Glass-ITO/PEDOT:PSS/Sh-perovskite/PC71BM/Cso/BCP/Al”. They varied the molar ratios of
Sbl;:MALI/Csl to investigate the film morphology and the impact on the cell performance, the best ratios
were 0.5:1 (Sbls:MAI) and 0.2:1 (Sbls:Csl), resulting in smooth film morphology and highest PCE
values of 2.04% and 0.84% respectively. Furthermore, it was found that the addition of HI was crucial
for an appropriate cell performance.®® Moreover, the work of Correa-Baena et al. provided further results
for all inorganic antimony based PSC comprising CssSh:lg (0D), RbsSh:ls (2D) and KsSh:lg (2D). The
best results were obtained with the rubidium Sh perovskite, which achieved a PCE value of 0.76%.%
However, the most promising results for Sb perovskites were obtained by Adonin et al., who synthesized
a N-ethylpyridinium bromoantimonate complex ((N-EtPy)[SbBr¢]) , which forms ABXs compounds
that are comparable to conventional ABXj; structures. With this new approach they were able to fabricate
PSCs composed of “ITO/c-TiOx/bromoantimonate/P3HT/Au”, resulting in a record PCE of 3.8%.%

Table 4 represents the most promising results of antimony perovskites.

Table 4 Most promising results of antimony perovskite solar cells

Perovskite PCE [%] FF [%] Jsc [mA*cm?] Voc [V]
MAsSbalg 2.04 60.82 5.41 0.62
Cs3Shalg 0.84 48.11 2.91 0.60
Rb3Sb;lg 0.76 63 1.84 0.66

(N-EtPy)[SbBré] 3.8 58 5.1 1.29
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3 Results and Discussion

In this chapter, all important results of the investigated tin-based perovskite solar cells are described.
The fabricated system shows a set-up of “Glass-ITO/PEDOT:PSS/Sn-perovskite/PCeoBM/Aluminium”.
During this work, the A-cationic composition of an ABXj3 perovskite absorber layer was varied and

further improved.

3.1 Optical characterization of the perovskite systems
In this section, the optical properties of all investigated perovskite systems are discussed. This comprises
absorption spectra, which were measured by UV-VIS spectroscopy as well as profilometry

measurements to enable a calculation of the bandgap energy of the absorber materials.

The UV-VIS samples were prepared on glass substrates coated with PEDOT:PSS to provide the same
underground for the perovskite layer like in the solar cell set-up. The perovskite layer was produced by
spin coating of the respective perovskite precursor solution and two times AS dripping at 10 s and
70 s, followed by a 70 °C annealing step like described in the experimental section. The absorption of

the substrates was corrected by the absorption of PEDOT:PSS on glass.

With the absorption data it was possible to calculate the absorption coefficient of the material. The
absorption coefficient can be derived from Beer-Lambert Law shown in formula 5. Here, lo is the
incoming light intensity, | the intensity of the transmitted light, o the absorption coefficient and d the
layer thickness of the thin film.

I =1y*e %4 (Formula 5)

By transforming the equation and using the natural logarithm the equation changes to formula 6.

1 (Formula 6)
—In—= axd
Iy

To calculate the absorption coefficient, it is necessary to transform the natural logarithm into the
common logarithm which has the base 10. Therefore, a conversion factor of 2.303 must be used

(see formula 7).

I Formula 7
2.303*log70=a*d ( )

Since log17° equates to the value of the measured absorption (Abs), the formula changes to formula 8,

which shows the final equation that was used for the calculation of the absorption coefficient a.

2303 % Abs [1] (Formula 8)
d [cm]

a[em™t
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The determination of the absorption coefficient can be used for further calculations to determine the
band gap energy Eq of the material. For materials with a direct band gap transition the band gap energy

can be determined by plotting (ahv)? against the photon energy hv.

Formula 9 shows the calculation for the Tauc plot.

2.998 x 108 [m = s71]
Alm] |

6.626 * 10734[] x 5] *

1607+ 105 (Formula 9)

(ahv)?[em™2 * (eV)?] = | a [em™] *

The received curve shows a linear steep slope in the beginning of the course of the curve, which is used
for extrapolation. The intersection of the linear line with the x-axis provides the band gap energy E,.

3.1.1 Single cation Sn-perovskites
Three different single A-site tin perovskites have been investigated in detail. These three systems
comprise a FASnls, a CsSnl; as well as a RbSnl; perovskite. Figure 9 A-C shows their absorption

behavior.
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Figure 9 Absorption spectra of (A) FASnls, (B) CsSnls and (C) RbSnls
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The absorption spectra show, that the two perovskites FASnlz and CsSnls absorb light over a wide
wavelength range from the optical spectrum. This is in accordance with the observation of a black color
of the absorber layer. In the UV-VIS spectrum of FASNI; a steep onset at approximately 900 nm can be
seen, this region is used for the calculation of the bandgap. CsSnls showed the onset at 960 nm. RbSnl;
behaves differently and absorbs especially in a wavelength region between 400 to 450 nm,
corresponding to the absorbance of blue light. This result was to be expected, since the absorber layer
showed the complementary color yellow. The material shows a steep onset at approximately 460 nm,

resulting in a high band gap energy.

Using these results, it was possible to draw the Tauc plots of these materials and determine the bandgap
energies (see figure 10). The results of the calculated bandgaps in comparison with literature values are

summarized in table 5.

2.0x10° .
A ——FASnI3

——CsSnl|

1.8x10°

1.5x10° 4 1.5x10°

1.2x10° o

1.0x10°
9.0x10° 4

(ahv)? [em?*(eV)]
(ahv)? [em?*(eV)?]

6.0x10°
5.0x10° 4

I
! 3.0x10° 4
I |Band gap

! 1.37 eV
T T T - — T 0.0 T T T T T T T
1.0 11 1.2 1.3 "1.4 15 1.8 1.7 1.8 1.0 1.1 1.2 “3 14 15 16 17 1.8

hv [eV] hv [eV]

!'| Band gap
f 1.29 eV

7x10
C | —Rosniz

~ 2x10"° h
1
1

1x10"
* ! [Band gap
1 || 27aev
0 T : — ;

10 15 20 25 30 35

hv [eV]

Figure 10 Tauc plots of the single cation Sn-perovskites for the calculation of the band gap energy Ej.
(A) FASnI3, (B) CsSnls and (C) RbSnls

All three materials show most probably a direct band transition. Therefore, the values of (ahv)? are
shown on the y-axis. FASnls shows a bandgap of approximately 1.37 eV which matches relatively good
with the values of 1.35 eV — 1.41 eV found in literature®®®’. The bandgap of CsSnls shows a value of
1.29 eV, which is also in accordance with literature® for the black B-y CsSnls. For RbSnls the bandgap
is comparatively high. Materials with a higher bandgap require light with smaller wavelengths for the

excitation of electrons from the valence band into the conduction band. The calculated bandgap of
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2.74 eV makes sense, since RbSnlz shows a high absorbance in the blue region of the spectrum (smaller
wavelengths). In literature®® RbSnls is also described as a yellow crystal structure, which confirmed the

obtained results.

Table 5 Band gap energies Eg of FASnIs, CsSnls and RbSnls

Perovskite Eq measured E, Literature53.96:97
FASnhI; 1.37 1.35-141
CsSnls 1.29 1.30
RbSnl; 2.74 -

3.1.2 Double cation Sn-perovskites

The double cationic Sn-perovskites were based on a FASnlz system with varying amounts of piperazine-
1,4-diium iodide (PIPI,) or hexylammonium iodide (HAI). Here the UV-VIS spectra and determined
bandgap energies of the best tested concentrations, according to their efficiencies, for these double
cationic mixtures are shown. In figure 11 the absorption spectra of FASnls, FAogsHAosls and
FAo.9sP1Poo2Snl; are depicted. Other double cationic Sn-perovskites percentages can be found in the

appendix.
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Figure 11 Absorption spectra of the FASnIs reference and the double cation perovskites FAo.9sHA0.05Snl3 and
FAo.98P1P0.02Snl3s.

Both materials show absorption over a wide wavelength range like it can be observed for the pure
FASnNI; perovskite reference. The curves look relatively similar to the reference, but slight differences
occur for the piperazine-1,4-diium iodide sample regarding the observed onset, which looks less steep

compared to the other samples. The absorption of the hexylammonium absorber layer seems to be a little
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bit shifted to smaller wavelengths, without changing the position of the first onset at approximately
900 nm. However, the absorption behavior of this curve at values above 2.5*10%cm seems unrealistic

and should show most probably a similar curve progression like the other two samples.

The next graphs 12A and 12B show the determined bandgap energies of the double cationic Sn-
perovskites, assuming that they also show a dominant direct band transition like the FASNs.
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Figure 12 Tauc plots of the double cation Sn-perovskites for the calculation of the band gap energy Eg.
(A) FA0.98PIPo.02Snlz and (B) FAo.ssHA0.0sSN 13

Like in the FASNIs, the onset of all mixtures can be found at approximately 900 nm. Also, here a direct
allowed band transition was supposed for the calculation of the Tauc plots, due to the very similar
absorption behavior and the high percentage of formamidinium iodide present in the double cation Sn-
perovskites. The determined bandgap energies of FAogsPIPoo2Snls (1.39 eV) and FAogsHAoosl3
(1.38 eV) are relatively similar but slightly higher than the one of the pure FASnI; perovskite (1.37 eV).
Higher concentrations of piperazine-1,4-diium in the perovskite structure showed a shift of the bandgap

energy to higher energies and consequently lower wavelengths.

Since literature so far did not provide any data for these materials it was impossible to compare the

results with literature values.
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3.2 XRD analysis of the perovskite layers

The following chapter focusses on the XRD patterns of the most important investigated perovskite
systems. This comprises the single cation Sn-perovskites of FASnls, CsSnls and RbSnl; and the double
cationic Sn-perovskites of FAogsPIPoo2Snls and FAgesHA00sSNls. All perovskite thin films were
produced directly on cleaned glass substrates to prevent reflexes caused by ITO or PEDOT:PSS. The
absorber layers were produced by spin coating 50 L of the respective perovskite precursor solution and
two times AS dripping at 10 s and 70 s and annealing at 70 °C for 20 min.

3.2.1 Single cation Sn-perovskites
This section deals with the structural investigation of the examined single cation perovskites FASnIs,
CsSnlz and RbSnls.

3.2.1.1 FASNI;
In figure 13 the XRD pattern of the pure FASnI; is shown. The measured reflexes were allocated by

comparison with the work of Liao et al. on FASnls. The numbers above the reflexes represent the lattice

planes of the crystal.®®
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Figure 13 Diffractogram of FASnls. The respective lattice planes of the reflexes were taken from literature 65.

This diffractogram is in accordance with the data found in literature. The reflexes indicate that the
FASNI; perovskite shows an orthorhombic structure like also expected before. Dominant reflexes at 14°,

24.3°, 28.1°, 31.7°, 40.4° and 42.9° can be observed.
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3.2.1.2 CsSnls
Figure 14 shows the XRD pattern of a CsSnls thin film. Smaller peaks between 25.5° and 30° are shown

in a higher magnification in the right upper corner of the graph.
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Figure 14 XRD of CsSnls. The respective lattice planes of the reflexes were taken from literature 99.

Comparison with a literature diffractogram of CsSnls suggest that the produced perovskite structure
shows the orthorhombic B-y-CsSnls polymorph. This is in accordance with other observations like the
black color of the perovskite thin film. The lattice planes for the measured reflexes were taken from

literature values.® This sample shows the most intense reflexes at 14.4°, 20.5° and 29.1°.

3.2.1.3 RbSnl;

—— RbSH,

Intensity [a.u.]

20 7]
Figure 15 XRD of RbSnls
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Figure 15 shows the diffractogram of RbSnls. It can be seen, that the sample shows a high background
noise that makes it difficult to determine smaller reflexes. The most dominant reflexes are at 10°, 13.4°,
23.3°, 27.1° and 32°.

The RbSnl; sample showed a citric yellow color of the perovskite layer. This is in accordance with

literature, where the RbSnls is always described as a yellow 1D crystal structure.®®

3.2.2 Double cation Sn-perovskites
Graph 16 shows a comparison of FASNI3, FA0.esP1Po.02Snls and FAoesHA0esSN13. For a better visibility,

the diffractograms of the compounds are pictured stacked.
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Figure 16 Stacked presentation of the XRD data of the double cation perovskites in comparison with FASnls. The two

smaller graphs on the right side show a magnification of two main peaks of the FAo.9sHA0.05Snls.

The diffractogram at the top shows a FASnl; perovskite system.®® Like it can be seen in the XRD
patterns, the piperazine-1,4-diium sample looks relatively similar to the reference formamidinium cell.
Therefore, it was difficult to see an evidence that piperazine-1,4-diium iodide was integrated into the

perovskite structure.

However, the hexylammonium sample shows a different XRD pattern compared to the other samples.
The reflexes at approximately 13.4°, 14°, 27° and 28.3° match with the XRD pattern of a formamidinium
phenylethylammonium Sn-perovskite that shows typically a mixed 2D/3D perovskite structure like
described in literature. These similarities in the diffractograms suggest that also the hexylammonium
sample shows a mixed 2D/3D layered structure.”®"® Due to the absence of other peaks and very dominant
reflexes at the mentioned angles, it can be suggested that the perovskite crystals grow into preferred

directions. Liao et al. investigated a FASnI; perovskite with additions of 20% PEAI, which resulted in
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an orthorhombic crystal structure with lattice planes into the (101) and (102) direction, which
correspond to the two peaks at ~14° and ~28° respectively. From XRD data, they supposed preferred
orientation of the perovskite crystals and investigated this in more detail with GIWAX measurements.
The perovskite showed very sharp and discrete Bragg spots, indicating high orientation of the (101)
plane parallel to the substrate.”® These results enable the suggestion that also the HA sample shows this

parallel orientation to the substrate.

3.3 Improvement of the FASnI3 reference system by variations in the perovskite
film formation

During this work it was important to find and investigate a relatively stable and especially reliable
reference system as well as a good basis material for A-site cationic mixtures. FASnl; seemed to be a
relevant candidate for that purpose. In this part different experiments are discussed, which were used to
improve the reference system. This comprises the antisolvent dripping times, the investigated film
thicknesses of the absorber layer, the temperature influence and the annealing times of the perovskite

layer.

3.3.1 Antisolvent dripping times

An AS can be very helpful for the formation of homogeneous perovskite thin films. The AS causes a
reduction in solubility of the dissolved compound and induces the crystallization of the perovskite
layer.1% Since the antisolvent dripping is a very crucial step in the production of the solar cell, this
process was improved using different AS dripping times. In this experiment, the solar cells were
fabricated on cleaned glass-ITO substrates with PEDOT:PSS as HTL and PCsBM as ETL. The
perovskite absorber layer was made by spin coating of 50 pL of the perovskite precursor solution for
two minutes and meanwhile, two times AS dripping at different moments. It should be mentioned that
also the dripping height and the dripping velocity of the AS are important during the fabrication process
and must be controlled. Therefore, the AS was always dripped onto the surface relatively fast from
approximately 4.5 cm distance. Figure 17 and Table 6 show the measured JV-curves and the most
important results of the different AS dripping times (solar cells had an area of 0.09 cm? and were

measured without mask)
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Figure 17 JV-measurement: Investigation of the antisolvent dripping times during perovskite thin film production.

Table 6 Results of the antisolvent dripping investigation. The mean values and standard deviations were calculated from the
best 5 solar cells.

Substrate PCE [%] FF [%] Jsc [mMA*cm?] Voc [V]

Mean 0.28 £ 0.04 322+16 -6.0+0.3 0.14 £0.01
5s/65s

Best 0.33 345 -6.2 0.16

Mean 2.34+0.23 51.8+0.7 -16.13+1.1 0.28 £0.01
10s/70s

Best 2.69 52.8 -17.9 0.29

Mean 1.93 +0.08 53.0+1.8 -13.3+0.28 0.28 £0.01
15s/75s

Best 2.01 54.4 -13.5 0.28

Mean 1.80+0.19 55.7+0.8 -11.7+1.08 0.27 £0.01
20s/80s

Best 2.01 55.2 -13.0 0.28

Mean 0.82 +0.04 452+1.3 -9.8+0.3 0.19+0.01
30s/90s

Best 0.86 46.8 -9.8 0.19
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The best results were achieved with two times chlorobenzene antisolvent dripping at 10 s and 70 s. The
best cell showed a PCE value of 2.69%, a fill factor of 52.8%, a current density of -17.9 mA*cm2 and
an open circuit voltage of 0.29 V. In general, significant differences were observed macroscopically
between the surfaces depending on the moments of antisolvent dripping. Substrates, which were
produced with AS dripping at 5 s/60 s and 30 s/90 s looked relatively grey and dull, while the substrates
between 10 s/70 s and 20 s/80 s showed black reflective surfaces of the absorber layer. These
observations are in accordance with the results listed in table 6, confirming that reflective surfaces are
often attended by an improved cell performance. Based on these results all further experiments were

carried out with an AS dripping at 10 s and 70 s.

3.3.2 Hot antisolvent dripping

Liu and co-workers provided new promising results concerning hot AS dripping. The usage of the hot
AS should have a positive influence of the perovskite thin film formation during spin coating and
consequently, the perovskite film should show less pinholes.’®* Therefore, the substrates were prepared
like described in the experimental part and PEDOT:PSS was spin coated as hole transport layer. The
perovskite layer was produced with hot AS dripping using chlorobenzene at 70 °C at 10 s and 70 s.
Afterwards, PCsBM as ETL and the aluminium electrodes were applied. Figure 18 and table 7 show

the results of this experiment (solar cells had an area of 0.09 cm? and were measured without mask).
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Figure 18 JV-measurement: Investigation of hot antisolvent dripping compared to the normal procedure with

antisolvent at RT.
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Table 7 Results of the hot AS dripping and the AS dripping at RT. The mean values and standard deviations were calculated
from the best 5 solar cells.

Substrate PCE [%0] FF [%0] Jsc [mA*cm?] Voc [V]
AS at RT Mean 1.08 + 0.04 49.6+4.5 -9.0+0.8 0.25+0
Reference Best 1.13 52.6 -9.0 0.24
Mean 0.28 +0.01 30.6+0.9 -79+04 0.12+0.01
Hot AS
Best 0.30 29.6 -8.3 0.12

The AS dripping with the heated chlorobenzene provided worse results compared to the normal AS
dripping with solvent at RT conditions. It can be seen, that the hot antisolvent curve runs relatively steep
compared to the normal procedure, which leads to a much lower open circuit voltage. Furthermore, also
the fill factor is worse and decreased from 52.6% to 29.6% for the best obtained solar cells. Although,
the results were relatively bad compared to the reference, hot AS seems to have potential for the

preparation of perovskite absorber layers. Therefore, it is worth to be further investigated in the future.

3.3.3 Hot substrate spinning

Since, the antisolvent dripping step is very complex and varies often for different materials, it was also
tested hot substrate spinning at 70°C without any AS. Therefore, the glass-1TO substrates were prepared
as usual and spin coated with PEDOT:PSS. Afterwards, the perovskite layer was applied. For that
purpose, 50 uL of the precursor solution were spin coated for two minutes without any AS addition. The
JV-measurements of these films provided short circuits. The reason for the short circuits can be seen in
the light microscope images of the FASnIs films, which were produced with AS (figure 19A) and
without AS (figure 19B).

Figure 19 Comparison between the perovskite film formation with antisolvent dripping (A) and hot substrate spinning (B)

with a magnification of 400 times.
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The FASnIz film, produced with AS dripping is pictured in figure 19A and shows a relatively
homogeneous surface with a few larger black crystals. In figure 19B can be seen that the perovskite
film, which was produced without AS shows many black single crystals and large pinholes. As a
consequence, it was possible that the hole transport layer and the electron transport layer come into

contact with each other and this in turn caused short circuits in the solar cell.

3.3.4 Investigation of the different perovskite layer thicknesses

In this subchapter different thicknesses of the FASnI; absorber layer are discussed. All cells were
fabricated on glass-ITO substrates with PEDOT:PSS as HTL and PCsBM as ETL. For the production
of the absorber layer were used spin coating parameters between 1000 rpm and 8000 rpm with an
acceleration of 2000 rpm*s* and AS dripping at 10 s and 70 s. Figure 20 shows the best JV-curves of
the different tested film thicknesses of the absorber layer. The measured film thicknesses and the

corresponding results of the JV-measurements are shown in table 8 and 9.
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Figure 20 JV-measurement: Investigation of the influence of the layer thickness on the cell performance.
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Table 8 Rotation speeds of the spin coater and resulting layer thicknesses of the perovskite film

Speed [rpm]

Layer thickness [nm]

1000 283 nm £ 52 nm
2000 283 nm £ 27 nm
3000 287 nm £ 12 nm
4000 260 nm £ 3 nm
5000 242 nm£5nm
6000 208 nm £ 29 nm
7000 200 nm £ 29 nm
8000 180 nm + 31 nm

Table 9 Results of the solar cells with different film thicknesses. The mean values and standard deviations were calculated

from the 5 best solar cells.

Substrate PCE [%] FF [%6] Jsc [mMA*cm?] Voc [V]

Mean 0.11+0.02 32009 -3.23+0.39 0.11+0.01
1000 rpm

Best 0.13 311 -3.8 0.11

Mean 0.16 £0.10 321+£19 -43+1.3 0.11 £0.02
2000 rpm

Best 0.33 34.6 -6.6 0.14

Mean 0.55+0.09 36.0+1.2 -10.3+0.6 0.15+0.01
3000 rpm

Best 0.66 37.6 -10.6 0.14

Mean 0.78£0.11 39.0+£0.7 -12.7+1.0 0.16 £ 0.01
4000 rpm

Best 0.94 40.1 -14.3 0.17

Mean 1.47 £ 0.07 47.6£0.8 -13.6 £0.5 0.23+£0.01
5000 rpm

Best 1.56 47.4 -14.2 0.23

Mean 1.17 £ 0.07 458+1.0 -13.8+0.7 0.19+0.0
6000 rpm

Best 1.28 44.9 -14.9 0.20

Mean 1.46 + 0.06 459+ 0.7 -153+05 0.21£0.00
7000 rpm

Best 1.55 45.6 -16.2 0.21

Mean 1.42+0.16 46.6 £1.2 -152+1.0 0.20+£0.01
8000 rpm

Best 1.57 46.2 -16.3 0.21
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It can be seen, that spin coating parameters below 5000 rpm worked definitely worse compared to higher
spin coating speeds. The best cells were gained with spin coating speeds from 5000 rpm to 8000 rpm.
The layer thicknesses for these cells range from 242 nm to 180 nm. There were no big differences in the
solar cell performance of these four cells. The reference showed higher Voc values, while the cells spin
coated at 7000 and 8000 rpm showed higher current densities. Comparing the hysteresis behavior of the
curves it can be observed that the 6000, 7000 and 8000 rpm samples show slightly more hysteresis than

the reference cell with 5000 rpm. The corresponding hysteresis graphs can be found in the appendix.

3.4 Cesium tin iodide and rubidium tin iodide

Since, FASNI; was often influenced very much by the surrounding conditions also other single A-site
cation Sn-perovskites were tested. Therefore, CsSnl; and RbSnl; were taken into consideration.

The solar cells showed the same solar cell set-up as described in the experimental part. The perovskite
solutions of these compounds were prepared the same way as FASnl; with a molar ratio of Csl and Rbl
to Snl, of 1:1. During the preparation of the perovskite layers it was observable that Csl and Rbl were
not crystallizing at once when AS was dripped onto the surface. Both compounds crystallized 30 s to
one minute later after placing them on the heating plate at 70°C. Cesium tin iodide formed a black
perovskite layer with a light blue haze, whereas RbSnl; formed a yellow perovskite phase. An increase
in temperature during the annealing step could not influence the crystal structure of RbSnls, JV-
measurement of this compound showed no results. Therefore, only CsSnl; was used in further

experiments.

3.4.1 Investigation of CsSnls

Since, CsSnls did not crystallize during the spin coating step with chlorobenzene, also other antisolvents
like diethylether and toluene were used in the hope that they would provide a different crystallization
behavior. In this experiment the AS dripping was carried out the same way as for the FASnls reference
with spin coating of 50 pL of the perovskite precursor solution and two times AS dripping at 10 s and
70 s. The following graph shows only the results of the solutions and antisolvents, which were not dried
with molecular sieves. All results with solvents, which were dried additionally, with molecular sieves

provided worse results and are not shown here. In figure 21 and table 10 the results are demonstrated.
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Figure 21 JV-measurement: Investigation of different antisolvents for the fabrication of CsSnls.

Table 10 Results of the different CsSnls cells. Mean values and standard deviations were calculated from the 5 best solar cells.

Substrate PCE [%] FF [%] Jsc [MA*cm?] Voc [V]
Mean 0.87 %007 47.9+05 85+05 022+001
FASNIs
Best 0.96 482 9.1 0.22
Cssnle Mean 0.14 % 0.01 356+12 37+01 011+ 0.01
diethylether Best 0.16 367 3.9 0.11
Cssnle Mean 0.18 +0.02 359+1.0 4.0+02 0.13 % 0.01
toluene Best 0.20 359 43 0.13
Cssnle Mean 0.16 001 362+13 38+0.3 012+ 0.01
chlorobenzene Best 0.17 347 4.0 0.12

The results of all produced CsSnls cells with variating antisolvents were relatively similar. There cannot
be seen big differences in PCE, FF, Jsc, Voc. Especially, the Voc values for all CsSnls systems were
very low. Also, the desired change in crystallization behavior by usage of different antisolvents was not
obtained. All in all, the CsSnls solar cells provided worse results compared to the FASnI; solar cells.
Other following experiments showed that an absence of AS caused no differences in the cell

performance and no apparent differences of the perovskite film.
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Due to the fact, that the CsSnls; absorber layer was not working well, also other methods for the
formation of the perovskite thin film were tested. This comprised hot substrate spinning at about
70 °C and hot AS dripping with 70 °C hot solvent. For the hot substrate spinning two different ways
were tested. First, only a 70 °C hot metal block was used, but the substrates were at room temperature
to produce a temperature gradient during the spin coating of the CsSnls solution. It was observable that
the CsSnl; film began to crystallize slightly during spin coating, but it could not be produced a
homogeneous thin film during the spin coating process that was based on a temperature gradient.
Second, the substrates were heated to 70 °C before spin coating and the metal block was heated as well
to 70 °C to hold the temperature during the whole spin coating procedure. This experiment worked better
and caused a homogeneous crystallization of the perovskite film during the spin coating process. Warm
antisolvent dripping caused no immediate crystallization of the perovskite nor in combination with the
heated metal block. All these other methods provided worse results compared to the procedure described

above and were not an interesting alternative.

Song et al. provided interesting results by varying the molar ratios of Csl to Snl, for the perovskite
solutions. They obtained a record PCE of 4.81% for a mesoporous CsSnl; PSC with a molar ratio of
0.4M:1M prepared in a reducing hydrazine atmosphere.>® Therefore, also the ratios 0.4M:1M and
0.6M:1M for Csl to Snl, were tested. The obtained results showed much higher Voc values but
vanishingly small current density values. Although, the FASnI; reference was working properly, the
CsSnl; substrates showed bad results of the JV-curves and dark curves, which ran relatively flat and
were not fitting properly to the x-axis at zero current density. The dark curves suggested that the cells
were not functioning properly. Since different fabrication methods of the perovskite layer were tested
and nothing was working as good as the power conversion efficiencies shown in literature it gets obvious

that this inverted set-up is not suitable for the fabrication of CsSnls solar cells.

3.5 Influence of SnF; on cell performance of FASnIs

The influence of SnX, compounds on ASnXs perovskite films in solar cells is of high interest.
Especially, SnF, additions to the perovskite precursor solutions were investigated in detail over the last
years. One extensively studied behavior is a preventive effect on the oxidation of Sn?* to Sn** and its
minimization of tin vacancies in the perovskite thin film. Furthermore, tin fluoride was found to improve
the film morphology by reduction of pinholes and voids in the surface. Depending on the perovskite
system also other properties like minimization of unwanted crystal phases, improved stability in ambient
environment and effects on the energy level positions were observed.'® All these observations made it

interesting to take a closer look.
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This experiment should provide information about the influence of the tin fluoride concentration on the

cell performance of FASnIs. Therefore, SnF, concentrations ranging from 0 mol% to 20 mol% were

added to the perovskite precursor solution. These solar cells have the same set-up and were produced

the same way as described in the experimental section. Figure 22 and table 11 show the results of the

SnF; series.
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Figure 22 JV-measurement: Influence of different SnF2 concentrations on the FASnls solar cell performance.

Table 11 Results of the different SnF2 concentrations. The mean values and standard deviations were calculated from the 5

best solar cells.

Substrate PCE [%] FF [9%6] Jsc [MA*cm?] Voc [V]
Mean 1.08+0.06 436+07 122+08 0.20+001
0% SnF»
Best 1.16 426 13.0 0.21
Mean 1.40 £ 0.02 365+ 148 157+0.3 021+001
5% SnF»
Best 1.42 424 15.9 0.21
10 % SnFs Mean 1.78+016 452+11 168+ 0.8 024+001
Reference Best 201 468 178 0.24
Mean 159+ 0.12 432+07 159+ 05 023+001
15% SnF»
Best 1.75 437 165 0.24
Mean 1.20+0.06 425+12 13.0+04 022+001
20% SnF»
Best 1.28 422 131 0.23
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The results provide, that the performance is highly influenced by the addition of tin fluoride. The best
solar cell was the reference cell, which contained 10 mol% SnF, and showed a PCE of 2.01%, a FF of
46.8%, a Jsc of -17.8 mA*cm and a Voc of 0.24 V. All the other tested concentrations of SnF, in the
precursor solution resulted in worse PCEs and are most probably less interesting for further
investigations. It should be mentioned that this experiment was repeated a few times and the results of
a 20 mol% SnF addition were fluctuating wildly and thus are not entirely reliable. The poor results of

cells without any SnF- indicate that this compound is crucial for a properly working device.

Lee et al. described a positive influence on the film morphology of a FASnIsz perovskite layer through a
SnF;-pyrazine complex.® Therefore, also the addition of 5 mol%, 10 mol% and 20 mol% pyrazine to
the perovskite solution were tested. This positive influence on the cell performance caused by improved
morphology could unfortunately not be verified by our experiments.
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3.6 Double cation perovskites

In the past, different organic ammonium salts were used for the production of perovskite solar cells. Ke
and co-workers demonstrates that also diammonium cations are suitable for the application in Sn-
perovskite solar cells and are even capable to improve the device performance.’ During this work a
formamidinium iodide salt was either mixed with hexylammonium iodide or the diammonium salt

piperazine-1,4-diium iodide for the preparation of the tin perovskite absorber layers.

All solar cells had the set-up “Glass-ITO/PEDOT:PSS/Perovskite/PCsoBM/Aluminium”. All layers
were fabricated the same way like described in the experimental part. Also here the absorber layers were

produced with 50 pL precursor solution and two times AS dripping at 10 s and 70 s.

3.6.1 Formamidinium piperazine-1,4-diium tin iodide

Piperazine-1,4-diium (PIP) seemed to be a promising compound for the usage as A-site cation in
combination with formamidinium. Different amounts of PIP in a range of 1-20% in a FA1«PIPxSnls
perovskite system were tested. Since 15% and 20% of PIP provided worse results compared to other
concentrations, a main focus was on lower concentrations. In graph 23 and table 12 the results of the
JV-measurements of solar cells prepared with 1-5% PIP additions to the FASnl; precursor solution are

shown.
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Figure 23 JV-measurement: Investigation of the introduction of different amounts of piperazine-1,4-diium iodide into the

FASnls perovskite.
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Table 12 Results of different piperazine-1,4-diium iodide amounts in the FASnls structure. The mean values and standard

deviations were calculated from the 5 best cells.

Substrate PCE [%0] FF [%0] Jsc [mA*cm?] Voc [V]
Mean 2.09 +0.06 49.1+0.9 -17.7+04 0.24 +0.01
FASNIs
Best 2.14 49.7 -17.1 0.26
Mean 0.59 +0.40 38.2+4.4 -71.7+25 0.19 +0.05
FA0.99P1P0.01Snl3
Best 1.04 43.1 -10.4 0.23
Mean 1.27 +£0.33 453+3.6 -108+14 0.26 +0.02
FAo0.98P1P0.02Snl3
Best 1.51 48.5 -11.8 0.27
Mean 1.02 £ 0.08 50.1+0.8 -8.4+0.2 0.24 +0.01
FA0.97P1P0.03Snl3
Best 1.12 51.3 -8.4 0.26
Mean 0.87 +0.08 61.2+0.9 -42+0.3 0.34+0.01
FA0.95P1P0o.05Snl3
Best 0.97 59.8 -4.6 0.36

It can be observed that the Voc of the 5% PIP substrate was much higher than that of the reference cell
and other lower PIP concentrations. This trend was also found in other series with higher percentages
of piperazine-1,4-diium iodide. In general, the higher the PIP content, the higher was the Voc and the
lower the Jsc. Since the 2% substrate showed slightly higher open circuit voltages and higher current

densities than other PIP samples, a special focus was put on this concentration.

3.6.2 Formamidinium hexylammonium tin iodide

The second cation, which was used in combination with formamidinium was n-hexylammonium (HA).
These solar cells had an absorber layer which had the general form FA1.x<HASNIs. Figure 24 shows the
JV-curves of an absorber layer with a percentage of 3% and 5% HA as well as the reference FASnI; cell

(solar cells had an area of 0.09 cm? and were measured without mask).
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Figure 24 JV-measurement: Investigation of the introduction of different amounts n-hexylammonium iodide into the FASnlz
perovskite.

Both FA1.<HASNI; perovskites worked worse than the reference. Better results were obtained with
additions of 5 mol% HALI. It was also tested a FA,gsHA0.1Snl; perovskite, which provided worse results
compared to lower concentrations and is therefore, not shown here. It can be seen, that the incorporation
of hexylammonium iodide has a similar effect on the open circuit voltage like the piperazine-1,4-diium
iodide, which caused an increase in Voc. The results of the best FA1xHA\SNIs cells are listed in
table 13.

Table 13 Results of different n-hexylammonium iodide amounts in the FASnls structure. The mean values and standard

deviations were calculated from the 5 best solar cells.

Substrate PCE [%] FF [%] Jsc [MA*cm?] Voc [V]
Mean 1.92 +0.40 50.6 +2.7 -11.2+0.6 0.34 +0.03
FASnI3
Best 2.62 55.2 -12.3 0.39
Mean 0.37+0.16 49.1+3.1 -2.8+0.7 0.26 + 0.02
FAo0.97HA0.035N13
Best 0.62 53.3 -3.9 0.30
Mean 1.12+0.12 56.4+1.8 -5.0+0.3 0.40 +0.02
FAo0.95HA0.05SN13
Best 1.30 58.5 -5.5 0.41
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3.6.3 Comparison and characterization of the best concentrations

In this section the results of the best tested PIP and HA concentrations are compared. This comprises
JV-measurements and an investigation of the cell hysteresis, MPP tracking as well as EQE
measurements. In figure 25 JV-plots of the best PIP and HA concentrations in comparison with FASnl;

are shown. The results of the measurements are listed in table 14.
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Figure 25 JV-measurement: Comparison of the JV-measurements of the double cation perovskites with FASnls.

Table 14 Results of the FASnls reference cell and the double cation perovskites. The mean values and standard deviations
were calculated from the 5 best solar cells.

Substrate PCE [%] FF [9%6] Jsc [MA*cm?] Voc [V]
Mean 2.11+0.49 441+46 -16.0+1.0 0.30 £ 0.03
FASNHI;
Best 2.52 48.1 -15.9 0.33
Mean 1.12 +0.45 40.6+5.8 -97+13 0.27 £0.04
FAo0.98P1P0o.02Snl3
Best 1.64 47.0 -11.2 0.31
Mean 1.59 + 0.58 449+55 -124+2.3 0.28 +0.03
FAo0.95sHA0.05SN13
Best 2.31 52.9 -14.6 0.30

The reference substrate provided better results than the double cationic mixtures. While, the PIP sample
showed relatively bad results, the HA sample worked compared to previous series very well although,

it showed lower open circuit voltages as usual.
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Especially, perovskite solar cells often show a phenomenon, which is called hysteresis. It describes
differences in the solar cell parameters depending on the measurement direction. Generally, a
measurement can be carried out in backward (in this case from 1000 mV to -100 mV) or forward
direction (-100 to 1000 mV). The hysteresis behavior of the PIP and HA sample are shown in figure
26A and 26B. Left is shown the hysteresis of the FAssPIPo.02Snls cell and right the hysteresis of the
FAo.ssHA0.0sSNI3 cell after MPP tracking.
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Figure 26 Investigation of the hysteresis behavior of the double cation perovskites. In the left image (A) can be seen the
hysteresis of a FAo.9sP1Po.02Snls solar cell and in the right image (B) the hysteresis of FAo.ssHAo.0sSNl3.

Graph 26A shows similar hysteresis as Graph 26B. Due to this hysteresis behavior it is sometimes
necessary to do further measurements to determine the actual power conversion efficiency of a measured
solar cell. Therefore, a maximum power point tracking was used. Figure 27 shows the MPP tracking of
the FAo.98P1Po.02Snl3 and the FAo.9sHAG.05Snls cell. There are shown the PCE, the Pmpp, Jmpp, aNd Vimgp @S
a function of time. Both cells were tracked over approximately 65 min.
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Figure 27 MPP tracking of (A) FAo.98P1P0.02Snls and (B) FAo.esHA.05SNl3
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In both Figure 27A and 27B can be seen, that all parameters of the tracked cells became better over time.
It is not clear if this improvement is caused by light soaking of the absorber layer or the voltage applied
during measurement. The FAo.esP1Po.02Snl3 cell showed in the beginning a PCE value of about 1.03 %,
a FF of 43 %, a Jsc of about -9.9 mA*cm2 and a Voc of 0.24 V. Tracking of the cell caused an increase
in all these parameters to 1.49 % PCE, 46% FF, -10.8 mA*cm2 Jsc and a Voc of 0.30 V. Also, the
FAo.95HA00sSN13 cell provided an improvement of all parameters over tracking time and began to
stabilize at approximately 60min. The parameters started at a PCE of 1.55%, a FF of 48.1%, a Jsc of -
14.0 mA*cm and a Voc of 0.23 V and improved to higher values of approximately 2.31% PCE, 52.9%
FF, -14.6 mA*cm2 Jsc and 0.30 V Voc. The results, which are shown here are always the values of the
reverse scans that are lower than the results of the forward measurement. Therefore, slight deviations

from the values in figure 27 can be observed.

External quantum efficiency measurements were carried out to determine the probability to excite an
electron by a photon with a specific energy. Figure 28 represents the EQE spectra of the two double
cation mixtures FAo.9sP1Po.02Snl3 and FAo.9sHA0 05SNl3, measured over a wavelength range from 380 nm
to 1000 nm.
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Figure 28 EQE measurements of the double cation perovskite solar cells.

The investigated PIP cell provided a maximum EQE value of approximately 59 % at 630 nm. For the
HA cell a slightly higher value of 64% at 530 nm was reached. Both perovskites are capable to generate
current over the whole visible wavelength range. Comparison of the EQE spectra with the absorption

spectra in section 3.1.2 provides approximately the same onset location at approximately 900 nm.
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3.7 Investigation of the layer morphology

The most important perovskite absorber layers investigated were analyzed with scanning electron
microscopy by Dr. Theodoros Dimopoulos. This comprises FASnIl;, PlPgoFA0sSnls and
HA.0sFA09sSN 5. All perovskite layers were produced on glass substrates coated with PEDOT:PSS. In
the past, literature demonstrated that the perovskite layer morphology had a huge impact on the device

performance.
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Figure 29 SEM images of FASnIs (1A-C), FA0.98P1P0.02Snl3 (2A-C) and FAo.esHA0.0sSnls (3A-C).
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Figure 29 shows the three investigated perovskite thin films of the reference FASnI; cell (1A — C) as
well as PIPgo2FA0.98SNI3 (2A — C) and HA00sFA0.9sSNIs (3A — C). The FASNI; thin film demonstrates a
very smooth surface with practically no pinholes or voids. PIPoo2FAo.9sSnls looks very different. Here
the surface shows many pinholes. In 2C can be seen the 50 000 times magnification that reveals a spongy
structure. It is difficult to determine if this structure originated by the vacuum conditions in the SEM
device or this structure really represents the perovskite layer after fabrication, which would be found in
the constructed solar cell. Since the performance of these cells is not that bad, it seems likely that the
structure was mainly influenced by the vacuum. The pictures 3A — C represent the HAg.0sFA0.95SN13
perovskite. Here the layer looks also relatively smooth little defects. In the 50 000 times magnification

of the perovskite layer shown in 3C the defects of the grains can be seen better.

These observations are in accordance with the results shown in section 3.6. FASnl; revealed the
smoothest perovskite layer and the best cell performance whereas, the PIPgo2FA0.9sSnl; sample showed

many pinholes and voids and comparatively worse JV-measurement results.

Nearly all perovskite layers showed a gray haze on the surfaces directly after spin coating of the absorber
layer that was visible by the naked eye. Especially, the FASnl; reference system seemed to be highly
dependent on that haze. This gray layer is most probably responsible for a worse cell performance of
the fabricated solar cells. It was hoped to gain new information through the SEM analysis of the

perovskite thin films but there was no hint of that haze observable in the pictures.

3.8 Insertion of salt interlayers

In the following experiment different salt interlayers with a concentration of 20 mg/ml were inserted
between the PEDOT:PSS and the absorber layer. Therefore, the salt solutions, which were solved in
DMF:DMSO with the ratio 4:1 were spin coated onto the PEDOT:PSS layer with 3000 rpm and an
acceleration of 2000 rpm*s. Afterwards, a formamidinium tin iodide absorber layer was spin coated
onto the salt interlayer and the crystallization was carried out like described in the experimental part
with two times AS dripping. Figure 30 shows the JV-curves and table 15 the corresponding results of

FASnI; solar cells with different salt interlayers.
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Figure 30 JV-measurement: Investigation of different interlayers between PEDOT:PSS and the perovskite layer.

Table 15 Results of the investigation of different interlayers. The mean values and standard deviations were calculated from

the 5 best solar cells.

Substrate PCE [%] FF [%] Jsc [mMA*cm?] Voc [V]
Mean 0.62 +0.06 42.0+0.7 -9.9+0.3 0.15+0.01
Reference
Best 0.69 41.3 -10.2 0.17
Mean 1.36 £ 0.09 473+1.2 -145+0.6 0.20+£0
Al Best 151 49.2 -15.4 0.2
Mean 1.04+£0.03 433112 -13.1+05 0.18+£0.01
Stz Best 1.08 45.3 -12.7 0.19
Mean 1.39+£0.10 458+1.7 -15.1+0.3 0.20+£0
RA Best 1.56 47.9 -15.5 0.21
Mean 0.31+0.06 34.0+1.07 -8.11+0.6 0.11+0.01
PPt Best 0.40 34.0 -8.9 0.13
Mean 1.62+0.16 47.1+£0.9 -15.3+0.9 0.23+£0.01
PEAI
Best 1.85 47.3 -16.1 0.24
Mean 1.37+£0.06 46.1+£1.1 -145+04 0.21+£0.01
el Best 1.44 46.7 -14.1 0.22
Mean 1.23+£0.14 43.8+1.0 -141+0.8 0.20+£0.01
ROl Best 1.46 45.4 -15.3 0.21
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In general, it can be observed that most of the interlayers led to an improvement of the reference FASnI;
system. Only the piperazine-1,4-diium iodide interlayer caused a declined performance of the solar cell.
The best results were obtained with a phenethylammonium iodide, hexylammonium iodide, cesium
iodide and rubidium iodide interlayer. Chen et al. described the improved performance of a FASnI; cell
with a PEABY interlayer and referred it to the formation of a 2D/3D perovskite structure at the interphase
between the PEDOT:PSS and perovskite absorber layer, caused by the diffusion of salt ions into the
perovskite layer.”® Most probably the same effect can be observed with the PEAI interlayer.
Hexylammonium iodide most probably also causes the formation of a 2D/3D structure of the perovskite
like discussed in section 3.2.2. Therefore, it can be supposed that also HAI shows that behavior. The
improvement of the cell by insertion of Rbl or Csl can be explained by the much smaller effective radii
of these ions compared to formamidinium. Gao and co-workers described the effect of Csl insertion into
FASnNI; lattice with a contraction of the corner sharing Snls octahedra that consequently, caused an

improvement of the geometric symmetry of the FASnI; structure.®

All in all, the integration of interlayers led to an overall improvement of the perovskite solar cells and

should be further investigated in the future.

49



3.9 Best FASNI; cell

The best cell obtained during this work was a FASnl; solar cell with the set-up
“Glass-ITO/PEDOT:PSS/Perovskite/PCBM/Aluminium”. The perovskite solution was spin coated with
5000 rpm and 2000 rpm*s? and the crystallization was induced with two times chlorobenzene AS

dripping at 10 s and 70 s.
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Figure 31 Characteristics of the best FASnls solar cell. (A) Hysteresis, (B) EQE and integrated current, (C) MPP tracking,
(D) Stability measurement.

The best FASnI; cell provided a PCE value of 3.55 %, a FF of 56.7 %, a Jsc of -18.3 mA*cm™ and a
Voc of 0.34 V. All measurements were carried out with a mask that had an area of 0.0702 cm?. Looking
at Figure 31 A it can be observed that the reference system also showed hysteresis but less compared to
the tested double cation Sn-perovskite solar cells. Figure 31 B shows the EQE spectrum of FASnl; and
the calculated current density. The integrated Jsc provided a value of approximately -18.2 mA*cm?,
which is similar to the measured current density of -18.3 mA*cm. This cell showed a relatively high

external quantum efficiency of 72 %.

Since the cell showed hysteresis behavior also MPP tracking was carried out. Figure 31 C shows MPP
tracking of the FASnI; cell over 16 min. The PCE stayed relatively constant over that time range and

decreased only slightly.
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To investigate the stability of the best FASnI; perovskite solar cell the PCE value of the cell was
measured a few times within 100 days (see figure 31 D). The recorded measurement points were
measured without a mask and therefore the radiated area was 0.09 cm?. It can be seen, that the cell
improved very much from the first day to the second day. Afterwards, the cell performance improved

further but not in that extent. This behavior was also observed for other perovskite solar cells.

The record PCE of 3.55 % for a FASnI3 cell measured with mask is higher than other cells investigated
during this work but nevertheless significantly lower than actual literature values for the same
perovskite. Liao et al. presented a FASnlz perovskite solar cell with the set-up
“Glass-ITO/PEDOT:PSS/FASNI3/Ceo/BCP/Ag”. This cell was capable to reach a record PCE of 6.22%

under illumination of 200 mW*cm2 and an area of 0.04 cm?.5®

Bathocuproin buffer layers in between the electron transport layer and the electrode often cause an
increased solar cell performance like shown by Chen and co-workers.1% Therefore, it was also tried to
improve the FASnNI; perovskite solar cell performance by insertion of a bathocuproine interlayer, using
thermal evaporation. It resulted a worse cell performance compared to the reference procedure and the

wished enhancement could not be achieved.

3.10 Reproducibility and observations

During this work, it was observed that the fabrication of solar cells, especially the fabrication of the
perovskite layer, depends on many different factors. Since Sn** can be easily oxidized to Sn**, the
oxygen and water content in the glovebox played a crucial role during the fabrication. Very often the
perovskite layers looked more reflective and the cell performances were better after regeneration.
Another important factor was the solvent atmosphere inside the glovebox or inside the spin coater. For
the fabrication of the perovskite layer was used a perovskite precursor solution made with a solvent
mixture of 4:1 DMF:DMSO and chlorobenzene was used as AS during spin coating. Often, the cells in
the beginning worked worse compared to the cells, which were produced in the end of a series. This can
be most probably explained by the solvent atmosphere, which generates during the working procedure.
At the beginning, the atmosphere in the spin coater was relatively neutral and became more and more
saturated with DMF and DMSO over time, which seemed to help to produce the perovskite layer.
However, the parallel developing CB atmosphere seemed to have a negative impact on the solar cell
performance. As a consequence, it was often a problem to work directly after somebody else, since the

atmosphere was still saturated with solvent vapors.

51



Furthermore, it was investigated the influence of molecular sieves that were used for drying of solvents.
In figure 32 the PCE values for FASnI; references that were fabricated and measured during this thesis
are shown. The left image shows that obtained PCE values for FASnl; cell that were fabricated by usage
of molecular sieves, while the right image shows all FASnI; cells that were fabricated without molecular
sieves. On the x-axis is plotted the number of cells, on the y-axis the range of the PCE values and on top

of each bar the percentage of solar cells with the respective PCE range.

Number of cells
Number of cells

<03 03-0505-0.707-0909-1.11.1-1.313-1515-1717-1.919-21 >21 <03 0.3-0505-070.708089-1.111-1313-1515-1.717-1919-21 >21

PCE [%)] PCE [%]

Figure 32 Comparison of the efficiencies of FASnIs cells that were fabricated with molecular sieves (left) or without
molecular sieves (right).

It can be seen, that the cells produced with molecular sieves have a larger distribution of PCE values. In
this case, 16% of the produced cells in the left image provided a PCE value between 0.7% and 0.9%.
The FASnhI; cells that were produced completely without molecular sieves, showed a narrower
distribution, where 31% of the produced cells showed a PCE value between 0.9% and 1.1%. For these
analyzes only measurements on the first day with mask (area of 0.0702 cm?) were taken into
consideration. Looking at these distributions it becomes apparent that the reproducibility of Sn-based

PSCs is a challenging problem that must be fixed in the future.

Another interesting effect was observed when the cells were measured multiple times or over longer
time (MPP tracking). In nearly all cases, the solar cells provided better efficiencies if they were measured
on the first day and again on the second day after fabrication. In particular this improvement was caused
by an increase in Voc and Jsc. However, it is difficult to conclude if this improvement was caused by

light soaking, the applied voltage during measurement or changes in the materials of the PSCs.
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4 Experimental Part

4.1  List of chemicals

In table 16 all used chemicals for the preparation and fabrication of the perovskite solar cells are
represented. This table comprises the used chemicals, the abbreviations and chemical formulas, the

suppliers as well as the purity of the compound and other important information.

Table 16 Necessary chemicals, abbreviations and chemical formulas, suppliers, purities and additional information for the
production of solar cells

Abbreviations

Chemical and Chemical Supplier Purity Addltlor}al
Formulas Information
Glass-indium tin oxide i Luminescence ] 15x15x1.1 mm
substrates Technology Corp. 15Q
Poly-(3,4-ethylene 1.3-1.7%
dioxythiophene)- _ solids
PEDOT:PSS Heraeus . pH1.2-2.2
poly(styrene sulfonate); content in
Clevios P VP.AI 4083 H.O
Tin iodide Snl; Sigma Aldrich 99.99% -
Tin fluoride SnF Sigma Aldrich 99% -
Formamidinium iodide FAI Dyesol - -
Piperazine-1,4-diium
. PIPI D | - -
iodide 2 yeso
n-Hexylammonium iodide HAI Dyesol - -
Pheneth_yla_mmonlum PEA Dyesol ) )
iodide
Cesium iodide Csl Sigma Aldrich 99.999% -
Rubidium iodide Rbl Sigma Aldrich 99.9% -
[6.6]-Phenyl Casbutyric o oy Solenne 99.5% i
acid methyl ester
Chlorobenzene anhydrous CB Sigma Aldrich 99.8% -
. . max.
N,N-Dimethylformamide DMF Merck 0.003% )
anhydrous SeccoSolv
water
- - > 5
Dimethyl sulfoxide DMSO Sigma Aldrich <0.02% )
anhydrous water
2-Propanol Carl Roth GmbH >99.8% -
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4.2 Principle set-up of the solar cell system

Aluminium contacts

PCBM

Sn-perovskite

PEDOT:PSS
~—— ITO-layer ——= = .

Glass oy <)

Figure 33 Principle solar cell set-up with the architecture “Glass-ITO-PEDOT:PSS-Perovskite-PCBM-Al . The right image
shows the recorded SEM image of the reference FASnls solar cell.

In figure 33 the general set-up of an inverted tin based perovskite solar cell is shown. The system shows
the structure “Glass-ITO/PEDOT:PSS/Perovskite/PCsoBM/A1”. In this case, an indium tin oxide (ITO)
layer was used as anode material, which collects all the holes produced in the material. The hole transport
layer (HTL) is represented by PEDOT:PSS. In this work different single cation and double cation
Sn-perovskites were used as light absorbing materials in the perovskite solar cell. The PC¢BM layer
has the function of an electron transport layer (ETL), which conducts all the electrons to the electron

collecting electrode, made of aluminium.

In the end of the work also a bathocuproin (BCP) layer was integrated into the device architecture.
Therefore, BCP was applied onto the PCBM layer via thermal evaporation, followed by the thermal

evaporation of aluminium.
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4.3  Device fabrication procedure

In the following section the whole fabrication procedure towards a fully functional solar cell device is
described. Figure 34 shows a general fabrication scheme with all important parameters, dripping times
and annealing temperatures. The solar cell fabrication was carried out at ambient atmosphere and in an
MBraun glovebox.

PEDOT:PSS A
|
—
Spin coating at
3000 rpm Annealing at 120 °C

Step 1

Perovskite

Step 2
S — —

- 0

Spin coating at 2x AS dripping at
5000 rpm and 10s and 70 s

Annealing at 70 °C

2000 rpm/s
Step 3 PCBM
—_— —

Spin coating at
6000 rpm and
2000 rpm/s

Figure 34 Scheme for the preparation of perovskite solar cells. Step 1 Spin coating of PEDOT:PSS at 3000 rpm in ambient
atmosphere and annealing at 120 °C inside the glove box Step 2 Spin coating of the perovskite layer at 5000 rpm and 2000
rpm/s acceleration; chlorobenzene antisolvent dripping at 10s and 70s during spin coating; annealing at 70 °C Step 3 Spin

coating of the PCeoBM layer at 6000 rpm and 2000 rpm/s

4.3.1 Cleaning of the ITO-glass substrates

The preparation of the substrates is an essential step in the device fabrication. The cleaning of the
substrates was carried out by careful removal of dirt and particles on the surface using distilled water
and acetone, followed by 30 minutes ultrasonication at 40 °C in an isopropanol bath. Afterwards, the
substrates were blown with nitrogen gas and placed in an oxygen plasma etching device for three
minutes to remove organic residues and provide a more polar surface for better adhesion of the following
PEDOT:PSS layer.
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4.3.2 Preparation of hole transport layer (HTL)

The PEDOT:PSS solution was put in an ultrasonic bath for 30 min at 40 °C and was filtered afterwards.
Directly after the etching process 50 pL of the ultrasonicated and filtered PEDOT:PSS solution were
applied on the Glass-1TO substrates via spin coating at 3000 rpm for 30 seconds at ambient atmosphere,
followed by an annealing step at 120 °C for 20 minutes in the glove box. All further device fabrication

steps were also carried out in an inert nitrogen atmosphere in the glove box.

4.3.3 Preparation of the absorber layer

First, the perovskite precursor solution was prepared in the glovebox. Therefore, tin iodide (Snl.), the
respective A-site cationic salts, as well as, 10 mol% tin fluoride (SnF,) were dissolved in a 4:1 mixture
of DMF:DMSO and were stirred overnight in the glove box. The solution should have a 1:1 molar ratio
of Snl; to the respective A-site cationic salt mixture. In the end it should be obtained a 1M solution of
Snl; and a 1M solution of the A-site cationic salts in the respective ratios. In this work the salts FAI,
Csl, Rbl. PIPI; and HAI were used. One day afterwards, 50 pL of the filtered perovskite solution were
spin-coated on the PEDOT:PSS surface with a rotational speed of 5000 rpm and an acceleration of 2000
rpm/s for two minutes. The crystallization of the thin film was induced by two times antisolvent dripping
with chlorobenzene at 10 s and again 70 s. The AS was added always fast from a distance of
approximately 4.5 cm. Directly after the spin coating procedure, the substrates were placed on the hot

heating plate and annealed at 70°C for 20 min.

4.3.4 Preparation of the electron transport layer (ETL)
A 20 mg/ml PC¢BM solution was prepared in chlorobenzene and stirred overnight. The solution was
filtered on the next day and 30 pL of the PCsBM solution were applied onto the perovskite surface by

spin coating at 6000 rpm and 2000 rpm/s for one minute.

4.3.5 Thermal deposition of the cathode

To produce the cathode, aluminium with a film thickness of 100 nm was deposited on the substrates by
thermal evaporation. Before, two contacts between the electrodes must be provided by scratching free
two positions along the ITO layer. The substrates were placed in a stator to produce six solar cells on
one substrate. For the evaporation, tungsten coils filled with aluminium wire were used. It was always

worked under a vacuum of at least 1*10-5 mbar.

56



4.4 Characterization methods

The solar cells were characterized by JV-measurements, profilometry, UV-VIS spectroscopy, light

microscopy, SEM, XRD and EQE measurements.

4.4.1 Current density-voltage (JV) measurements

For all solar cells, JV-curves were recorded under inert nitrogen atmosphere inside the glove box. The
measurement was carried out with a Keithley 2400 source meter coupled to a LabVIEW software. The
solar cells were measured under a constant irradiation of 100 mW*cm2, which corresponds to an
irradiation of one sun, by usage of a Dedolight DLH400D lamp. The used measurement parameters are
listed in table 17. Most of the cells described in this thesis were measured with a mask that had an area
of 0.0702 cm?. Cells that were measured without a mask showed an area of 0.09 cm? and are indicated

in the results and discussion part.

Table 17 Parameters for JV-measurements

Function Voltage/current
Start Lv 1000 mV
Stop Lv -100 mV
Compliance 100 mA
Nr. of points 100
Overwrite max 500
Delay 100 ms
Step widths -0.011

The calculated scan rate was 56.4 mV*s™. To see if the cells are properly working, light as well as dark
measurements were carried out all the time. Later, also measurements into backward and forward
direction were done to investigate the hysteresis behavior. In general, most of cells were measured on
the first day after fabrication and sometimes again on the second day after fabrication. However, most

of the results shown in the results and discussion part were recorded on the first day.

4.4.2 Profilometry

During the device fabrication it was necessary to investigate the layer thicknesses in the solar cell device.
Therefore, a Bruker DektakXT profilometer was used. Except of the ETL, all layers were measured over
a range of 1000 um for 10 s with a stylus radius of 6.5 pum and a stylus force of 3 mg. The ETL showed
a softer surface as the others and was therefore, measured with a stylus force of 2 mg to receive a result
that is closer at the true layer thickness. To measure the layer thickness, the surface was scratched with

a blade and then scanned with a stylus in a 90° angle to the scratches.
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4.4.3 UV-VIS spectroscopy
The optical characterization of the layers was carried out with a LAMBDA 35 PerkinElmer UV-VIS
spectrometer and a Scan LAMBDA 35 software.

The layers to be measured were always prepared on cleaned glass substrates. The perovskite layers
which should be investigated, were prepared on glass-PEDOT:PSS substrates to provide a perovskite
thin film crystallization similar to the perovskite film in the solar cell. The measured substrates were
corrected by the absorption value of glass or glass-PEDOT:PSS depending on the investigated layer.

4.4.4 Light microscopy and photographs

The surfaces of the layers were investigated with an Olympus BX60 light microscope, which was
coupled with an Olympus E520 camera to take pictures. The layers were investigated with different
magnifications in bright and dark field mode.

4.4.5 Scanning electron microscopy (SEM)

The SEM images of the samples were taken at the Austrian Institute of Technology by Dr. Theodoros
Dimopoulos. It was used a Supra 40 scanning electron microscope from Carl Zeiss, which utilizes a
field emission electron source with an acceleration voltage of 5 kV. Furthermore, the SEM device

possesses an in lens secondary electron detector.

There were taken top view images of the FASNI3, FAq.9sP1P0.02SN1s and the FAg.9sHA0.05SN 15 perovskite
absorber layers and cross section images of a fully functional FASNI; solar cell. The perovskites for the
top view investigation were produced on glass substrates spin coated with PEDOT:PSS, while the cross
section shows a complete solar cell prepared in ITO-glass substrates. The production of the cells was

carried out exactly the same as described in section 1.3.

4.4.6 External quantum efficiency measurement (EQE)

External Quantum Efficiency measurements were carried out by usage of a 75 W xenon lamp
(550 nm), a Multimode 4-monochromator by AMKO, a LogIn Amplifier by Stanford Research Systems
(Model: SR830 DSN) and a Keithley 2400 source meter. During measurement the monochromatic light
was chopped at a frequency of 30 Hz. The sample was scanned over a wavelength range from 380 nm
to 1100 nm. For the calibration of the device a spectral calibrated photodiode by the Newport
Corporation (8181-UV/DB) was used.
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5 Conclusion and Outlook

Over the last years, lead perovskite solar cells attracted high attention, due to their very fast increase in
power conversion efficiencies. However, the large-scale application of lead PSCs remains challenging
due to its high toxicity. Therefore, also alternative elements were explored. Especially, tin PSCs

provided promising results in the past.5™

The main focus of this work was on the investigation of a stable reference system and new double cation
tin-based perovskite materials. For that purpose, different single cation perovskites like FASnls, CsSnls
and RbSnlz were tested. Among all these materials the FASnl; PSC seemed to be the most promising
one and was further investigated and improved. Furthermore, two different double cation Sn-perovskites
with variating amounts of piperazine-1,4-diium iodide and n-hexylammonium iodide in a mixture with
formamidinium iodide were tested. All investigated perovskites were processed via a solution-based
spin coating procedure with an AS dripping step and were integrated into an inverted cell set-up that
consisted of “Glass-ITO/PEDOT:PSS/Perovskite/PCeoBM/Aluminium”.

First of all, the FASnIl; perovskite was investigated and improved by varying the perovskite film
formation. For that purpose, the AS dripping times, hot AS dripping, hot substrate spinning and
variations in the perovskite layer thicknesses were investigated. It was shown that AS dripping at 10 s
and again 70 s led to very smooth, reflective surfaces and consequently, to better overall cell
performances compared to other dripping times. Therefore, the AS dripping procedure was adopted for
further experiments. In contrast, hot AS dripping and HSS were not further investigated since, they
provided either grey, dull or pinhole rich perovskite layers that showed worse performances compared
to the standard procedure. Moreover, the layer thicknesses of the perovskite were varied by using
different spin coating speeds. The best results were obtained by spin coating speeds between 5000
(standard procedure) and 8000 rpm, however the differences were rather small. In literature, the positive
influence of SnF; on the cell performance and the perovskite morphology is of high interest and was
discussed very much over the last years.%6468 Therefore, different SnF, concentrations ranging between
5 mol% and 20 mol% were added to the perovskite precursor solution and it was investigated the change
in PCE for a FASnI; based PSC. Due to reproducibility issues, this experiment was carried out many
times, always leading to the result that an addition of 10 mol% is most probably the best amount for the
perovskite film fabrication. Since, pyrazine was found to complex SnF. and hence, improves the
reproducibility and PCE, also additions of pyrazine to the solution were tested, leading to no results.
The best FASnl; PSC reached a PCE of 3.55% and high quantum efficiency of 72%. However, the

average of the investigated FASnI; cells showed worse results that are distributed over a large range.

Moreover, other single cation perovskites like CsSnl; and RbSnl; with the same cell set-up were
fabricated. The fabrication of the pure RbSnl; perovskite resulted in crystallization of a photoinactive

yellow crystal structure, that cannot be changed by increase in temperature. This result was also
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consistent with literature data, that describes RbSnl; as a one-dimensional yellow crystal structure.®
The other investigated perovskite CsSnls, showed interesting results in literature® but cannot reach high
efficiencies with the used inverted cell set-up used during this work. Since, CsSnls itself showed a black
reflective thin film, it can be suggested that the fabricated perovskite is the photoactive orthorhombic
B-y-CsSnls phase. The measured X-ray patterns are is accordance with literature.’** Thus, it seems likely
that the formed perovskite was not the problem, but the chosen set-up was not fitting for that type of

perovskite.

Furthermore, two different double cation perovskite materials were tested. Both materials were based
on a FASnlz perovskite with small additions of piperazine-1,4-diium iodide (PIPly) or
n-hexylammonium iodide (HAI). The best PCE values for these systems were obtained with
PIPo.02FA0.9sSNlz and HA 0sFAo.95SN13, which were investigated very detailed. In general, the absorption
behavior for that materials, were relatively similar to FASnIs, resulting also in very similar bandgaps of
1.39 eV and 1.38 eV respectively (FASnI; showed an experimental bandgap of 1.37 eV). However, the
XRD data provided very different results for both new materials. The insertion of PIP into the crystal
lattice cannot be proven, since the data were not deviating from the XRD data of pure FASnI;. On the
other hand, the second perovskite showed less reflexes compared to FASnls, meaning that the crystals
must be oriented into preferred directions. Comparison with literature provided that the mixed HA Sn-
perovskite formed most probably a 2D/3D layered perovskite structure that can also be found for mixed
PEA Sn-perovskites.” Furthermore, these layers were integrated into an inverted cell set-up and
characterized with JV-measurements. The best results for both types were achieved after MPP tracking
over more than one hour resulting in a PCE of 1.49% for PIPg o2FA0.9sSnls (46% FF, -10.8 mA*cm™ Jsc,
0.30 V Voc) and a PCE of 2.31% (53% FF, -14.6 mA*cm2, 0.3 V Voc) for HAo0sFA0.esSNls. These
results are also into accordance with the recorded SEM images of these perovskite layers, which
provided a better film morphology of the HA sample. To sum up, it can be said that n-hexylammonium
iodide was successfully integrated into the perovskite crystal structure and was able to reach efficiencies
up to 2.31% in an inverted cell set-up, which is a promising result for this new material. The integration

of piperazine-1,4-diium in contrast, did not yield the expected result.

Another interesting experiment was the integration of salt interlayers like FAI, Snl,, Csl, Rbl, HAI,
PIPI, and PEAI between PEDOT:PSS and FASnIs. Nearly all interlayers provided very good results
compared to the FASNI; reference. The only exception was piperazine-1,4-diium iodide, which showed

aworse cell performance. These results are very promising and should be investigated in future research.

All these results provided important information for further investigations of Sn PSCs. Especially, the
atmosphere in the glovebox and the solvent atmosphere, which develops during the work, were found
to have an impact on the cell performance. The bad reproducibility due to the instability of Sn?* remains

a challenging problem for further research and must be fixed.
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6 Appendix
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Figure 35 Absorptionspectra of different HAI concentrations.
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