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ABSTRACT

Tin—based perovskites have drawn a lot of attention in the last years to the perovskite solar
cell community and have made big advances in the last 5 years from starting below 3 % in
2012 up to 6.2 % in late 2016 to now 9 % in late 2017. This work focuses on the investigation
of new Sn—based perovskite for use in solar cell applications. Different amounts and
combinations of A—side cations in ASnlz perovskites have been investigated to get information
on promising new materials. Solar devices were manufactured in an inverted setup, extended
with an anti—solvent dropping step, and were tested with various perovskite absorber layers
of the structure ASnls, (A = Cs, MA, FA, PEA0.2Csos, PEA02MAos, PEA02FA0s, MAo.75FA0.25,
MAo.75FAo.15 PEA0.1)

The influence of the different A-cations has been studied in terms of solar cell performance,
optical and crystallographic properties, and long term stability. In terms of optical and
crystallographic properties, the experimental data of the fabricated MASnIs;, FASnl; and
MAo.75sFA0.25Sn13 perovskites is in accordance with already published literature, proving the
possibility of obtaining those materials with the used method. However, the resulting solar
cell performance was far from reported values for the same materials. Moreover, in all cases

the influence of PEA* as performance enhancing cation was investigated and proved.

Furthermore, the most notable finding originating from these experiments was the fabrication
and characterization of the triple cation tin perovskite MAo.75FA0.15PEA0.1Snl3. This newly
formed perovskite material exceeded its double cation equivalent in terms of efficiency and
long-term stability by far, obtaining an efficiency value of 5.6% over almost two weeks. With

this data, the enhancing effect of PEA* can be seen clearly in all solar cell characteristics.

Finally, another result of this thesis was the influence of the quality of the used chemicals,
especially the essential Snl,. This study compared the solar cell performance of devices
utilising Snl,, purchased and self-synthesised, as well as chemicals purified via a resublimation

route, for perovskite absorber layers.



KURZFASSUNG

Perovskit—Solarzellen auf der Basis von Zinn haben in den letzten 5 Jahren groRes Interesse
geweckt, da sich ihre Effizienz rapide gesteigert hat, von 3 % in 2012 (iber 6.2 % Ende 2016 bis
zu aktuellen 9 % in 2017. Das Ziel dieser Arbeit ist die Erforschung neuer Sn—basierender
Perovskite zur Anwendung in der Photovoltaik. Verschiedenste Kombinationen, hinsichtlich
Art und Anteil, von A—Kationen in Perovskiten der Struktur ASnls wurden untersucht, um
Informationen Uber neue vielversprechende Materialien zu erhalten. Die Solarzellen wurden
in einem inversen Aufbau, kombiniert mit einem Anti—solvent Schritt, mit verschiedenen
absorbierenden Perovskitschichten der Form ASnl3(A = Cs, MA, FA, PEA0.2Cso.s, PEA02MAos,
PEA0.2FA0.3, MAo.75FA0.25, MAo.75FA0.15 PEAo.1) hergestellt und getestet.

Der Einfluss von A—Kationen wurde in Bezug auf Solarzellenleistung, Langzeitstabilitdt sowie
optische und kristallographische Eigenschaften hin untersucht. Hinsichtlich optischer und
kristallographischer Eigenschaften waren die experimentellen Daten der hergestellten
MASnl3, FASnls und MAo7sFA02sSnls Perovskiten in  Ubereinstimmung mit bereits
veroffentlichter Fachliteratur, was die Moglichkeit der Herstellung dieser Materialen mit
dieser Methode bewies. Jedoch lagen diese in Bezug auf ihre Solarzellenleistung weit unter
den veroffentlichten Werten. Des Weiteren wurde in allen Fallen, der positive Einfluss von

PEA* auf die Effizienz in Solarzellen untersucht und bewiesen.

Dariber hinaus wurde, als wohl wichtigste Erkenntnis dieser Experimente, der Perovskit
MAo.75FA0.15sPEA0.1Snls hergestellt und charakterisiert. Dieses neue Perovskitmaterial Gbertraf
alle anderen Perovskite, die in dieser Arbeit untersucht wurden, in Bezug auf
Solarzellenleistung und Langzeitstabilitat bei weitem und behielt seine Effizienz von 5.6% (iber
einen Zeitraum von beinahe zwei Wochen. Anhand dieser Daten konnte der
leistungssteigernde Effekt von PEA* in allen Solarzellencharakteristika erkannt werden. Ein
weiterer Teil der Arbeit war der Einfluss der Qualitat der verwendeten Ausgangschemikalie
Snl. In dieser Arbeit wurden Solarzellen hinsichtlich ihrer Effektivitat verglichen, welche
kommerzielles, selbst synthetisiertes und selbst, mittels einer Resublimationsroute

aufgereinigtes Snl, als Ausgangschemikalie fiir die Perovskitschichten verwendeten.
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ABBREVIATIONS

AZO
CIGS
DMF
DMSO
DSSC

EQE
ETL

PEDOT:PSS

PMMA
PSC
PV

Spiro-MeOTAD

TCO
TFSC

mep
Voc

aluminium doped zinc oxide
Cu(InGa)Sez

N,N — dimethyl formamide

dimethyl sulfoxide

dye sensitized solar cell

Band gap energy

external quantum efficiency
electron transport layer
formamidinium

fill factor

fluorine doped tin oxide

highest occupied molecular orbital
hole transport layer

current at maximum power point
short circuit current

indium doped tin oxide
current-voltage

short circuit current density

lowest unoccupied molecular orbital
methyl ammonium

maximum power point
poly-(3-hexylthiophen-2,5-diyl)
[6,6]-phenyl-Cs1-butyric acid methyl ester
power conversion efficiency
phenethyl ammonium
poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate

poly(methyl methacrylate)
Perovskite solar cells

Photovoltaic
N,N,N,N,N",N",N"",N""-Octakis(4-methoxyphenyl)-9,9'-
spirobi[fluorene]-2,2',7,7'-tetramine
transparent conductive oxide

thin film solar cells

voltage at maximum power point

open circuit voltage
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1 INTRODUCTION

1.1 WORLDWIDE ENERGY DEMAND AND RENEWABLE RESOURCES

World primary energy demand has grown by an annual average of around 1.8% since 2011,
with wide variations from countries and regions, especially fast growing in development
countries. Growth in primary energy demand has occurred largely in developing countries,
whereas in developed countries it has slowed or even declined. All renewable energy sources
combined made in 2016 up to 19.3 % of this demand. One important use of this produced
energy is as electricity. Renewable sources like hydropower, wind, bio power, solar

photovoltaic (PV) and others made up 24.5% of the Global electricity production in 2016. *

(Fig. 1)

Non — renewable Wind power 4.0 %
electricity
75.5% Bio — Power 2.0 %
Solar—PV 1.5 %
Renewable ﬁ/ ofar %
electricity 5= Ocean and geothermal power 0.4 %
24.5 %

Figure 1: Renewable energy share of Global electricity production. End 2016
The world now adds more renewable power capacity annually than it adds capacity from all
other fossil fuels combined. In 2016, renewables accounted for an estimated nearly 62% of
additions to global power generating capacity. By the end of 2016, renewables made up for

an estimated 30% of the world’s power generating capacity.?

1.2 SOLAR ENERGY AS RENEWABLE ENERGY

Solar energy can occur in various forms: as solar heat, solar photovoltaic, solar thermal
electricity and solar fuels. It can be a promising alternative to fossil fuels and can contribute a
lot to solving some of the most urgent problems of the world nowadays: climate change,
energy security, and universal access to stable and affordable power grids. Solar energy has

1



many advantages: It is climate-friendly, clean, inexhaustible and a very abundant energy
resource to humanity. Moreover, solar energy sources are relatively well spread over the
globe. Its availability is even greater in warm and sunny countries, which will experience the
most growth in population and economic development in the next decades. Solar energy has
become more and more affordable and competitive in terms of cost in the last decades. Solar
power, harnessed from solar thermal electricity and PV electricity, is already a major
competitor to oil-fuelled electricity generation, in countries with high solar radiation and on
small islands. One important advantage of solar PV is, that it can be easily installed in small
and large scale, close to the costumer, for example rooftops and building walls. In developing
country, where a stable electric grid is not always well established, as well as in countries with
well developed power grids, solar power can ensure a greater net stability and security.? Solar
PV was the world’s leading source of additional power generating capacity in 2016. The annual
market increased by 75 Gigawatt—direct current (GWdc), which relates to 50% increase in the
last year, to now a total of 303 GWdc.

The top country in adding annual renewable electricity source in 2016 was China, with 85% of

additions, leading the board, followed by USA, Japan and India.t



2 THEORETICAL BACKGROUND

2.1 BASIC INTRODUCTION INTO SOLAR CELLS

2.1.1 Working principle of solar cells

Solar cells or PV cells are, generally speaking, devices made from a semiconducting material
that has the possibility to convert light into electric energy. The conversion is realised by the
absorption of photon energy, emitted by a light source, like the sun or artificial light. The
absorbed photon energy excites crystal atoms, thereby generating negative charged electron
and positive charged “holes”.? The term “hole” came from the figurative assumption that an
electron leaves the valence band of a material and generates a “free spot”. The real case is
that there is no “hole”; just the missing electron is generating a positive charge in the
semiconductor valence band. In inorganic semiconductors the electrons and holes are mainly
free charges, whereas in organic semiconductors the charges form an electron—hole—pair, or
exciton.* This exciton can be separated in its free charge carriers, which can further be
transported in the material to the next neighbouring atom and so forth on to a current
collector, provided charge carrier mobility is present in the material. Charge carriers transport
is normally driven by Brownian motion, where the separated electrons and holes never move
far from each other. When electrons and holes come close to each other, they may recombine
to gain charge neutrality, emitting light or creating heat in the process. However, when charge
carriers experience an electric field, electrons tend to drift towards the anode and holes tend
to drift towards the cathode. Therefore, an electrical circuit can be closed and a device can be
powered, since recombination occurs in the external circuit. To achieve the required built—in
field, a “doped” semiconductor is needed. In doping processes, one part of the semiconductor
is mixed with a small amount of “impurities” to change the electrical properties. The region of
the crystal that is doped with an electron donating species is called a n—type semiconductor,
(e.g. phosphorus in silicon) whereas the crystal region doped with electron accepting
impurities (e.g. boron in silicon) is called a p—type semiconductor.? By putting together those

materials one creates a p—n—junction. (Fig. 2)
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Figure 2: Basic scheme of a p—n—junction solar cell and charge transport phenomena>

The p—n—junction can be described in a simplified model with the conduction band of a
semiconductor populated by free electrons and the valence band populated by free holes. The
doping of the semiconducting material shifts the Fermi—level, closer to the conduction band
in case of an n—type doping and closer to the valence band in case of p—type doping. When
the system is in thermodynamic equilibrium the Fermi-levels are aligned through the crystal,
inducing a bending in both bands and creating the built-in field.> When photons with higher
energy than the band gap energy values are absorbed by the semiconductor it creates an
electron hole pair, which is separated, due to the built-in field.> Electrons on the p—type side
will “roll down” the energetic hill and holes in the n—type side will “crawl up” the energetic

difference. (Fig. 3)>®
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Figure 3: p—n—junction with Fermi—levels changed by doping (a) and alignment when in contact (b)

Contrarily to this in organic semiconductor solar cells, the main charge carrier transport mode
is diffusion from a zone of high charge carrier concentration to a zone of low charge carrier

concentration, driven by an electrochemical potential gradient. (Fig. 4)”8

vAs

h qpvqb hv LUMO

@

Energy‘

—

Current collector

HTL | Absorber electrons

layer
Current collector ETL

holes
Nixe

S

HOMO

or)

Figure 4: Schematic visualisation of charge carrier transport in organic semiconductors, with electrons (e*) and holes (h*)
diffusion towards the respective current collectors



This gradient of energy is achieved with materials in very thin films (<1um) close to each other
with different energy levels of the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO).® This is analogue to the excitation of an electron from
the valence band to the conduction band in inorganic semiconductors. The difference in
energy of the two energetic states is called the band gap energy (Eg). The band gap of organic
semiconductors also has an influence on the optical absorption spectrum. Lower band gap
materials often have a broader spectrum of absorbance. The excitons are separated in their
respective free charges by a potential gradient to contacted conducting materials. Since the
system tries to minimise its energy, electrons tend to diffuse to materials with a lower
energetic LUMO level and holes tend to diffuse in materials with a higher energetic HOMO
level. If the work function of the neighbouring material are chosen in a way, that a low work
function material is used to transport electrons (electron transport layer = ETL) and a high
work function material is used to transport holes (hole transport layer = HTL), the energy

gradient can lead to diffusion currents.#810.11

2.1.2 Characterisation of solar cells

Standard solar cell characterisation is done at 25°C under a light source with an illumination
power of 100 mW/cm?, and a spectrum, that matches the spectrum of the sun at an incident
angle of 48.2°, called the AM 1.5 spectrum.*!? One source of the most significant information
is the current — voltage measurement (IV-measurement) (Fig. 5), which can be obtained by

applying a voltage to the solar cell device and measuring the response current.
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Figure 5: Schematic illustration of a typical IV-measurement

Various interesting characteristics can be derived from the IV — measurement, like open circuit
voltage (Voc), short circuit current (Isc), fill factor (FF), maximum power point (mmp), voltage
and current at maximum power point (Vmmp and Immp respectively), as well as power

conversion efficiency (PCE).

On the point of Vo, no current runs through the external circuit, hence | = 0, this is the
maximum voltage the solar cell can deliver.!® In inorganic semiconductors the Vo is
determined by the built—in field, originating from bending of conduction band and valence
band!®!4, whereas in organic semiconductors the difference in HOMO energy levels of
electron donors and the LUMO energy levels of acceptors correlates to open circuit voltage.r
Furthermore, the Vo is also affected by the morphology of the active absorber layer® and the

interface between active material and HTL or ETL.*#17

To make solar cells more comparable to each other, the Isc is often replaced by the short circuit
current density (Jsc), which takes also the surface of the solar cell into account. Js is given in
mA/cm? and it describes the current density that flows through the external circuit when the
electrodes of the device are short-circuited, hence V = 0. The short circuit current strongly
depends on the number of photons that get absorbed and the number of charge carriers that
can be excited and extracted. Therefore the maximum Jscis in close correlation with the optical

properties of the material such as absorption and reflection.®* However not only the possibility
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to generate charge carriers by absorption also the charge carrier mobility has influences on

the short circuit current.!®

Another point of interest is the maximum power point (MMP), which describes the maximum
power that could be harvested from the solar cell. The maximum power point can be obtained
by multiplication of voltage and current and determining the maximum of the resulting curve.
Voltage and current at the MMP are referred to as Vmmp and Immp respectively. The product of

those, defines a rectangle with the largest possible area for any point on the | =V — curve.’

With the information of the MMP, one can calculate the fill factor (FF). The FF describes the
ratio between the area of the rectangle defined by Vimpand Immpand the rectangle defined by
Vocand ls, mathematically expressed by formula 1.7/13

FF = Vmmp *Immp (1)

Voc*Isc

The fill factor describes, to put it simply, the ratio of theoretical possible power that could be
extracted from the solar cell, to the actual extracted power. It is affected by the charge carrier
transport, internal resistance and charge carrier recombination?, thereby FF is always <1, since
theoretical maximum is not reached, due to mentioned reasons. The maximum FF is
dependent on a lot on the properties of a material, e.g. silicon cells in laboratory and
commercial use having maximum FF values of 0.85 and 0.83 respectively, whereas GaAs solar

cell are approaching a FF of 0.89.%3

The most important solar cell characteristic however is the power conversion efficiency n.
(PCE). This value describes the conversion of the input power (Pin) from the light source,

normally 100 mW/cm?, to output power measured in the external circuit. (Formula 2)’

Explaining the value for FF from formula 1 and expressing the current as current density gives

Poye Vimmp *Jmmp _ Voc*Jsc*FF

n=-

(2)

in Pin Pin

This value is to be considered the most informative, since it describes overall performance of
a solar power device.'® PCE is dependent on all previous mentioned characteristics and the

commercial value of solar cells is partially dependent on the PCE.



2.2 TYPES OF SOLAR CELLS

2.2.1 Silicon solar cells

Solar cells based on silicon were the first to be fabricated in an commercially way with
efficiencies of starting 6%.1>19The advantages of using silicon as photoactive absorber material
are manifold: it is very abundant, well understood, has a high stability and is non—toxic.
Further silicon industry is well adopted and methods are already known to fabricate high
purity products. The band gap of siliconis at 1.12 eV, correlating to a absorption onset at 1160
nm.2%2! This band gap and absorption values are very close to the values for achieving
optimum energy conversion, with the use of a single element semiconductor. The theoretical
conversion efficiency limit was calculated to be 33.5% at 25 °C for a semi—infinite thick silicon
solar cell.?2 The drawback of this is that silicon is an indirect semiconductor, which means
valence band maximum and conduction band minimum are not aligned on the same position
of the wave vector. Consequently, charge carrier excitation is a three particle process and
much more unlikely to happen in contrast to a direct semiconductor, and in addition,
recombination energy is mainly converted to heat. 23?4 So the realistic achievable silicon solar
cell efficiency has been calculated to be 29.4%.292526 Despite all this, silicon solar cells have
achieved nearly their maximum efficiency, due to high ingenuity in terms of process
optimisation. With simple wafer texturing, combined with rear surface mirrors and anti—
reflection coatings, p—n—junctions made of silicon wafers (~100 — 150 um) can reach nearly
optimal solar cell efficiency.?° The most prevalent material for silicon solar cells is crystalline
silicon (c — Si) in different modifications depending on the crystallinity, like monocrystalline
silicon, polycrystalline silicon and epitaxial silicon. These are produced in forms of silicon
ingots, ribbons or wafers.?! Typical device architecture is a p—n—junction with antireflection

coating. (Fig. 6)
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Figure 6: scheme of a modern crystalline silicon cell

Depending on architecture and type of silicon used, different efficiencies are obtained. Overall

silicon solar cells have relatively high Jscand FF values. (Tab. 1)%7

Table 1: solar cell characteristics of different types of silicon solar cells. Publisher abbreviations: FnG—ISE: Fraunhofer Institut
fiir Solare Energiesysteme, AIST: Japanese National Institute of Advanced Industrial Science and Technology?’

Silicon-type PCE [%] Voc [mMV]  Jsc [MA/cm?] FF [%] Publisher
crystalline 26.7+0.5 738 42.65 84.9 Kaneka?®
multicrystalline 21.9+0.4 672 40.76 79.7 FhG-ISE?®
amorphous cell 10.2+0.3 896 16.36 69.8 AIST30
microcrystalline 11.9+0.3 550 28.72 75.0 AIST3!

2.2.2 Thin film solar cells

Another type of solar cell uses thin film semiconductors, thus called “thin film solar cells”
(TFSC), with a direct band gap to harvest solar energy. Typical materials are pure
semiconductor elements like Germanium (Ge), semiconducting alloys like Cu(InGa)Se; (CIGS)
and cadmium telluride (CdTe), as well as 1lI-V semiconductors.3? One common material are
CIGS, which is a combination of copper indium selenite and copper gallium selenite.
Depending on the ratio of Ga to In the band gap of CIGS cells is between 1.03 eV and 1.68 eV.33
The device setup for CIGS cells is a planar heterojunction were the CIGS material is deposited
on molybdenum (Mo) back contact. The p—n—junction is achieved by depositing a thin layer
(~50nm) of cadmium sulphide (CdS) on top of the CIGS layer. The device is further composed
of a transparent conductive oxide (TCO) (in this case, aluminium doped zinc oxide (AZO)) and
a front contact electrode. (Fig. 7) CIGS layers can be deposited via coevaporation of the
components or via a two—step deposition, where Cu, In, and Ga are sputter on a substrate and
afterwards thermally annealed in Se—vapour. The advantages of CIGS solar cells are their high

efficiency and that they can be used in flexible solar devices. On the other hand, CIGS cells are
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relatively expansive, due to their use of expensive elements, like gallium and indium, as well
as their high production cost. Further it is rather difficult to produce devices with a large

area.B3

Solar cells based on CdTe are one of the most promising solar devices for commercial use,
since they offer the lowest cost per watt. CdTe has a band gap of 1.44 eV, which is considered
a value close to the optimum for a single junction solar cell. Solar cells are usually composed
of a TCO (in this case indium doped tin oxide (ITO)) on a glass substrate. On top of his layer, a
thin CdS layer is deposited, followed by the CdTe alloy. Finally, the device is completed with a
metal back contact.'® (Fig. 7) There are many methods to fabricate CdTe solar cells, like
physical vapour deposition, sputter deposition, electro deposition, metal organic chemical
vapour deposition, spray deposition, screen print deposition or vapour transport
deposition.3*The disadvantages of CdTe solar cells are the toxicity of Cd, although CdTe has
been proven less toxic than elemental Cd, and the abundance of Te, due to its low amount in

the earth’s crust.13

a) b)
AZO Metal contact

Mo ITO
Glass Glass
CIGS CdTe

Figure 7: schematic setup of solar cell devices for a) CIGS cells and b) CdTe cells
1=V semiconductors are composed of an element with three valence electrons like Gallium
(Ga) or Indium (In) and an element with five valence electrons like Arsenic (As) or Phosphorus
(P). Various combinations have been examined like gallium arsenide (GaAs), gallium
phosphate (GaP), indium phosphate (InP) or indium arsenide (InAs). Also more complex
materials like GalnAs and GalnP are known.3 Although remarkable solar cell efficiency can be
achieved with IlI-V semiconductors based on Ga, As and In, these devices have a few
downsides. Since gallium is with 14 ppm in the Earth’s crust a rather rare element3?,thus global
coverage of Ga—based solar cells is not possible. Arsenic is highly toxic and it is strongly
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suggested that GaAs probably is carcinogenic for humans.3® Furthermore, these elements are
all very expensive, due to their low abundance. This limits the use of this highly efficient

materials to space use only.'* A summary of the solar cell characteristics is given in Tab. 2.

Table 2: solar cell performance of state of the arts thin film solar cells. [state 2017]%"

Material PCE [%] Voc [MV]  Jsc [MA/cm?] FF [%] Publisher
GaAs 28.8+0.9 1122 29.7 86.5 Alta Devices?’
CIGS 21.7+£0.5 718 40.7 74.3 Solar Frontier38
CdTe 21.0+0.4 875 30.3 79.4 First Solar3®

2.2.3 Multi—junction cells

Multi-junction cells are composed of several layers of different optical absorber materials, to
achieve a synergetic effect in absorption. Since absorption is limited to a certain wavelength
for a certain material, the combination of absorbers with different absorption spectra,
therefore different band gap energies, can render a high efficiency solar cell.?° This can result
in rather complex device architectures, since interlayers have to be introduced to control
charge carrier transport, as well as interface problems between the layers. One typical multi—

junction device composed of direct semiconductors is a Ge/GaAs/GalnP triple—junction.'3

(Fig. 8)

photon energy (eV)
4 3 2 15 109

E,=1.42eV

bottom contact

Figure 8: triple—junction solar cell, composed of Ge bottom cell, GaAs as middle cell and GalnP as top cell, with correlating
absorbance in the solar spectrum
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In this setup, the band gap values are chosen in a matter, that a broad variety of the solar
spectrum is absorbed.*® This means, considering light enters from the top, that due to low
penetration depth of high energetic light, like UV radiation, the highest band gap material
functions as top cell so that the most energy is absorbed by it, in this case GalnP. In contrary
to this, low energetic light, meaning infrared light, has the highest penetration depth,
therefore low band gap materials are placed on the bottom of the device so that higher
wavelength radiation is absorbed by all layers.'> With this technology at hand, multiple
different devices have been manufactured and investigated, up until a five level multi-
junction. The most common are based on GaAs, GalnP and GalnAs. These IlI-V semiconductor

multi junction devices, achieve excellent efficiencies.?” (Tab. 3)

Table 3: Ill - V semiconductor multi — junction device performances?’
Device PCE[%] Voc[V] Jsc [MA/cm?] FF [%] Publisher
5 junction cell (bonded) 38.8+1.2 4.77 9.56 85.2  Spectrolab*
InGaP/GaAs/InGaAs 379+1.2 3.10 14.27 86.7  Sharp*
GalnP/GaAs(monolithic) 31.6+1.5 2.54 14.18 87.7  Alta Devices*?
GalnP/GalnAs/Ge; 345+2.0 2.66 13.10 85.6 UNSW/Azur/Trina**

2.2.4 Organic solar cells

Inorganic semiconductors face several obstacles in PV use, since most of the materials are
either complex in manufacturing (Si—wafers) or not very abundant and toxic (GaAs). Therefore,
an alternative to this materials are organic PV, which offer multiple advantages in comparison
to their inorganic counterparts. Organic and polymeric PVs are light weighted, easily
processable, offer low material consumption by thin film technology, they can take flexible
shapes and have low costs in large-scale industrial production. Furthermore, they are very
versatile in their material synthesis and device architecture and offer a broad variety of
methods to tune band gap energies. In addition, integrability into other products, such as

textiles, papers and foils, can be achieved.*

As mentioned in chapter 2.1.1, in organic semiconductors charge carrier separation occurs by
diffusion of the separated electrons and holes to their respective conducting layers by an
energy level gradient of the LUMO and HOMO levels respectively.* Thus, charge carrier
separation is only possible on the interface of a material, which can easily dispatch an electron

(donor), and a material that has a high electron affinity (acceptor). Since the exciton only
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moves via “hopping” processes from one molecule to the other, compared to direct band
transport in inorganic semiconductors, the average exciton diffusion length is far shorter than
in inorganic PV materials. Due to the fact that the diffusion length in organic semiconductors
is ~10nm, these materials are limited to very thin layers.*®**” Two main different device
structure types have arisen, bilayer and bulk heterojunction. (Fig. 9) In a bilayererd structure
donor and acceptor material are in planar contact to each other in very thin films. This ensures
that nearly all of the separated charges are transported to the current collector, since layer
thickness equals the diffusion length. However, charge carrier separation is limited to a small
interface. In bulk heterojunction a heterogenic mix of donor and acceptor is formed, this
results in a much bigger interface, where charge carrier separation can occur. On the
downside, charge carriers might not reach the current collector, since recombination on the
interface is much more likely. Furthermore, inclusions of donor material in the acceptor or
vice versa, can result in a loss of current, since charges cannot diffuse to their respective

electrode.134°

Electrode Electrode
(ITO)
Electron

donor

Bilayer Bulk - heterojunction

Figure 9: schematic device setup of an organic solar cell in bilayer and bulk heterojunction system.
Given by the nature of the organic components useable in such a device, a broad variety of
different donor and acceptor molecules can be used. Only to mention a few, the most
common used molecules for a long time were poly-(3-hexylthiophen-2,5-diyl) (P3HT) as an

electron donor and [6,6]-phenyl-Ce1-butyric acid methyl ester (PCBM) as acceptor.(Fig. 10)348
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Figure 10: chemical structure of P3HT and PCBM
As manifold as the possible organic molecules are, as manifold are the different device
performances. Overall one can say that most organic system were in the range of an efficiency
below ~10% since development, just recently organic photovoltaics cracked the 10%

mark.?’(Tab. 4)

Table 4: best efficiency of organic solar cell [state:2017]%7

PCE [%] Voc [mMV]  Jsc [MA/cm?] FF [%] Publisher
Organic cell 11.2+0.3 780 19.30 74.2 Toshiba®

2.2.5 Dye sensitized solar cell

The DSSC was originally invented by O’Regan and Gratzel®® in 1991, therefore they are also
called Gratzel cell, and has seen a lot of interest since then. The principle in this setup is that
a sensitizer dye (S), usually a ruthenium complex, which is put into an excited state (S*) upon
photon radiation, can transfer electrons into a mesoporous titanium dioxide (TiO2) layer. This
is possible, because the energy level of S* is higher than the conduction band of TiO.. Electrons
then diffuse through the TiO; to a transparent conductive oxide, mostly ITO, fluorine doped
tin oxide (FTO) or AZO. The dye, which is now positively charged, regenerates is charge
neutrality via a redox reaction with iodine (I')-ions in a liquid electrolyte. I is further oxidises
with |2 to 13" and diffuses towards the counter electrode (usually platinum (Pt)), where is

regenerated to I with energy from the external circuit.*3>%>2 (Fig.11)
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= Counter Electrode

Figure 11: schematic function principle of a dye sensitised solar cell. Original work by M. R. JonesS3
DSSC offer average efficiencies and are a competitive PV type to silicon solar cells in terms of
efficiency-prize—ratio.?’” The major advantage of DSSC is that due to the monolayer of dye
material electron diffusion only takes place in TiO2. Due to this favourable differential kinetics
DSSCs work even under low light conditions, which means cloudy sky and indirect illumination,
whereas other systems tend to lose a major part of their efficiency.®® On the other hand, the
use of a liquid electrolyte comes with other problems. The electrolyte can freeze under low
temperatures or expand upon heating and therefore damage the device or stop power
generation.> One solution to this problem is the use of solid-state electrolytes, which are

researched by multiple working groups to find appropriate materials.

Table 5: best performance of a DSSC [state: 2017]%

PCE [%] Voc [mMV]  Jsc [MA/cm?] FF [%] Publisher
Dye sensitized solar cell 11.9+0.4 744 22.47 71.2 Sharp®®
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2.2.6 Perovskite solar cells

Perovskite solar cells (PSC) are one of the youngest field of solar cell research, but also the
fastest growing. Only within a few years from starting less than 4% PCE in 2009 to now
confirmed above 22% in 2014.>” PSCs use a perovskite material, which has an ABXs structure,
as optical absorber. The name is originating from the structure of the mineral perovskite,
which actually is calcium titan oxide (CaTiOs), however mainly halogenates are used for solar
cell applications. B represents a divalent cation, in most common cases lead (Pb?*), tin (Sn?*),
germanium (Ge?*) or antimony (Sb?*), which is cantered at an octahedron of X atoms. X
represents a monovalent halide anion, such as chloride (CI), bromide (Br’) or iodide (I'). A
represents a monovalent cation, which can on the case of inorganic—organic hybrid
perovskites, also be an organic component with a positive charged side group. The A cation

occupies the inter lattice space between the formed octahedrons. (Fig. 12)

Figure 12: schematic perovskite structure, with A= monovalent cation, B= divalent cation and X= monovalent halide anion>8

The perovskite material acts as an optical direct band gap semiconductor. Excited electrons
are harvested via diffusion processes, based on the same principle as in organic solar cell
devices, by an energetic gradient, induced by a HTL and an ETL. The usual setup of a perovskite
solar cell can roughly be described by two different systems: a n—i—p junction, and a p—i—n
junction. In n—i—p systems, device architecture is similar to those of a DSSC, where the
perovskite is infiltrating a mesoporous network of TiO,. On top of the absorbing layer a p —
type material, like P3HT or NNN.N.N"N"N'" N'"-Octakis(4-methoxyphenyl)-9,9'-
spirobi[fluorene]-2,2',7,7'-tetramine (Spiro-MeOTAD), is used as HTL. Also planar n—i—p
junctions exist, in which the mesoporous TiO; is replaced by another n—type material, like zinc
oxide (ZnO) or just planar TiO,. On the contrary, p—i—n junctions are built in an inverted setup,
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where the absorbing layer is deposited on a p—type material, like nickel oxide (NiO) or
poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS). In this case, the ETL is
composed of n—type materials, often PCBM, or Ceo Buckminster fullerenes. All device setups

use a TCO and gold (Au),silver (Ag) or aluminium (Al) as electrode materials.>>%° (Fig. 13)

Mesoporous n-i—p planar p-i—nplanar

Figure 13: schematic device setup of a perovskite solar cell. HTM= hole transport material ETM= electron transport material
PSCs have many advantages, like high absorption coefficients, easily tuneable band gaps, high
charge carrier mobility, a balanced electron and hole transport, and long carrier diffusion
lengths.®162 Another important feature of PSCs is that they are easily processable with various
techniques, like solution—based spin coating and evaporation methods. Downsides are their
low stability to air and moisture as well as the toxicity of lead-based devices.>%3

Since this work focuses on perovskite solar cells, a more detailed description of the different

types of perovskite solar cells is given in the following chapters.

2.3 GENERAL OVERVIEW OF PEROVSKITE SOLAR CELLS

2.3.1 Lead based perovskite solar cells

The most extensively investigated and highest efficient perovskite cells are based on Pb as B—
side cation. The most common used halide for lead perovskites is iodine, although bromide
and chloride are also used in small amounts to tune the optical band gap. The A side cation
can either be inorganic, namely caesium (Cs*) or rubidium (Rb*), or organic, where mainly

methyl ammonium (CHsNHs*,MA*) and formamidinium (CH(NH,).*,FA*) are used.>>®3
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The energetic properties of perovskite absorber layers can easily be tuned by changing the
content and sort of the halide side X in MAPbXs perovskites (X=Cl, Br, 1).84 By changing the
halogen from |, to Br to Cl the bang gap decreases respectively.>® Theoretical reports have
given rise to ideas to fabricate mixed halide perovskites, indicating suggestion that an I, Cl
mixed perovskite is hard to form with an high content of Cl, whereas combinations of |,Br and
Br, Cl are relatively easy to produce.®>®® The work of Seok et. al.®? first demonstrated a tuning
of the band gap from 1.6 — 2.2 eV, by changing the bromide content in mixed haled perovskite
MAPDbI3.«Brx. This offers a lot of potential for the use of different mixed halide perovskites in
multi cell systems (tandem cells).

Furthermore lead based PSC have high efficiency values up to 22% and, since they can be
produced by a broad variety of different methods and in different setups, are a very attractive
material for large—scale solar cell production. Therefore, it is no surprise that PSC have drawn
so much attention and the research was making fast progress in the last 5 years. However,
some obstacles are yet to overcome before the commercialised used of PSCs.>® The major
problem lies in the stability of the perovskite material, especially over a long term. Although
not all intrinsic and extrinsic factors contributing to perovskite stability are fully investigated,
two critical factors for perovskite lifetimes are known to be problematic, namely moisture
sensitivity and thermal stability. 67 Several experiments focused on the increase of moisture
resistance, both by improvement in sealing the device from air moisture®® and changing
perovskite properties to achieve higher moisture resistance, by the formation of an

(PEA)2(MA)2[Pbslio] (PEA = phenethyl ammonium, C¢Hs(CH2)2NHs*) perovskite.

2.3.2 Lead - free perovskite solar cells

PSC based on lead, suffer from a major environmental problem, due to the toxicity,
carcinogenicity and bioavailability of lead and lead halides, as well as the water solubility of
lead, which might contaminate the soil and water supplies.?37%71 Therefore, a need for a non—
toxic, environment—friendly perovskite absorber has arisen.”? Since the perovskite structure
allows for many combinations of used elements and molecules, a broad variety of different
materials has been investigated by a, lot of working groups.®? The substitution of lead with a
nontoxic element can be achieved via two different methods. First, homovalent substitution
with isovalent cations from group-14 elements (Sn, Ge), alkaline earth metals (calcium (Ca),
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strontium (Sr), barium (Ba)), transmission metals (manganese (Mn), iron (Fe), nickel (Ni),
copper (Cu), palladium (Pd)) and lanthanides (europium (Eu), ytterbium (Yb)). Secondly,
heterovalent substitution by aliovalent metal cations, like main group elements (thallium (TI),
bismuth (Bi), antimony (Sb), tellurium (Te)) and lanthanides and actinides. Due to the need of
charge neutrality in the ABXs3 structure, direct substitution is not possible. However,
substitution can be accomplished by the use of mixed—valence cations, where an equal

proportion of mono— and trivalent cations can give an overall divalent state.®73

Since the possible materials are so manifold and investigation in detail has already been
reported several times®®747> only a short overview of selected perovskite types will be
presented in this work. This chapter focuses on the performance and properties of PSC devices
based on Ge, Sb, and Bi. In addition, the work on Sn—based PSC will be described in more detail

in the following chapter, due to the focus in Sh—perovskites in this work.

2.3.2.1 Germanium perovskite solar cells

One natural candidate for substituting lead is germanium, due to its semiconducting
behaviour and its favourable oxidation state. Compared to Pb%*, Ge?* has a lower
electronegativity, a smaller ionic radius and a more covalent character.”®’’Although a
promising candidate for substitution, Ge—based perovskites suffer even more from the
problem of stability as Sn or Pb due to the instability of the Ge?*-ion.”® This might one reason
why research groups have only rarely investigated germanium perovskites. However, different
perovskite materials of the type AGels (A= Cs, MA, FA) have been characterised, to get a basic
understanding of their properties. In terms of band gap tuning, experimental data shows that
the band gap increases from a small cation, like Cs* (Eg = 1.6 eV) to bigger cations like MA* (Eg
=1.9 eV) and FA* (Eg = 2.2 eV).”° Ge-perovskites with Cs* and MA* have been used in the DSSC
type of PSCs yielding PCE values of 0.11% and 0.20%, respectively.(Tab.5)%

Table 6: Ge — perovskite solar cell performance®®

Material PCE [%] Voc [mV] Jsc [MA/cm?] FF [%]
CsGels 0.11 74 5.7 27
MAGel3 0.2 150 4 30

The relatively low performance of Ge—based perovskites is mainly, due to the instability and

the high defect concentration coming with it.8! Nonetheless, germanium perovskites are a
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promising material for solar cell applications and there is much room for improvement, since

the full potential of this perovskite type is by far not exploited.®3

2.3.2.2  Antimony perovskite solar cells

Antimony is a potential candidate for heterovalent substitution due to the fact that Sb3* is
isoelectronic to Sn?* and has a comparable electronegativity.®? Contrary to other perovskites,
Sb—based materials have, due to the difference in oxidation state, the structure AsSbXs (X =
Cl, Br, 1) with A being an organic (NHs*, MA*, FA*) or an inorganic (Cs*, Rb*) cation. As with
other perovskites, band gap energy depends on the character of X and A, whereas values for
Sb — based perovskites are relatively high reaching from 1.89 eV, for Cs3Shls to 2.48 eV for
Rb3Sb2Brg. 83 similar to germanium based materials, not much experimental data is available
for Sb—perovskites in solar cell applications. Two of the most promising experiments were
carried out by Hebig et al. wusing a planar inverted device setup
(ITO/PEDOT:PSS/MA3Sbale/PCsoBM/ZNnO-NP/AI)® and Harikesh et al. utilising a DSSC
architecture  (FTO/c-TiO2/mp-TiO2/RbsSbale/poly-TPD/Au)  (poly-TPD=  poly[N,Ng-bis(4-
butylphenyl)-N,No-bisphenylbenzidine]).(Tab. 6)%*

Table 7: most promising solar cell performance for Sb — based PSCs%3

Material PCE [%] Voc [mV] Jsc [MA/cm?] FF [%]
MA3Sb;lg 0.5 890 1.1 55
Rb3Sbalg 0.66 550 2.12 57

Overall antimony perovskites suffer from a relatively low Js,, which is partially originated in
high band gap values. However, Sb—perovskites need a lot more research on their PV
applications, since similar to Ge — perovskites the full potential of this material is yet to be

discovered.

2.3.2.3 Bismuth perovskite solar cells

Like antimony, Bi—based perovskites are one possibility of heterovalent substitution of lead,
since Bi**-ions are isoelectric to Pb?*-ions. The most intensively studied species of Bi-
perovskites is MAsBizlg, which is an environment friendly and rather air and moisture stable
semiconductor. 8 MA3Bi2ls has a rather high band gap of 2.10 eV®® and a high exciton binding
energy®’, which limits exciton generation and charge carrier separation, thus overall limiting

photovoltaic performance by low Ji values.®® Solar cells in planar inverted
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(ITO/PEDOT:PSS/MA3BI2ls/PCBM/Ca/Al) and planar heterojunction cells (FTO/TiO2/mp-TiO2/
MA3Bi2ls/ Spiro-OMeTAD/Mo03/Ag ) architecture have been fabricated by Otz et al. and
Zhang et al., respectively.8>8 Further Park et al published a Bi—based perovskite with Cs* in a
mesoporous setup (FTO/c-TiO2/mp-TiO2/ Cs3Bizlg/Spiro-OMeDAT/Ag) with record efficiency
of 1.09 %%

Table 8: performance of MA3Bizlg and Cs3Bizls PSCs in different device setups®3

Setup PCE [%] Voc [MmV] Jsc [MA/cm?] FF [%]
MAszBi,ls planar inverted 0.1 660 0.22 49
MA3Bi2ls mesoporous 0.42 670 1.0 62.5
Cs3Bizlg mesoporous 1.09 850 2.15 60.0

2.4 TIN—BASED PEROVSKITE SOLAR CELLS

2.4.1 State of the Arts research on Sn—perovskites

Perovskites based on Sn as substitution for Pb, came as soon as the problems of Pb — based
devices raised. The most common Sn—perovskites are of the form ASnlz (A = Cs, MA, FA), which
have been investigated in close detail. CsSnls, MASnlz and FASnls are direct band gap
semiconductors with an Eg of 1.3 eV, 1.26 eV and 1.42 eV, respectively.’®°! Thus resulting in a
broad absorption over nearly the whole spectrum of the sun, making them ideal materials for

PSCs.

These perovskite solar cells are usually fabricated via solution based processes like spin
coating or doctor blading, and various different devices based on mesoporous or planar TiO;
heterojunctions or planar inverted setups exist.?®°2 Devices utilising compact and/or
mesoporous TiO; as ETL, normally use Spiro-MeOTAD as HTL, although some devices with poly
(triaryl amine) (PTAA) as HTL exsist.”*%3 As for inverted structures, the most common HTL
materials are PEDOT:PSS and NiO in combination with PC¢oBM or a Ceo/bathocuproine (BCP)
as ETL. As Electrode materials a TCO, like ITO or FTO, is used on the transparent electrode side
and Ag or Al are used as back contact. Normally all these layers are deposited via solution

based methods or evaporation techniques. °

Sn—perovskites are rather sensitive to defects in crystal structure or interface defects. The

main problem is the oxidation reaction from Sn?* to Sn**, which can add an extra two electrons
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to the crystal, hence n—dope the material, favouring recombination. Furthermore, Sn?* can
easily be lost, by oxidation during spin coating or thermal evaporation, because of its vapour
pressure, and therefore change the electrical properties of the material. It is suggested that
small amounts of oxidised Sn** are present in the perovskite structure, even under glovebox
condition with water and oxygen concentrations below 1 ppm. Tin has, in terms of ionic
stability, rather peculiar properties. E.g.: it is hard to get thermodynamically stable
compounds of Pb*" or Ge?*, but since Sn is in the middle of these elements in the 14™ group
of the periodic table, both Sn?* and Sn** can form equally probable stable compounds.®? As a
consequence, Sn—perovskites suffer from pinholes and defects more likely than Pb—based
materials. Chung et al. came up with the idea to stabilise Sn—perovskites with tin (Il) fluoride
(SnF,),°* which was later adopted by Kumar et al., who dedicated a paper to the effects of SnF,
in CsSnlz perovskites on mesoporous TiO,. Their work proved that SnF; is not directly
incorporated in the perovskite crystal structure, hence not disturbing crystallographic
properties. Further they stated that 20 mol% SnF, was the best amount of to use.’?% Another
method to improve control of crystallization was the use of an anti—solvent quenching
method, where during spin coating, a solvent, in which the perovskite was not soluble, was
dropped onto the substrate to force the material to crystallise. Kim et al. first used this method
utilising toluene as anti-solvent.®®

A factor that has also shown to be crucial for solar cell performance is the purity of utilised tin
(I1) iodide (Snl). Reported experiments state that commercial available Snl, contains Snla
impurities’4, and also the degree of purity seems critical. A purity of 99% rendered no
functional devices, whereas 99.999% purity of Snl> caused wettability problems in precursors,
which resulted in fluctuations of efficiency.®>?” A purity of 99.99% seemed to be optimal, with
respect to solar cell performance. This should rise awareness for the source of used Snl, in Sn—
perovskite solar cells.®?

From the start on, the main device setup researchers used for Sn—based PSC was the DSSC
architecture, with planar and mesoporous TiO». Various different combinations of techniques
were investigated. To conclude, the best solar cell performances of devices based on DSSC

architecture are listed in Tab. 8.
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Table 9: PV performance of best Sn—perovskite solar cells build with DSSC device setup®?

Perovskite PCE [%] Voc [mV] Jsc [MA/cm?] FF [%]
MASnhI3%8 6.4 880 16.8 42
CsSnls® 2.0 240 22.7 37
FASnI3%® 5.3 380 23.1 60

However, as Sn—perovskite research proceeded, more and more attention was drawn by an
inverted device setup. High efficiencies were obtained using PEDOT:PSS or NiO as HTL and
PCsoBM or Ceo as ETL.?? Liao et al. made a significant step forward by obtaining a 6.2% PCE,
with a FASnl3 PSC. The implemented a mixed solvent precursor, where they used a 4:1 (v/v)
mixture of N,N —dimethyl formamide (DMF)/dimethyl sulfoxide (DMSQ), instead of pure DMF.
Further, they decreased the used amount of SnF, to 10 mol% and used diethyl ether as anti —
solvent.'® The topmost efficiency was reached with a mixed cation approach by Zhao et al.
using an inverted setup and a MA1xFASNIs perovskite.l® The best ratio of the cation
combination of MAo.75FA0.25Snl3 rendered an astonishing efficiency of 8.12%. Top solar cell

performance of Sn—perovskite solar cells using inverted setups are listed in Tab. 9.

Table 10: PV performance of best Sn—perovskite solar cells build with inverted device setup®?

Perovskite PCE [%] Voc [mV] Jsc [MA/cm?] FF [%]
MASnNI15102 3.2 600 17.8 30
CsSnl3103 3.0 520 9.5 61
FASnI|5100 6.2 470 22.1 60
|\/|A0_75FA0_25$I’1|3101 8.12 610 21.2 62.7

2.4.2 Introduction of PEA*and its role in 2D perovskite formation

Another important step towards increasing efficiency and stability of Sn—based perovskites
was the introduction of PEA*-cation in the perovskite structure. In analogy to Pb—cells, where

a 2D structure is more stable than a 3D structure,%*

a 2D Sn—perovskite was implemented
with the use of PEA* as a more bulky organic component. Liao et al. stated the formation of a
2D perovskite on a NiO substrate. The structure was composed of a crystalline perovskite
phase with phases of structured bilayers of organic PEA* residues, perpendicular to the
surface. (Fig. 14) They substituted the cation of an FASnI; with PEA* to obtain an PEAFA1.4Snl3
perovskite, with the result that 20 mol% substitution was the best rendering a PCE of 5.94%,

which was stable for more than 100 h.1% Shao et al. demonstrated even better solar cell
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performance using an inverted device setup, utilising only small amounts of PEA* in their
devices. They stated that the best amount was 8 mol% for a FASnI3 based perovskite, reaching

top efficiencies of 9%1%
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Figure 14: Schematic illustration of 2D structured PEAo :FAo.8Snl3 perovskite on NiO substrate'®>and chemical structure of
PEAI

2.4.3 Aim of this thesis

Sn—based perovskites have drawn a lot of attention in the last years to PSC community and
have made big advances in the last 5 years from starting below 3 % in 2012°2 up to 6.2 % in
late 2016%% to now 9 % in mid 2017.1°% Tin perovskites are a field of research, which is fast
growing and very promising to bring forth commercially available, non-toxic, environment—
friendly and efficient solar devices. This work focuses on the investigation of new Sn—based
perovskite for use in solar cell applications. Different amounts and combinations of cations in
ASnls perovskites should be investigated to get information on promising new materials. Since
inverted device setups have stepped more in the centre of PSC research, a classic setup
(ITO/PEDOT:PSS/perovskite/PCsoBM/AI) is used to manufacture Sn—based PSC. In addition,
the promising change in properties by introducing PEA* into perovskite structure has to be
closer examined and tested in multiple different solar devices. The primary goal is to get a
deeper understanding how perovskites properties and solar cell performance change, by
changing their cation composition, even using multiple cations, and using PEA* in different
systems. A very promising aspect, which will be focused on in this work, is the combination of
high efficiency mixed cation MAg.75FA0.25Snl3 with high stable PEAg2FAosSnls. This should
investigate the possibility of obtaining a high efficient and long term stable Sn — based

perovskite device with multiple cations.
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3 EXPERIMENTAL

3.1 CHEMICALS

FAI, MAI, and PEAI were purchased from Dyesol. Snl, was obtained from Alfa Aesa in 99.999%
purity and from Sigma Aldrich in 99.999% purity. Snl; was used as purchased, purified as
described in chapter 3.2 as well as synthesized after the route described in chapter 3.3. Sn
powder (99.8% purity) and iodine (99.5% purity) for the synthesis of Snl, were purchased from
Sigma Aldrich and abcr, respectively. PEDOT: PSS Clevios P VP.Al 4083 was obtained from
Heraeus. PCsoBM was purchased from Solenne in 99% purity. DMF, DMSO and chlorobenzene
were purchased from Sigma Aldrich in p.a. purity grade. Besides, of Snl, all chemical were used

as received.

3.2 PURIFICATION OF PURCHASED SNI2

Purchased Snl, was purified using a sublimation technique. Approximately 500 mg of
purchased Snl;was put in a boat shaped crucible and inserted in a tube furnace. The glass tube
was floated with a nitrogen stream and the following temperature program was used: heating
up to 480 °C with a heating rate of 20 °C/min, holding temperature for 1h, cooling to room
temperature in 2h. Afterwards, the tube was sealed airtight and put in a nitrogen-filled
glovebox. The purified Sni, was obtained as dark red powder or shards, which had to be
scratched out carefully of the crucible. Yellow Snls contaminations resublime at the end of the
glass tube. The yield of pure Snl; was 80% and 65% from chemicals purchased from Sigma

Aldrich and Alfa Aesa, respectively.

3.3 SYNTHESIS OF SNl

The synthesis of Snl, was adapted and modified from the synthesis route published by

Stoumpos et al.*°

In a 250 ml 3—neck round bottom flask equipped with condenser and gas faucet, 3.6 g of tin
powder were dissolved in 40 ml of 2 M aqueous degassed hydrochloric acid (HCl). The
apparatus was kept under N; gas flow the whole time. 5 g of iodine shards were added via a

powder funnel in two portions. Nitrogen flow was reduced at this point to prevent developing
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I, fumes to crystalize in the condenser. The solution turns dark brown after adding of I,. The
flask was put on a silicon oil bath at 170 °C and stirred for half an hour. As the reaction
proceeded, the solution changed its colour to red and finally yellow. Afterwards, the gas
stream was slightly increased and tin powder was added in portions of approximately 0.1 g
every 10 min. This was to reduce any trace of |, and completely reduce present Snls to Snls.
The reaction was considered complete when the solution has turned bright yellow and tin
powder started to precipitate and accumulate to granules. Then the mixture was transferred
via decantation into a 100 ml 2—neck flask, equipped with a gas faucet and flushed with N;
gas. The mixture is immediately immersed in a preheated 170 °C silicon oil bath. After 1 min
heating is turned off and the reaction was cooled down from 170 °C to room temperature
overnight still immersed in the cooling oil bath. Snl, crystallizes as long red needles. The
surplus solution was decanted and the product was washed carefully several times with
degassed 0.01 M aqueous HCI. Subsequently, the product was dried over vacuum at 70 °C for
5h. Finally, the product was obtained as red needles in a 52 % yield and transferred in the

evacuated flask into a nitrogen-filled glovebox for use in precursor solutions.

3.4 PRECURSOR SOLUTIONS

All solution preparation steps were done under nitrogen atmosphere in an MBraun glovebox.
Single cation precursors were prepared by dissolving Snl, in DMF/DMSO (ratio 4:1 v/v), to
obtain a 1M solution. The solution was stirred for half an hour at room temperature.
Afterwards, the solution was transferred into a vial with 10 mol% of SnF, powder and again
stirred for half an hour under room temperature. Subsequently, the precursor was poured
onto Csl, FAI, or MAI powder to obtain a 1:1 molar solution. Finally, the precursor solution was

stirred overnight. All precursors were filtered through a 0.45 um PTFE filter right before use.

For precursor with multiple cations, solutions were prepared as mentioned above, with the
cation powders mixed in a manner to obtain a 1 M cation concentration with 20 mol%

additives.
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3.5 DEVICE FABRICATION

For solar cell fabrication, 1.5 x 1.5 cm ITO-coated glass substrates (Resistance: 15 Q,
purchased from Luminescence technology Corp.) were carefully rinsed with acetone and put
in a bath of isopropanol. The bath was put under ultrasonic treatment for 30 min at 40 °C.
Subsequently the substrates were dried under N gas stream and treated with oxygen plasma

for 3 min.

PEDOT:PSS was spin-coated at 3000 rpm for 30s on these substrates and were then putinto a

nitrogen filled glovebox immediately after, for heat treatment at 120 °C for 20 min.

Perovskite precursor solution was spin coated under glovebox atmosphere with 5000 rpm,
and an acceleration of 2000 rpm/s, for 60s. After 20s of spin coating, 50 ul toluene was
dropped onto the substrate from a distance of approximately 5 cm, which changed colour
from yellow to grey/black. Afterwards the perovskite was annealed at 70 °C for 10 min.
PCs0BM (10 mg/ml) was spin coated onto the perovskite layer with 2000 rpm, an acceleration
of 1000 rpm/s for 60s. Al — electrode were thermally evaporated in a MB—EVAP in—glovebox
thermal evaporator, utilising a SQM — 160 rate/thickness monitor from Inficon, at a rate of 2-
6 A/s and a pressure of 1¥105> mbar with substrate rotation to a layer thickness of 100 nm.
The electrodes were deposited over a mask to obtain six solar cell spots per substrate with an

area of 0.09 cm? each.

Al-Electrode

Figure 15: Schematic architecture of one solar cell
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For UV/VIS measurements, glass substrates were cleaned the same way as ITO substrates and
spin coated with a perovskite precursor solution and annealed, using the same parameters as
for the preparation of solar cells. The substrates were taken out of the glovebox after

annealing and were measured immediately.

For XRD measurement, glass substrates were cleaned as described above and a precursor
solution was spin coated on top, with a speed of 2000 rpm, acceleration of 500 rpm/s for 60s.
80 ul of toluene was dropped onto the spinning substrate 20s after start. The perovskite layers
were annealed as mentioned before. Afterwards a protective layer of poly(methyl
methacrylate) (PMMA) (obtained from Sigma Aldrich) 20 mg/ml in chlorobenzene was added
via spin coating, at 1000 rpm with an acceleration of 500 rpm/s for 30s. Sample substrates

were then sealed under nitrogen atmosphere and send to XRD.

3.6 MEASUREMENTS AND CHARACTERISATION

IV-measurements were recorded using a dedolight 400 D lamp at a light intensity of 100
mW/cm? and a Keithley 2400 source meter. The measurement was done in a voltage range
from -1V to + 1V, with a delay of 100 ms before each data point, a maximum compliance of

100 mA and a scan rate of 200 mV/s. Also light intensity was measured during measurement.

UV/VIS spectra were measured with a Perkin Elmer Lambda 35 UV/VIS spectrometer,
equipped with an integrating Ulbricht sphere, from a range of 400 nm to 1000 nm. Slit width
was set to 1 nm and one data point was obtained every 1 nm, with a scan rate of 480 nm/min.
A labsphere certified reflection standard was used for absorption and transmission

measurements.

Layer thickness measurement were performed with a Brucker DektakXT profilometer with
12.5 um radius stylus. The data acquisition was performed with a scanning speed of 100 um/s

for 10s and a stylus force of 3 mg.

X-ray diffraction measurements were conducted on a PANalytical Empyrean diffractometer in
Bragg-Brentano configuration operated at 40 kV and 40 mA using Cu Ka radiation (A = 1.5418
R). Measurements were carried out by the Birgit Kunert from the institute of solid-state

physics.
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The external quantum efficiency (EQE) spectra were measured using monochromatic light
from a MuLTImode4 monochromator (AMKO) equipped with a Xenon lamp chopped at 30 Hz.
The signals (wavelength increment: 10 nm) were measured by a lock-in amplifier from
Stanford Research Systems (Model SR830). A spectrally calibrated 818-UV/DB photodiode

(Newport Corporation) was used as a reference.
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4 RESULTS AND DISCUSSION

4.1 SINGLE CATION SN—PEROVSKITES

In terms of single cation tin perovskites, three already reported materials (CsSnls, MASnls and
FASnl3) were investigated with regard to their optical and crystallographic properties, as well
as their solar cell efficiency to compare the described device setup to already known methods

and to get reference values for further experiments.

4.1.1 Optical characterisation

Optical properties of single cation perovskites (CsSnls, MASnls and FASnl3) were derived from

UV/Vis spectra.
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Figure 16: UV/Vis absorption spectra of single cation Sn — perovskites
The absorption of the prepared perovskites (Fig. 16) shows high absorption over a wide
wavelength range, which also matches well with the dark grey/black colour of the perovskite
layers. FASnl3 has a good visible onset at 880 nm and the highest absorption coefficient
compared to the other ones at lower wavelengths. MASnl3 has an early onset at 1000 nm and
a slight shoulder behaviour from 720 nm to 940 nm. The absorption curves for FA— and MA-

based tin perovskites match well with literature®®100197. The absorption spectrum of CsSnlz

31



was not in good accordance with literature due to a shift of the onset to higher wavelengths

as reported!©8,

In addition, band gap energies (Eg) of the materials were calculated using Tauc—Plot. The

absorption coefficient (a) was calculated according to formula 3.

a = 2.3026 *Z‘l (3)
a = absorption coefficient [cm™]

A = absorbance []

t = layer thickness [cm]

The layer thickness values were obtained from five experimental values and the mean value

was taken into account for calculations. (Tab. 11)

Table 11: Layer thickness values of single cation tin perovskites, mean values and standard deviation

Sample Thickness [nm]
CsSnls3 517 + 140
MASnI3 243 £ 4
FASnhI3 248 + 16

Since the materials have a direct allowed electron transition Eg was graphically identified by
plotting (ahv)? against the photon energy (hv) and extrapolating the linear part of the
generated curves to intersect the x—axis. (Fig. 17) The intersection point is equivalent to the

band gap of the material.
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Figure 17: Tauc—plot of single cation Sn—perovskites

Band gap values of all investigated single cation tin perovskites match very well with

literature.?>8199 (Tab. 12) It is shown that MASnls is a low band gap material, whereas the

band gap widens when exchanging the cation to FASnls.

Table 12: Band gap values for tin perovskites, experimental data and literature values®593109

Perovskite Band gap (literature) [eV] Band gap (experimental) [eV]
CsSnls 1.30 1.33
MASnhI3 ~1.25-1.3 1.26
FASnI3 ~1.4 1.43

4.1.2 XRD analysis

XRD-measurement of the single crystal perovskites MASnl3 and FASnls (Fig. 18 and 19) was
done to investigate their crystallographic structure. Since absorption did not match exactly in
the case of CsSnls and time was limited, XRD data of CsSnls was not obtained.

XRD—diffractograms of the formed perovskites were in good accordance with literature.®%10>

The (h k 1) indices of lattice planes were associated with the peaks, where information was

available.
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Figure 18. XRD diffractogram of MASnl3
In case of MASnIs the two distinctive main peaks at 14° and 28° 20 are characteristic for the
material and refer to the (1 0 0) and (2 0 0) lattice plains respectively. Further, the

diffractogram indicate a 3D crystal structure as expected.
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Figure 19: XRD diffractogram of FASnl3

For FASnI; the diffraction pattern also indicates a 3D structure and has two main peaks at 14°

and 28° 26, same as MASnIs. These refer to the (1 0 0) and (2 0 0) lattice plains respectively
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and are characteristic for Sn-perovskites. Also a peak at 24° 20, referring to the (1 1 0) is

dominant.

4.1.3 Solar cell performance

To investigate the material for use in solar cell applications, relevant solar cell characteristics
were measured and compared to each other and literature values. Solar cell performance was
derived from IV-measurement for CsSnls, MASnls3, FASnls, with the device structure

ITO/PEDOT:PSS/perovskite/PCsoBM/AI.
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Figure 20: IV—curves of single cation Sn—perovskites

Although measurements were done from a voltage -1 V to +1 V, only region of -0.1 V to +0.4
V is illustrated to get a more detailed view on the relevant solar cell parameters (Fig. 20,

Tab. 13).
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Table 13: Mean solar cell parameters of single cation tin perovskites. Mean values were obtained from five best cells. Best
cell values were chosen in with regards to highest efficiency.

Sample PCE [%] Voc [mV] Jsc [MA/cm?] FF [%]
CsSnl3 0.004 + 0.003 15.1+8.7 16+0.3 12.6+5.9
Best 0.012 30.3 2.1 18.9
MASNI3 0.006 + 0.001 30.3+0.01 1.1+0.1 17.2+2.2
Best 0.007 30.3 1.2 19.9
FASNnI3 0.76 £0.17 256.6 £ 15.1 9.0+1.0 325+ 23
Best 1.03 272.8 10.3 36.6

It was not possible in this setup to produce functioning CsSnlsz solar cells with even average
efficiency. MASnI3 has a more distinct diode characteristic, but still has low performance
values. Further FASnls has the highest efficiency and also the best solar cell performance,
regarding experimental data, but is also below literature values for all characteristics. Since
to the best of my knowledge this were the first experiments of producing CsSnls solar cells in
this specific setup, one can assume that this device architecture is not suitable for a pure
inorganic tin perovskite solar cell. Literature showed that a different HTL is more suitable for
CsSnl3.%? Further optimization of relevant parameter or testing a variety of different HTL or
ETL combinations could possibly lead to better functioning solar cells. However, this was not
deeper investigated in this thesis. Moreover, the characteristic values for MASnl; did not
match the best reported values by far, although the fabrication method was very similar to
literature.1%? (Tab.13) The reasons for this could be manifold. One possible explanation for this
might be the use of impure Snl,, which, as mentioned before, has a drastic influence on solar
cell efficiency. Furthermore, layer thickness of almost all involved layers (HTL, perovskite, ETL)
varies from literature!®? and has also a big impact on solar cell values like Vocand Jsc. The same
can be said for FASnl3, since device fabrication, although not exactly the same, is similar to
literature®. Low values for Jsc could also be indicating the bad quality of Snl> used. In addition,
it is not clear, to what account other problems like pinholes, layer morphology, miss aligned

energy levels or short circuits, are responsible for the low efficiencies.
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Table 14: Best Sn—based perovskite solar cell performance published in literature

Perovskite PCE [%] Voc [mV] Jsc [MA/cm?] FF [%]
MASnhI3%8 6.4 880 16.8 42
CsSnls® 2.0 240 22.7 37
FASnI3%® 5.3 380 23.1 60

4.2 DOUBLE CATION SN—PEROVSKITES

It was also subject of this thesis to reproduce the work of Liao et al.1% and further test the

influence of PEAI as additional cation to various tin halide perovskites. These results however

were so manifold that they will be discussed separately in chapter 4.3.

Based on the work of Zhao et al.1%! a double cation perovskite, based on a mix of MA* and FA*

cations, was prepared and characterised with regard to its optical and crystallographic

properties, as well as on its solar cell performance. Since the reported best molar ratio of MA*

to FA* ions was 0.75/0.25, the focus in this work was laid solely on this cation composition.

4.2.1 Optical characterisation
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Figure 21: UV/Vis absorption of MAo.75FA0.25Snl3 perovskite

Absorption of the prepared tin perovskite matches not exactly the reported spectrum in

literature,°! although some similarity can be seen. (Fig. 21) The absorption plateau start at a

wavelength of 600 nm and the slight shoulder in the range of 850 nm to 700 nm match with
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the references, but the onset at 1000 nm differs, since the reported onset is not shown below
1100 nm.

Tauc—plot of the perovskite (Fig. 22) was calculated with the same method as described in

chapter 4.1.1. The layer thickness taken into account was 248 £ 5 nm.
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Figure 22: Tauc—plot of MAo 75FA0.25Snl3 perovskite
The graphically determined band gap value of 1.29 eV matches very well with the published
band gap energy of 1.28 eV from literature.’®! Low band gap values derived from high amount

of MA* and low amount of high band gap FA*, thus resulting in a slight increase in band gap,

compared to pure MASnls. (Fig. 17)
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4.2.2 XRD analysis

To get a better understanding of the material, XRD-measurements were done to obtain

crystallographic data. (Fig. 23)
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Figure 23: XRD-diffractograms of MAg,7sFA 2sSnl3 perovskite

The given XRD data matches well with the data published in literature.%* The three main
diffraction peaks at 14°, 24° and 28° 26, refer to the (1 0 0), (1 1 0) and (2 0 0) lattice planes
respectively and are characteristic for Sn-perovskites. They can also be observed in the XRD
diffractograms of MASnl; and FASnls. Compared to the diffractogram of FASnIs (Fig. 19) the
peaks at 32° and 41° 20 are also present, but with lower intensity, due to a lower amount of
FA* in the crystal structure. This indicates that MA* and FA* are equally distributed in the
crystal lattice, forming only a MAo.75FA0.25Snl3 perovskite, instead of phases composed of

MASNI3 and FASnls.

4.2.3 Solar cell performance

To investigate the double cation perovskite in regards of its use in solar cell applications, 1V-

measurement was done and obtained data was compared to literature values.
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Figure 24: IV — curves of MAo 75sFAo.25Snl3 perovskite, measurements in the dark and under illumination

Solar cells made from the mentioned double cation perovskite show a working diode
behaviour (Fig. 24), but with low values regarding all characteristics. (Tab. 15) The resulting
data is far below the values expected from literature.®! Reasons for this can be the same as
in the single cation tin perovskites, mentioned in chapter 4.1.2., impurities of Snl,, slight

differences in architecture and variety in layer thickness.

Table 15: Solar cell characteristics of MAo,.75FAo0.255nl3 perovskite. Mean values were obtained from five best cells. Best cell
values were chosen in with regards to highest efficiency

PCE [%] Voc [MmV] Jsc [MA/cm?] FF [%]
Mean 0.43 +£0.07 171.7 £14.3 6.3+0.7 39.2+1.8
Best 0.51 191.9 7.1 37.1
Literature 8.12 610 21.2 62.7

4.3 |INTRODUCTION OF PEA* CATION

As mentioned above, the influence of PEA* cation incorporated in an organic/inorganic tin
halide perovskite was deeper investigated. All mentioned single cation perovskites (CsSnls,
MASnI3 and FASnI3) were produced with a 20 mol% substitution of PEA*. The amount was

chosen based on the work of Liao et al.1%, due to the fact that 20 mol% substitution rendered
40



the highest efficiency values. The focus point was on the change in optical properties,

crystallographic structure and solar cell characteristics.

4.3.1 Changes in optical properties

With the introduction of PEA* as additional cation in the perovskite structure, one can see

some significant changes in the optical properties.
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Figure 25: Absorption spectra of a) CsSnls b) MASnls and c) FASnls and their corresponding absorption with 20 mol% PEA*
substitution

In the case of CsSnls (Fig. 25; a), which is a pure inorganic perovskite, the addition of the
organic PEA* cation shifts the absorption onset to lower wavelengths. In addition, absorption
in the area of low energetic wavelengths decreases, whereas absorption increases in the range
below 820 nm. Concerning MASnIs (Fig. 25; b) absorption decreases, due to a shift to higher
band gaps. In addition, curve behaviour changes from a shoulder formed increase to a straight
rise in absorption. On the matter of FASnls, (Fig. 25; c) a slight shift of the onset line to higher

wavelength is observed, as well as onset shape changes from a straight increase in absorption
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to a shoulder formation between 850 nm and 700 nm. This is in good accordance with the
provided spectra from literature®®. Overall, the absorption has a slight increase over the

whole spectrum.

Moreover, the change of the optical band gap energy was calculated from absorptions utilising

the same calculation pathway as described in chapter 4.1.1. with layer thickness values taken

from Tab. 16.
Table 16: perovskite layer thickness of Ao.sPEAo.2Snls (A= Cs, MA, FA)
Sample thickness [nm]
Cso.sPEA0.2Snl3 267 + 46
MAo.sPEA(.2Snl3 292 +13
FAo0.sPEA.2Snl3 236+ 15
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Figure 26: Band gap values of a) CsSnl3 b) MASnl3 and c) FASnls and their corresponding mixed cation equivalent with
20 mol% PEA* substitution
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The band gap values for Cs—and MA-based tin perovskites (Fig. 26; a, b) increase, with the
substitution of PEA*, by 0.1 eV. This matches well with the absorption data (Fig. 25; a, b) since
a lower onset value in absorption contributes to a higher optical band gap value. In case of
FASnls (Fig. 26, c) the band gap lowers by 0.03 eV, which is also in accordance with the

detected absorption.

4.3.2 XRD analysis

To observer the change in crystallographic properties and to confirm the formation of a 2D
structured perovskite, XRD analysis of FAosPEAo2Snls and MAgsPEAo.Snls was done and

compared to the data of the single cation perovskites.
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Figure 27: XRD diffractograms of FA¢sPEAq;Snls perovskite compared to FASnis
The data gathered from XRD (Fig. 27) matches well with the information on crystal structure
from literature.1%1% Crystalline phases of FASnls are separated by organic interlayers
composed of PEA* aromatic groups, arranged to each other. The indices were taken from
literature were information was available. The vanishing of the peaks at 24°, 32°, 41° and 50°
20 indicates, that with the introduction of PEA* a system of mixed 3D and 2D perovskite
structure is formed.1% Also the four distinct peaks at 14°, 28°, 43° and 58° 26, referring to the

(100),(200),(300) and (4 00) lattice plains respectively, indicate a layered structure.
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Figure 28: XRD diffractograms of MAo.sPEAo.2Snls perovskite compared to MASnl3

The main peaks in this data (Fig. 28) show slight changes, in the form of vanishing peaks. Peaks
at angles of 24° and 52° 20 vanish on addition of PEA®. This indicate, similar to FASnIs, the
formation of a 2D structure in the perovskite material. The layered structure is further
confirmed by the four distinct peaks at 14°, 28°, 44° and 59° 26, referring to the (1 00), (20 0),

(300)and (4 00) lattice plains respectively.

4.3.3 Solar cell performance

To confirm the correlation between the changes in optical and crystallographic properties, V-

measurements were done, and the change in solar cell performance was discussed.
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Figure 29: IV—curves of Ao.sPEA,.2Snls (A= Cs, MA, FA) mixed cation perovskites

The IV—data of different perovskites mixed with PEA* (Fig. 29) shows an increase in all solar
cell characteristics, for all investigated materials. (Tab. 17). Overall the values for Vocrises the
most. Values for Js suffers a slight decrease, indicating that the amount of PEA* changes the
guantity of charge carriers in the systems. This concludes that substituting a small amount of
an A-side ion with an optical inactive species might reduce the number of extractable charges.
The change from MASnI; to MAosPEAo.2Snls increases mainly the Vo value, which could be
expected since the band gap energy increases as well. However, PCE values are still far from
competitive with similar device architectures.'% In the case of CsosPEA02Snls, contrary to
CsSnls, it was possible to fabricate solar cells with a diode curve behaviour and, similar to the
MA — based perovskite, to enhance the open circuit voltage. Concerning FAosPEA2Snls, the
PCE increases drastically from 0.76 % to 2.06 % due to an enormous rise in Voc and FF.
Nonetheless the reported 6.22 % PCE achieved with this material'® was, with only a third of
literature efficiency values, not reached. Reasons for the lack of efficiency might be similar to
that in single cation case. The low value for Jsc could originate from impurities in the chemicals,
since it is a common problem in tin halide perovskites to loose Jsc to contaminations already
present in starting chemicals or forming during device fabrication. Another problem could be
the comparability from this experiment to the reference taken from literature due to the

different HTL, namely PEDOT:PSS instead of NiOx.
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Table 17: solar cell characteristics of ApsPEAo.2Snl3 (A= Cs, MA, FA) mixed cation perovskites and best cell values. Mean
values were obtained from five best cells. Best cell values were chosen in with regards to highest efficiency

Sample PCE [%] Voc [mV] Jsc [MA/cm?] FF [%]
Cso.8PEA0.2Snl3 0.12 +0.06 275.3 £ 18.7 0.95+0.4 439+54
Best 0.25 293.0 1.8 47.9
MAo.sPEA0.2Snl3 0.05 +0.02 184.3+77.7 1.06 £ 0.5 27.5+5.8
Best 0.10 2525 2.1 19.9
FAo.sPEAo.2Snls 2.06 £0.32 488.2 +9.5 7.1+0.8 60.7 £ 3.8
Best 2.69 495.0 8.4 65.2

4.4 TRIPLE CATION SN — PEROVSKITE

As another task to investigate the influence of different cations and cation composition in tin
halide perovskites, a combination of perovskites that have shown good long term stability, like
the PEA* enhanced FASnIs'%, and high efficiency, like MAo.75FA0255n151%%, was tested with
regard to photovoltaic efficiency and also optical and crystallographic properties. This triple
cation material consisting of a tin halide perovskite with MA*, FA* and PEA* as cations was
,compared to the previously mentioned double cation MAo75FA0.25Snls perovskite, more
promising in all preceding noted categories. (Chapter. 4.2.) Since the best working
composition of double cation perovskite was MAg 75FA0.25Snl3 and literature shows a rise in
efficiency with higher MA* content it was decided to leave the content of MA* at 75 mol% and
add PEA* in 10 mol% and 20 mol% amount, decreasing the amount of FA* accordingly, to
maintain stoichiometry. Since with higher amounts of FA* solar cell characteristics (Chapter.
4.4.3) are much higher, optical and crystallographic characterisation was only done for

MAo.75FA0.1sPEA0.1Snl3 and compared to the non-PEA* equivalent.
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4.4.1 Optical characterisation
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Figure 30: UV//Vis absorption of triple cation MAg 7sFA¢1sPEA0.1Snls compared to double cation MAg 7sFA¢ 2sSnl3
Optical absorption (Fig. 29) of the perovskite material increases when going from a double
cation to a triple cation perovskite. With the introduction of PEA*, a similar effect, like in the
case of introducing PEA* in MASnhI3 perovskite, can be observed. Absorption increases in the
range below 900 nm compared to the double cation without PEA*. The onset is almost
unchanged and is positioned at a relatively high wavelength of 1000 nm, due to the high

amount of MA* present.
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Figure 31: Band gap energies of triple cation MAy 75FA0.15PEA..1Snls compared to double cation MAy 75FAo.255n!3
To obtain optical band gap values a Tauc—plot was done utilising the same mathematic
procedure as described in chapter. 4.1.1. The mean layer thickness value for

MAo.75FA0.15PEA0.1SnIs was 232 + 14 nm.

The Tauc—Plot of triple cation perovskite MAo.75FA0.15PEA0.1Snl3 (Fig. 31) shows a slight increase
in the optical band gap energy. This is well in accordance with the slight shift in absorption
onset and matches the expectations, which can be predicted from the increase in optical band

gap in MASnl3, when substituting a small amount of MA* with PEA*. (Fig. 26, b)

4.4.2 XRD analysis

XRD-measurement was done to confirm the change from a 3D to a 2D structure, upon addition

of PEA*. The obtained data was compared to the XRD-diffractogram of the double cation

perovskite MAo.75FA0.255nl3.
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Figure 32: XRD diffractograms of triple cation MAo.7sFAo.1sPEA¢1Snl3 compared to double cation MAo.7sFAg 25Snl3
The given XRD data (Fig. 32) confirms the formation of a 2D perovskite structure in the triple
cation perovskite. The main peaks at 14°, 28° 43° and 58° 206 are well in accordance with the
expected peaks, derived from literature, indicating a strong orientation in the structure.10%10
The peaks at 24°, 32° and 41° 26 indicating a crystalline cubic FASnl3 phase vanishes with the
introduction of PEA*, which matches well with the formation of an organic layer between
crystalline phases. This phenomenon is also observed in the XRD diffractogram of FASnls, at

the incorporation of PEA* to form FAosPEA02Snl3.1%°

4.4.3 Solar cell performance

IV-measurements of triple cation MAg.75FA0.15PEA0.1Snl3 and MAg 75FA0.0sPEA0.2Snl3 show the
increase in solar cell performance compared to MAo.75FA0.255nl5. In addition, the influence of a
different composition of the cations on solar cell performance was investigated and the

experimental data was compared.
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Figure 33: IV curves of MAq 7sFAo.1sPEA0 1Snl3 and MAq 7sFA¢.0sPEA0 2SNz

The compared IV—characteristic of the produced triple cation perovskites (Fig. 33) shows a big
increase in all values, when the amount of PEA* is reduced to 10 mol% and FA™ is set to
15 mol%. Cation composition in the case of MAo.75FAo.0sPEA0.2Snls renders lower values in PCE,
Jsc and FF and the curve resembles more that of MAosPEAo.2Snls. The solar cell performance
of the manufactured triple cation perovskite MAg 75FA0.1sPEA0.1Snl3 was over all the best of all

experiments done during this thesis. (Tab. 18).

Table 18: solar cell characteristics of triple cation perovskites. Mean values were obtained from five best cells. Best cell
values were chosen in with regards to highest efficiency

Sample PCE [%] Voc [mV]  Jsc [mA/cm?] FF [%]
MAo.75FAo.0sPEA0.2Snl3 0.67+0.07 414.2+12.8 46+0.3 36.1+2.7
Best 0.81 414.2 5.0 39.8
MAo.75FA0.15sPEA0.1Snl3 4.39+0.2 430.3+8.1 17.6 £ 0.7 58.8+2.6
Best 4.60 434.3 18.2 59.0

50



4.4.4 EQE measurement

Furthermore external quantum efficiency (EQE) measurements were done and compared to

the UV/Vis absorption spectra.
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Figure 34: EQE measurement results of MAo.75sFAo.1sPEA0.1Snl3

The given EQE data (Fig. 34) indicates some major differences from the measured UV/Vis
absorption. (Fig. 30) Although a small step in UV/Vis absorption is visible around 920 nm, it is
not comparable to the plateau of the EQE measurement, reaching from 920 nm to 740 nm.
Furthermore, the increase in absorption in a wavelength range below 650 nm did not match

the plateau in the absorption spectrum.
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4.45 Hysteresis behaviour

To see the influence of hysteresis, the difference in IV—characteristics running the device in
backwards bias compared to forward bias, the best performing solar cell device was measured

in both voltage directions, forwards, from -1V to +1 V, and backwards, from +1 Vto -1 V. (Fig.

35)
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Figure 35: Hysteresis behaviour of triple cation MAg.75FAo.15PEA0.15nl3

A slight difference in Vocand Jsc can be observed from measuring with backward bias. However,

since the change in all characteristic value is below 10%, (Tab. 19) hysteresis behaviour in the

case of MAg.75FA0.15sPEA0.1Snlsis rather low.

Table 19: solar cell performance triple cation MAo.7sFAo.1sPEAo.1Snlzin forward and backward bias. Mean values of best five
cells. Best cell values was taken regarding best efficiency

PCE [%] Voc [mV] Jsc [mA/cm?] FF [%]
forward 5.32+0.35 4546 £ 0.1 20.5+0.6 58.2+2.4
Best 5.63 454.6 21.3 59.3
backward 4.95+0.25 442.4+£9.9 19.4+0.7 58.9+2.2
Best 5.16 434.4 20.2 60.1
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4.5 FIRST STABILITY TESTS

Since it is published in literature'% that PEA* is not only enhancing solar cell efficiency but also
stability of the solar cells, first stability studies of the performance of the triple cation
perovskite solar cell devices have been made. The devices were stored under nitrogen
atmosphere in a glove box, with H,0 and O values kept under 1 ppm and 4 ppm respectively.
Regular IV-measurement, were performed one day after manufacturing and consecutively

every 5 —7 days. Between measurements the device was not illuminated.
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Figure 36: Relative mean values for solar cell performance of triple cation MAo 75FAo.1sPEAo.1Snlz over 7 weeks. Mean values
obtained from the best five cells

Device performance values were put into respect to the values obtained at first measurement
on day of fabrication, setting this day to day 0. (Fig. 36) Vo started to increase after the first
day and stayed, for all the measuring time of 49 days, rather stable at ~120% of initial value.
As a consequence of that, PCE also increases and was ~100% for over one month. Values for
Jscundergo a heavy drifting from stable 90% to a first minimum of 73% after 26 days, and a
regeneration up to 87% after 36 days. Possible reasons could be a change in Oz concentration
during storage or evaporation of solvents. Moreover, a beneficial effect could be the applied
electrical field during measurement, which might force the crystalline perovskite phases in a

favourable orientation for charge carrier extraction.
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Further researched was the direct comparison of double cation MAg.75FA0.25Snls to triple

cation MAo 75FA0.15PEA0.1Snl3 in terms of stability, to show the direct beneficial effect of PEA*.
(Fig. 37)
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Figure 37: Long term stability of triple cation MA.75FAo.15PEA0.1Snls compared to double cation MAg.75FAo.255n13

For this the PCE values of cells manufactured on the same day and stored under the same
circumstances, were compared to each other. The data proves the enhancing effect of PEA*
on mixed cation tin perovskites. The cells containing PEA* not only show a longer lifetime, they
are even improved in terms of stability over time. The top cell efficiency was measured 9 days
after manufacturing with astonishing 139% of starting PCE. (Tab. 20) Whereas triple cation
perovskite improved in its performance, the double cation MAg 75FA0.255nl3 quickly lost a lot
of initial efficiency and dropped to 40% after 9 days. Although regaining some of its
performance and reaching 50% of initial PCE after 26 days, MAq.75FA0.25Snls still operates at

lower efficiency as MAo.75FA0.1sPEA0.1Snl3, which still had 110% of its starting PCE at that time.

Table 20: Highest reached values for triple cation perovskite after 9 days of storage. Mean values over five best cells and
best overall cell regarding efficiency

MAy.75FAo.15PEA0.1Snl3 PCE [%] Voc [mV] Jsc [mA/cm?] FF [%]
Mean 5.32+0.35 4546 £ 0.1 20.5+0.6 58.2+2.4
Best 5.63 454.6 21.3 59.3
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4.6 INVESTIGATION OF ORGANIC CATION COMBINATIONS

Different organic ammonium iodide salts have been investigated in more detail. Based on the
work of Liao et al.1%, where PEA* was added to enhance stability and efficiency (Chapter
2.4.2), other mono- and divalent ammonium salts were added to a FASnls precursor. In this
work, n—hexylammonium iodide (HAI), 1,4-benzenediammonium iodide (BDI) and piperazine-

1,4-diium iodide (PDI) (Fig. 38) were investigated.
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Figure 38: Chemical formula of n—hexylammonium iodide (HAI), 1,4-benzenediammonium iodide (BDI) and piperazine-1,4-
diium iodide (PDI)

The idea was that, similar to PEAI, HAI should contribute to the formation of a 2D perovskite
structure with an organic separation layer between phases of crystalline FASnls. The result
however was, that the coating process of PCsoBM was hindered, due to no adhesion at the
perovskite layer and therefore no ETL could be deposited on the substrate with the given
method. This could have been solved with a different ETL, which would be soluble in a more
polar solvent, but the solvent should be chosen in a polarity, so that it does not dissolve the
perovskite layer again. Since this would have been a more time consuming task, the further
development of such a process was not carried out but could be subject to further research.
The assumption was made that BDI and PDI might have a similar effect in forming a 2D
perovskite structure with an organic linking unit, namely a benzyl in the case of BDI and two
ethyl bridges in the case of PDI, between crystalline phases of perovskite. Another possibility
would be a 3D loose cross-linked system, where linkage between crystalline perovskite phases
forms in all directions. However, it was not possible to produce functioning solar cell devices
with the addition of BDI or PDI, due to all fabricated cells rendering a short circuit. More

detailed research of the structure and the change in properties of these materials, as well as
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testing different device setups, would give more insight into the challenges regarding these
materials. Since the further investigation of PEAI was more promising and time was limited a
closer investigation of the influence of these cations on the structure and the optical

properties was not done.

4.7 INFLUENCE OF SNI; PURITY ON SOLAR CELL PERFORMANCE

Since most of the obtained solar cell performance data was much lower than published in
literature, a test of the influence of Snl,, obtained from different sources was done. This shows
how the quality of used Snl, has an impact on solar cell performance. Snl, from three different
sources was tested for its use in triple cation perovskite solar cells. One was used as
purchased, one was purified and one was synthesized on our own. The procedure for
purification and synthesis is described in chapter 3.2 and 3.3, respectively. As mentioned
before the purity of the used Snl; plays a significant role in solar cell performance for tin halide
perovskite solar power devices, since Snls impurities can be present in commercially available

Snl,.
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Figure 39: IV —curves of MAo.75FA0.15PEA0.1Snl3 perovskites with Snl, used as purchased, purified and synthesized on our own.

. The measured solar cell characteristics (Fig. 39, Tab. 21) show that the best performance can

be obtained with solar cells made from purified Snl,. The use of Snl, as purchased is not
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recommended due to the fact that solar cell devices made from this chemical have the lowest
efficiency and lowest values of Jsc. One big problem with the purity of the purchased chemical
might be long transport routes and multiple possibility to get impurities in contact with the
chemicals. However, since distributors guarantee high purity and sealed transport, problems
like this should not occur. Further analysis of the received chemicals, which could indicate
probable sources of contaminations and the degree of impurity, was not done due to high cost
involved in these analysis methods. Although self-made Snl; produces cells with high Js, the
values for Vo, are low. Reasons for this might be a significant amount of Snls, which is a by-
product of the synthesis route, in the chemical. Since the combination of water and air rapidly
oxidises Snly to Snls also errors in handling and reconditioning might strongly influence the
purity of the synthesized material. To maintain reproducibility in all devices, purification via

sublimation of self-made Snl, is recommended for further research.

Table 21: Solar cell performance of MAo.75FAo.1sPEAo.1Snl3 perovskites with Snl, used as purchased purified and synthesized
on our own.

Sample PCE [%] Voc [mV] Jsc [mA/cm?] FF [%]
as purchased 2.11+0.41 431.0+7.5 85+23 59.5+5.5
best 2.83 434.4 11.3 57.7
purified 4.39+0.20 430.3+8.1 17.6+0.7 58.8+2.6
best 4.60 434.3 18.2 59
synthesised 2.29 £0.27 280.8 £+ 16.2 174+1.1 47.0+1.3
best 2.5 293.0 17.5 49.1
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5 CONCLUSION AND OUTLOOK

The influence of different cations in tin halide perovskites has been studied in terms of solar
cell performance, optical and crystallographic properties, and long term stability. With a
solution-based spin coating method, extended with an anti—solvent dropping step, tin halide
perovskites have been  formed in an inverted device architecture.
(ITO/PEDOT:PSS/perovskite/PceoBM/AI) Single cation tin halide perovskites, as CsSnls, MASnl3
and FASnls have been produced and characterized. In terms of optical and crystallographic
properties, the experimental data of the fabricated perovskites is in accordance with already
published literature.®%199:105 This proves that it is possible to obtain the desired perovskites
with this fabrication method. Only in the case of CsSnlz optical data did not exactly match
literature and therefore, it is not sure, if the desired perovskite has formed. However, the
chemical behaviour of the purely inorganic CsSnls could be very different to the other
inorganic/organic hybrid perovskites investigated in this thesis, and a different fabrication
method might achieve better results with this material. Although tin halide perovskites
formed with this method, the resulting solar cell performance was far from reported values
with the same material.® All in all, a more perovskite type specific method for manufacturing

should be investigated for each type of perovskite separately to gain the best possible results.

Furthermore, mixed cation perovskites were researched in the above-mentioned categories.
The manufacturing route was unchanged and optical and crystallographic data was in
accordance in literature in the case of MAo 75FA0255n15.1%! The same problem as in the single
cation perovskite occurred also in this case, so even that the desired structure was obtained

the solar cell performance was far below already published data.

Moreover, in all perovskite types, the influence of PEA* as enhancing and stabilising cation
was closer investigated. Optical absorption shows in all inorganic/organic hybrid materials an
increase of absorption or at least no change in absorption properties. This suggests that a
small amount of PEA* is enhancing nearly overall absorption in tin halide perovskites and thus
is a promising cation to improve the use of these materials in solar cell application. Only in
CsSnls the absorption decreases and the onset shifts to lower wavelengths. Except the case of
FASnl3, where band gap values decrease, the band gap energy increases in every investigated

sample. This might be an interesting step towards higher Voc values in tin perovskites, since
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one major problem in tin-based perovskites is their low open circuit voltage. However, in the
change from single cation perovskites to double cation perovskites with PEA*, the XRD data
was hard to interpret, since almost no literature references were available. It was confirmed,
under consideration of the given data, that FAqsPEAo2Snlz and MAo sPEAo.2Snls was formed
and the data from the crystallographic diffractogram proves the formation of a 2D structure.
The most notable finding originating from these experiments was the fabrication and
characterization of the triple cation tin perovskite MAo75FA0.15PEA0.1Snlz. Concerning
crystallographic properties the obtained data, indicates the formation of 2D structure phases
in the material. This newly formed perovskite material exceeded its double cation equivalent
in terms of efficiency and long-term stability by far. From this, the enhancing effect of PEA*
can be seen clearly in all solar cell characteristic. Triple cation solar cells even increased in
their efficiency during storage under nitrogen atmosphere and peak at an almost 140% of
initial efficiency after 9 days. Further, the solar cells maintained PCE values around 4.6% for
over more than a month. Overall, MAo.75FA0.15sPEA0.1Snl3 is a promising new material for solar
cell applications and further research regarding this material could result in even better
efficiency and stability. If the optimization of the manufacturing process and the composition
of cations would be subject of further research, even more advances in the field of tin-based

perovskite solar cells could be made.

In addition, another result of this thesis was the influence of the quality of the used chemicals,
especially the essential Snl,. This study has shown that these chemicals, although purchased
with a purity of 99.999%, can be delivered with major impurities. The most common impurity
in this materiel seems to be the oxidised species of the two valent Snl,, namely the four valent
Snla. Since the oxidation from tin(ll)iodide to tin(IV)iodide already occurs during perovskite
formation, even in a glovebox with low amounts of water and oxygen, a high concentration of
Snls in the starting material is undesirable. Although the chemicals are sealed for transport,
purity is not guaranteed, due to the fact that already small amounts of oxygen and water in
combination can start the oxidation process. To avoid this kind of problem, most working
groups already synthesize their own Snl,. Our synthesis pathway has shown that self-made
tin(ll)iodide is comparable to purchased one, with the benefit of being a lot cheaper.
Nonetheless, highest solar cell performance was achieved with Snl, purified via resublimation.
This method is easy in handling and major impurities, originating from oxidation, can be

eliminated during the process.
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