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Abstract

The development of new renewable and regenerative technologies is in high demand in order to
reduce greenhouse emissions, thus minimizing the negative effects of climate change. Perovskite
solar cells are, for this purpose, a very promising newcomer in solar cell technology with
enormous efficiency improvements in the last few decades. However, these highly efficient solar
cells are lead-containing compounds which can have critical implications for commercialization
and general acceptance.

Hence, for a reduced impact on human health and an improved environmental sustainability,
this work investigates two chemical elements in lead-alternative perovskite compounds and their
potential in stable and efficient perovskite solar cells.

Tin instead of lead is a clear candidate to meet these criteria, having already demonstrated
decent solar cell performance compared to other lead-alternatives. In 1:1 tin-lead mixed per-
ovskite solar cells, a strategy to replace the unfavorable hole transport layer (HTL) polyethylene
dioxythiophene polystyrene sulfonate (PEDOT:PSS) and to implement a methylammonium
(MA")-free perovskite absorber was pursued to lay the foundations for a more stable solar
cell architecture. Furthermore, new unique findings were demonstrated for the commonly
used tin(I)fluoride (SnF;) additive in tin perovskite absorbers. A SnF, accumulation at the
PEDOT:PSS interface was discovered. The accumulated SnF, reacts with the PEDOT:PSS
forming a tin(I)sulfide (SnS) interlayer, which, as SnS a p-type semiconductor, should benefi-
cially impact the solar cell performance. By thoroughly optimizing the perovskite interfaces and
perovskite crystalline morphology to minimize recombination losses, the solar cell efficiency
could be increased up to 6.6 % with a high open-circuit voltage (Voc) of up to 670mV for
formamidinium tin iodide (FASnl3)-based perovskite solar cells. A high reactivity of these
absorbers in the ambient atmosphere was verified by tin oxidation, highlighting the necessity
of solar cell preparation and encapsulation in an inert atmosphere. Stability analysis of these
tin-containing perovskite solar cells in ambient atmosphere and under thermal stress revealed
that the solar cell deterioration seems to be dominated by the degradation of the solar cell stack
rather than solely the perovskite itself.

As tin perovskite absorbers’ human health and environmental impact are controversially dis-
cussed, a second substitute element, bismuth, is explored. It can be integrated into highly
sustainable perovskite-like crystalline compounds. A strategy to deposit and modify homoge-
neously and dense cesium bismuth iodide (Cs3Bislg) perovskite films with different band-gap
energies was implemented. Furthermore, first solar cell devices were demonstrated.

This work highlights the trade-off between high solar cell performance, and environmental and
human health aspects. Tin-containing perovskite absorbers achieve high solar cell efficiencies
with low human health and environmental impact, whereas bismuth-based perovskite solar cells
accomplish poor solar cell performance but are considered to have no impact on human health
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and the environment.

The work contributes to the general knowledge of lead-free perovskites with new insights into
strategies for PEDOT:PSS- and MA™-free devices, the working principle of SnF,, and approaches
to reduce recombination losses by interfacial and morphology engineering.
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Kurzfassung

Die Reduktion von Treibhausgasen ist essentiell um die negativen Auswirkungen des Klima-
wandels zu limitieren. Um dies zu erzielen, bedarf es der Entwicklung neuer, regenerativer
Technologien zur Energiewandlung. Perowskitsolarzellen sind hierfiir eine vielversprechende
Photovoltaiktechnologie, welche in den letzten Jahren enorme Effizienzsteigerungen erreichen
konnten. Die Kommerzialisierung und gesellschaftliche Akzeptanz dieser Technologie wird
jedoch durch das dabei eingesetzte Blei erschwert.

Um Auswirkungen auf die menschliche Gesundheit zu reduzieren und die Umweltvertréiglich-
keit zu verbessern, werden in dieser Arbeit zwei chemische Elemente als Alternativen zu Blei
in Perowskitverbindungen und deren Potential in stabilen, effizienten Perowskitsolarzellen er-
forscht.

Zinn ist dabei ein besonders vielversprechender Bleiersatz. Dies begriindet sich vor allem in
seiner Vertraglichkeit fiir Mensch und Umwelt sowie den hohen Solarzellwirkungsgraden. In
dieser Arbeit wurde eine Strategie fiir 1:1 Zinn-Blei gemischte Perowskitsolarzellen entwickelt,
die ungiinstige Lochertransportschicht PEDOT:PSS (Polyethylendioxythiophen- Polystyrolsul-
fonat) und den Methylammonium (MA*)-haltigen Perowskitabsorber zu ersetzen. Dies legt
die Grundlage fiir eine stabilere Solarzellarchitektur. Des Weiteren, wurden neue Erkennt-
nisse zum Mechanismus des hiufig eingesetzten Zinnfluoride (SnF,) Additives in Zinn-
Perowskitsolarzellen erlangt. Es wurde eine bevorzugte Akkumulation des SnF, an der
PEDOT:PSS Grenzfliche nachgewiesen. Dariiber hinaus reagiert das akkumulierte SnF; mit
dem PEDOT:PSS unter Bildung einer Zinnsulfid (SnS) Zwischenschicht, wodurch ein positiver
Einfluss auf die Solarzellleistung erwartet wird, da SnS ein p-Halbleiter ist. Durch umfangreiche
Optimierung der Grenzschichten und des Perowskitabsorbers zur Reduktion von Rekombina-
tionsverlusten, konnten Solarzelleffizienzen von bis zu 6,6 % fiir Zinn-Perowskitsolarzellen mit
hohen Leerlaufspannungen von bis zu 670 mV erzielt werden. Stabilitdtsanalysen von Zinn-
haltigen Perowskitsolarzellen unter atmosphérischen Umgebungsbedingungen haben deren ho-
hen Oxidationsempfindlichkeit verifiziert, wodurch deren Herstellung und Operation unter
inerten Bedingung notwendig ist. Des Weiteren, scheint die Solarzelldegradation in atmo-
sphérischer Umgebung und bei Hitze durch die Verschlechterung der Solarzellschichten domi-
niert zu werden und nicht durch die Degradation des Perowskitabsorbers selbst.

Da der Einfluss von Zinn-Perowskiten auf Mensch und Umwelt kontrovers diskutiert wird, wurde
ein weiteres Substitutionselement, Bismut, untersucht. Die Verwendung dieses in Perowskit-
artigen Verbindungen zeichnet sich durch deren hohen Vertraglichkeit fiir Mensch und Umwelt
aus. In dieser Arbeit wurde eine Strategie verfolgt, um homogene, kompakte Cs3;Biylg-basierte
Filme mit variablen Bandliicken abzuscheiden. Mittels der hergestellten Solarzellen konnten
Solarzelleigenschaften dieses Materials nachgewiesen werden.
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Kurzfassung

Diese Arbeit betrachtet das Spannungsfeld zwischen der Vertriglichkeit der verwendeten Perow-
skitabsorber fiir Mensch und Umwelt und der Leistung von Solarzellen. Zinn-haltige Perowskit-
absorber erzielen hohe Wirkungsgrade, erhohen jedoch lediglich die Vertréaglichkeit fiir Mensch
und Umwelt. Wohingegen, Bismut basierte Absorber vertriglich fiir Mensch und Umwelt sind,
aber herausfordernd geringe Solarzellleistungen aufweisen.

Diese Arbeit reiht sich in das allgemeine Verstindnis bleifreier Perowskitabsorber ein. Neue Er-
kenntnisse wurden hinsichtlich einer Strategie fiir PEDOT:PSS- und MA*-freier Bauelemente,
dem Verstindnis des SnF>-Mechanismus und neuer Ansitze zur Reduktion von Rekombina-
tionsverlusten mittels Grenzflachen- und Morphologieoptimierungen gewonnen.
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1 Introduction and objectives

In 2015 190 countries agreed to reduce global warming by 1.5°C compared to the pre-industrial
time, in the so-called "Paris Agreement" [1]. To achieve this goal, the European Union (EU)
agreed to reduce greenhouse gas emissions by 55 % by 2030 compared to the year 1990 [1].
Photovoltaic is a key technology to accomplish this goal [2]. It is a renewable, non-fossil energy
power technology with multiple versatile applications.

The development of new photovoltaic technologies could support this goal by improving solar
cell performance and enabling new application areas. Perovskite solar cells as an upcoming
new photovoltaic technology are very promising for these purposes. Perovskite solar cells have
achieved high efficiencies of up to 25.5 Y% [3]. Furthermore, their fabrication is cost-efficient and
their energy payback time is favorable [4]. This is achieved by non-vacuum, low-temperature
preparation processes, and only low material consumption as absorber layers of less than 1 um
thickness are sufficient for effective light absorption [4]. Moreover, flexible and light-weight
modules can be produced to allow completely new application areas in building-integrated
photovoltaics (BIPV), vehicle-integrated photovoltaics (VIPV) and wearable devices [4].

Besides these outstanding advantages, some challenges still have to be faced for commercializing
of this technology. These include concerns about the human health and environmental impact,
its stability, and process scalability.

Human health and environmental concerns are caused by the lead-containing perovskite absorber
used in the highly efficient solar cells. Already a small lead concentration of 1 ppm in the human
blood is considered to have long-term consequences on human health [5]. Furthermore, the
EU restricts the amount of lead in new electric and electronic devices to 0.1 wt.% [6]. This is
only 1% of the lead expected in lead-based perovskite solar cells [7]. Consequently, the EU
can hinder the commercialization of lead-based perovskite solar cells in the European market.
Thus, lead alternatives in perovskite absorbers should be explored in advance.

Ideal lead-alternative perovskite solar cells should fulfill the following requirements for these
absorbers:

* no risk for human health and the environment from the perovskite absorber, its precursor
compounds, and possible degradation products

* beneficial physical and chemical properties for solar cell applications, allowing high solar
cell conversion efficiencies

« sufficient stability in ambient atmosphere

* economically reasonable material and production costs

Since fulfilling all of the above requirements is challenging up to now, compromises have to be
made. Often there is a trade off between human health and environmental impact, and solar cell
performance.

Tin is so far the most promising lead-alternative as these perovskite absorbers achieve the highest
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1 Introduction and objectives

solar cell performance [8,9]. These are advantageous considering human health and environ-
mental aspects. However, their impact is still controversially reported [10, 11], and their stability
is highly challenging as tin easily oxidizes, deteriorating the perovskite bulk phase [12, 13].
Bismuth-like-perovskite absorbers are non-toxic, environmentally friendly [14], and have suf-
ficient ambient stability [15]. But, these absorbers suffer from unsatisfactory solar cell perfor-
mance so far [16].

This work considers the hurdles of commercializing perovskite technology: substituting lead
with another element to reduce its impact on human health and the environment, and achieving
insights into the perovskite absorber stability.

The overall aims of this work are the following:

* investigating lead substitution by tin
— tin-lead mixed perovskite absorbers; examine a PEDOT:PSS-alternative-HTL in
MA™-free perovskite solar cells
— tin perovskite absorbers; investigate the mechanism behind the commonly used
SnF, additive, improve charge layer interfaces and perovskite morphology to boost
the solar cell performance
— stability analysis of these tin-containing perovskite absorbers
* studying lead substitution by bismuth in lead-free bismuth-based compounds; implement a
perovskite deposition method, optimize perovskite morphology and investigate strategies
to reduce the huge band-gap energy

This work is structured into six chapters.

Chapter 2 lays the fundamentals of perovskite solar cells, lead-alternative perovskite absorbers,
and perovskite solar cells’ stability. The preparation- and characterization methods used in this
work are described in chapter 3. As a lead alternative in perovskite absorbers, tin is investigated
in chapter 4, because of its advantages considering human health and environmental aspects.
Further, environmentally friendly and non-toxic bismuth-like perovskite absorbers are explored
in chapter 5. Lastly, a summary and perspective are given in chapter 6.

Since chapters 4 and 5 are the main parts of this work, a detailed description is outlined in the
following.

In chapter 4, perovskite absorbers with lead being replaced by tin are explored to improve
sustainability.

Therefore, tin-lead mixed perovskite absorbers with partially replaced lead by tin are investigated
in the beginning (chapter 4.1). The focus is placed on solar cell stack modification by substituting
the HTL PEDOT:PSS (subchapter 4.1.1) and investigating an MA*-free perovskite composition
(subchapter 4.1.2).

The amount of lead is further reduced by exploring pure tin perovskite absorbers in chapter 4.2.
The impact of the commonly used additive SnF, on the perovskite bulk is analyzed in subchapter
4.2.1. Furthermore, charge layer interfaces are modified to improve the solar cell performance
by optimized perovskite morphology, energy band alignment, and passivate perovskite defects
(subchapter 4.2.2). The perovskite crystal phase is textured to improve crystal morphology, and
its impact on solar cell performance is analyzed in subchapter 4.2.3.



As the stability of tin-containing perovskites is crucial for the overall solar cell performance, this
aspect is investigated in chapter 4.3. The reactivity of the perovskite absorbers in the ambient
atmosphere is analyzed in subchapter 4.3.1. Further, aging tests are performed by thermal stress
(see subchapter 4.3.2).

In chapter 5, bismuth perovskite-like solar cells are optimized as a non-toxic and environmentally
friendly perovskite absorber. A strategy for homogeneous and dense perovskite deposition
is implemented in chapter 5.1. In addition, the impact of modified perovskite crystalline
morphology on solar cell performance is analyzed. In chapter 5.2 methods to reduce the huge
band-gap are examined.






2 Fundamentals of perovskite solar cells with
improved sustainability

This chapter outlines the unique properties of perovskite absorbers. Perovskite are outstanding
semiconductors for solar cell applications due to their high charge carrier mobilities [17, 18],
low exciton binding energies [19], high absorption coeflicients [20], long charge carrier diffu-
sion length [17,21], and adjustable band-gap energies [22-24]. Based on these characteristic
properties, a solar cell efficiencies of up to 25.5 % were achieved in literature [3].

The physical fundamentals of perovskite solar cells, in general, will be described in chapter 2.1.
Structural and electronic characteristics of perovskite solar cells resulting in a facile way of band-
gap tune-ability are outlined in chapter 2.1.1. The working mechanism of perovskite absorbers
in solar cells will be described in chapter 2.1.2. Besides the high power conversion efficiency,
the perovskite technology also faces some challenges like toxicity, environmental and stability
concerns. The toxic and environmental worry can be lowered by replacing the unfavorable lead
with less harmful alternatives, discussed in chapter 2.2. The degradation process has to be
understood to enhance the perovskite solar cell stability. Intrinsic perovskite phase instability,
changes of perovskite absorbers by external stress conditions, and deterioration of interfaces are
known to negatively influence the solar cell performance (outlined in chapter 2.3).

2.1 Hybrid perovskite solar cells

This chapter describes the basics of perovskite solar cells, focusing on the unique perovskite’s
crystallographic structure and band structure. Moreover, the application of perovskite absorbers
in solar cells is outlined, and their working principles are introduced.

Perovskite originally solely describes a crystal structure, which Rose first established by dis-
covering and characterizing the inorganic material CaTiOs in 1839 [25]. The first hybrid
inorganic-organic perovskite MASnIBr (Methylammonium tin iodine bromide) was synthesized
and analyzed many years later in 1978 by Weber [26]. In 2009 Kojima incorporated the hybrid
inorganic-organic perovskite methylammonium lead iodide (MAPbDI3) in a solar cell the first
time with 3.8 % efficiency [27]. Since then, the hybrid inorganic-organic perovskite compound
gained increasing interest as an absorber material for solar cells. More than 23000 reports have
been published until now since the first time the perovskite material has shown promising results
as a solar cell material in 2005.

! Number of publications found searching for perovskite solar cells in web of science in October 2021



2 Fundamentals of perovskite solar cells with improved sustainability

2.1.1 Concept of perovskite absorbers

The following chapter outlines the crystallographic structure and band structure, as they will be
relevant in the optimization strategy of the lead alternative perovskite absorbers in chapter 4.
As opto-electronic and charge carrier properties are minor considered in this work, the reader
is addressed for these purposes to the reviews of Frohna et al. [28], Jena et al. [29], or Kim et
al. [30].

Crystallographic Structure

This paragraph gives an overview of the perovskite crystallographic structure in dependency on
its composition and temperature.

Perovskite compounds typically have an ABX3 chemical formula. The idealized perovskite
crystallizes in a cubic phase with corner-sharing BX¢ octahedra sitting at each corner and an A
cation in the middle of the cube (see figure 2.1). For hybrid organic-inorganic perovskites, the
monovalent cation A is most likely methylammonium (MA™), formamidinium (FA™) or cesium
(Cs™); whereas B is a divalent metal cation typically either lead (Pb%*) or tin(II) (Sn>*) and X a
monovalent halide anion, e.g. iodide (I"), chloride (C1™) and/or bromide (Br™) [28].

M e
‘w%’ ‘1\3[ @

K I Br CI
\“‘ —

Figure 2.1: Schematic illustration of the cubic ABX3 perovskite structure.

For predicting the likelihood of forming a stable cubic perovskite crystal, the Goldschmidts
tolerance factor ¢ and octahedral factor u could be taken into consideration [31,32]:

ra+rx I,
— , u=— (2.1)
V2(rg +rx) rx

with r describing the radius of the ions A, B, and X, respectively. An ideal cubic perovskite
structure is formed for 7=1 [33]. The compound crystallizes in a perovskite phase for 0.81 < # <
1.11 [33]. A symmetrically cubic phase is favored for r=0.9-1 [31,32,34]. A slightly distorted
perovskite structure, like a tetragonal or orthorhombic one by BXg octahedra tilting, is preferred
for 1=0.8-0.9 [31,32,34]. If the A cation is too large (>1), lower-dimensional perovskites will be
formed [32,33]. For too small cation A (#<0.71), non-perovskites will be likely formed [31,32].
Further u defines the form of the BX¢ octahedra. This considers if the cation B fits in the
octahedra of X-anions. A symmetrically octahedra is formed for 0.4 < u < 0.9 [32,33].



2.1 Hybrid perovskite solar cells

Typically hybrid inorganic-organic perovskite surpasses multiple phase transitions in dependence
on the temperature [28]. Some of these phases can even be photoinactive, thus unfavorable
for solar cell devices applications [35]. Phase transition temperatures are dependent on the
perovskite composition [28,36-38]. MAPbI3, for example, generally crystallizes in a tetragonal
crystal structure at room temperature. The cubic phase is formed at temperatures above 330 K.
When decreasing the temperature below 160 K, the orthorhombic phase is preferred [38—40].
Whereas for the FASnl3 perovskite, the cubic phase is already formed below room temperature.
The transition to the tetragonal phase is around 255 K and to the orthorhombic phase at
155K [41,42].

Band structure

The perovskite composition also affects the band structure. The band structure of perovskite
absorbers are formed by hybridization of the X anion and B cation, thus are dependent on the
corner-sharing BXg octahedra (see Fig. 2.2). Thereby the valence band (VB) is built by an
antibonding hybrid of the X anion p-orbital (X,,) and B cation s-orbital (Bs). Whereas the
conduction band (CB) is in principle influenced by the antibonding hybridization of the X anion
p-orbital (X;,) and B cation p-orbital (B,). However, it is dominated by the B, orbital since the
X, orbital energy is very shallow compared to the B, orbital [28,43].

B2+ ABX; X

Figure 2.2: Simplified schematic illustration of the antibonding hybridization of the s and p atomic orbital of the
cation B (By, By) with the p atomic orbital of the anion X (X,,) in perovskite absorbers forming the
conduction (CB) and valence band (VB).

Based on the described hybridization theory, the band-gap tuning of the perovskite absorber
is outlined in the next section. The impact of common X and B ions on the band structure is
outlined.

For X anions, substituting the iodide with other halogen ions like bromide or chloride, the
valence band is dominated by the halides increasing electronegativity of the halides, resulting
in a downshift [43,44]. Whereas the conduction band increases by a confinement effect due
to smaller B-X distance [43]. Thus the band-gap energy is in general increased from iodide to
bromide to chloride. For example, the band-gap of MAPbI,Br_, can be modified from 1.6 to
2.3 eV with enhancing bromide concentration [22,23].

Moreover, altering the B cation can drastically tune the band-gap energy, e.g. replacing lead
by tin. The valence and conduction band energy increases due to a higher atomic orbital
energies of tin as it has a smaller electronegativity [43]. However, the valence band shift is more
pronounced [43]. This results in a lowered band-gap energy of up to 1.2V for tin-lead mixed
perovskite absorbers [24] and tin compounds in general [43].

Ilustrated strategies only hold if changes in the crystal structure are negligible [43]. Structural
changes are mainly due to non-fitting A cation in the perovskite cube, resulting in either BXg
octahedra tilting or increased distance between these. Since the valence band is formed by
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2 Fundamentals of perovskite solar cells with improved sustainability

an antibonding hybridization of the metal and halide, decreasing the overlap between these by
structural changes reduces the valence band energy [28,43,45]. The conduction band is expected
to be less influenced by changes of the A cation [28,43,45]. Substituting FA* by Cesium (Cs™)
in FASnI3 perovskite leads to a reduction of the unit cell, so increasing the B-X atomic overlap
and thus destabilizing the valence band resulting in an energy increase. Moreover, the band-gap
is reduced. While doing so in a formamidinium lead iodide (FAPbIs) perovskite distorts the
BXg octahedra, thus decreasing the B-X atomic overlap stabilizing the valence band by reducing
its energy. Additionally, the band-gap is enhanced [45].

2.1.2 Perovskite absorbers in solar cells
After a brief introduction of the basic perovskite properties, the application of these absorbers
in solar cells is outlined in this chapter.

Perovskite absorbers are in principle considered to be intrinsic semiconductors. Wiirfel supposed
the following working mechanism for an intrinsic semiconductor in a solar cell, schematically
illustrated in figure 2.3 [46].

n-doped p-doped

E semiconductor absorber semiconductor
A : :
X
0 >
-el'l’l
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—— - - - = = = - = _—
~ Eq PN
~N N
N e e .~
Ex
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Figure 2.3: Adapted and modified schematic illustration of the solar cell working principle [46]. An intrinsic
semiconductor with an electron (n-doped semiconductor) and hole membrane (p-doped semiconductor)
are shown under illumination. E displays the energy of the conduction (Ecp) and valence (Evyp) band,
their corresponding fermi levels (Ery, Erc) and the electrical potential ey.

Absorbing light in the intrinsic semiconductor leads to the quasi-fermi energy splitting of Epy and Egc.
Electrons (holes) can flow to the left (right), whereas holes (electrons) are blocked at the n-type (p-type)
semiconductor.

Excitons are generated by absorbing light in the perovskite, leading to the quasi-fermi level
splitting in the intrinsic semiconductor.

Perovskites have a high absorption coefficient [20], thus enable absorber thicknesses of only
some hundreds of nanometers. Further, the absorption can be easily modified by the band-gap
energy. As anext step, the exciton has to be converted into free charges. For perovskite materials,
the exciton binding energy, is in general, lower than the thermal activation energy [19]. Thus
no external driving force is needed to create free charges. These free charges need then to
be transported to the electrodes of the solar cell before they recombine. The recombination
probability is lowered by a high charge carrier mobility [17, 18] and long charge carrier diffusion
length [17,21], which are both fulfilled sufficiently by perovskite absorbers.
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2.1 Hybrid perovskite solar cells

“Membranes* further favor the charge extraction by letting pass either electrons or holes. Those
membranes are n- (or p-type) semiconductors with adjusted conduction (valence) band energy
for efficient electrons (holes) transport with huge band-gap energies forming an energetic barrier
for holes (electrons) at this interface. In principle, the energetic band structure can be adjusted
by either tuning the perovskite absorber properties (band-gap tuning) or modifying the p- or
n-type semiconductors using different materials.

The following possible planar solar cell architectures for perovskite solar cells based on the
presented mechanism above are outlined. Accordingly, the solar cell stack consists of at least
the perovskite absorber layer, the n- and p-type semiconductor layer, named electron transport
layer, and hole transport layer. This stack is sandwiched between two electrode materials for
charge extraction. At least one of them must be transparent, so that light can be transmitted and
absorbed at the perovskite layer. These layers can be arranged in two main device architectures.
When the incident light passes the hole transporting layer before the perovskite layer, the device
is defined as a p-i-n or inverted stack (Figure 2.4 a). Depositing the layers in reverse order will
lead to the n-i-p or standard stack (Figure 2.4 b) [28,47].

a . b .
p-1-n n-i-p
Back electrode Back electrode
ETL HTL
e ) - |
\
‘ Absorber Absorber
L 77HTL77777 - ETL
Front electrode Front electrode
Substrate Substrate
>/\V S
N N
BA) vy

Figure 2.4: Tllustration of possible planar perovskite solar cell architecture with illumination from the bottom glass
side. a: p-i-n or inverted architecture; b: n-i-p or standard architecture.

Examples for ETL and HTL material are given based on the relevance for this work. Conventional
electron transport layer (ETL) materials are the inorganic titanium oxide (TiO;) and organic Cg
derivatives. For fabricating a TiO, layer, sintering temperatures of 500°C are needed [48].
Since these high temperatures would damage the perovskite, this ETL material can only be
used in n-i-p devices. Additionally, those layers have to be deposited on fluorine-doped tin
oxide (FTO) as transparent conductive oxide (TCO) material since indium tin oxide (ITO) would
degrade at those high temperatures, too. Organic Cgg derivatives like PCsoBM (PCBM), indene-
Ceo bisadduct (ICBA), bis-PCgBM (bis-PCBM) in combination with bathocuproine (BCP)
are alternatives to high temperature processed ETL materials. Those have favorable band
alignments [49, 50] and the ability to passivate perovskite defects at their surface and grain
boundaries [51].
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One of the most established HTL materials is the conductive fluorene (Spiro-OMeTAD) because
of its high performance in solar cells and easy layer deposition [52]. For p-i-n devices, the
HTL material poly(triaryl amine) (PTAA) or PEDOT:PSS are typically used. PEDOT:PSS
is cost-effective, processable at low temperature, and facilely deposited by spin-coating [53].
PTAA is an alternative hole transport material (HTM) for PEDOT:PSS with a high solar cell
performance [54] but complex processing due to its hydrophobic surface [55].

Relevant HTL, ETL, and perovskite materials in chapters 4 and 5 of this work are summarized
in figure 2.5 with their band energies.
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Figure 2.5: Adapted and modified schematic illustration of exemplary perovskite, HTL, and ETL energy levels
[16,47,56-58].

2.2 Lead alternatives for improved sustainability

The toxicity and environmental harm of lead-containing highly efficient perovskite absorbers
can be a hurdle to the perovskite solar cell commercialization. Thus substitution possibilities are
highly discussed and researched in foresight. The European Union restricted the lead amount
to 0.1 wt.% for electrical and electronic devices [6], which is only 1% of the expected lead in
perovskite solar cells [7]. Already 10 ppm lead in the human blood can influence human health.
Furthermore, environmental concerns should be kept in mind, too [5].

As already highlighted in chapter 2.1.2, the band structure of hybrid perovskite absorber can
be assigned to the hybridization of the lead orbitals. Thus the electronic configuration of lead
results in the outstanding properties of perovskite absorbers. Consequently, to achieve at least
similar properties with lead-free devices, the lead-alternative should have a similar electronic
configuration (filled 6s-orbital and almost empty 6p-orbital). Lead-alternatives fulfilling these
criteria can be easily found close to the lead position in the periodic table, as seen in the cutout
of the periodic table (figure 2.6).

Lead-free perovskite should have chemical and physical properties beneficial for solar cells
application. These are high absorption coefficients in the solar spectrum, appropriate charge
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2.2 Lead alternatives for improved sustainability

transport properties (low effective masses, high charge mobilities), and suitable, direct band-
gaps. Furthermore, compounds with high comparability for human health and the environment,
and high ambient stability are favored. Moreover, the fabrication route of the perovskite absorber
should be facile and cost-effective with moderately harmful and dangerous chemicals.

In the following, a general overview of lead-free compounds is given. These are compared
according to their solar cell performance, toxicity, environmental impact, fabricating route, and
stability. Lead alternative elements are divalent cations of group 14 (tin, germanium) or trivalent
cations from group 15 (bismuth, antimony). Double perovskites combining monovalent cations
of group 11 (copper, silver) and trivalent cations of group 15 are also possible lead-alternatives.
These lead alternative elements are summarized in figure 2.6.

group group group group group
11 12 13 14 15

63 74
2%Cu 2Ge
107 120 !2 1
“TAg 50Sn 151Sh
208 209
82 Pb &3 Bl

Figure 2.6: Relevant lead-alternative elements illustrated as a cut out of the periodic table.

The group 14 elements (tin, germanium) are the most promising lead alternatives as similar elec-
tronic configurations let expect comparable physical and chemical properties [59,60]. Moreover,
they have the same oxidation state, thus can form the usual ABX3 perovskite structure [61]. Fur-
thermore, their precursor salts are less toxic than the lead analogs. Especially Ge salts seem
to be environmentally friendly and less harmful for human health [15]. The biggest hurdle
of these perovskite compounds is their stability since they easily oxidize to the corresponding
B** ion. This is probably the reason for lower solar cell efficiencies compared to lead-based
perovskite solar cells [60]. Ge-based perovskite absorbers generally have high band-gap en-
ergies due to a distorted crystal structure by the smaller ionic radius of Ge* [15,61]. CsGelj
perovskite has the lowest band-gap energy of 1.6 eV. Nevertheless, for this composition, a solar
cell efficiency higher than 1 % has not been achieved so far due to poor perovskite morphology
and fast oxidation [59,60]. Tin-based perovskite solar cells are far more promising with already
achieved efficiencies of over 14 % [9] and are therefore described in more detail in chapter 2.2.1.
Outstanding results were achieved by Chen et al., who combined Sn and Ge in the perovskite
absorber. The stability is improved in this study by a “native-oxide surface passivization. The
CsSng 5Geg sI3 composition revealed an appropriate band-gap energy of around 1.5 €V with a
solar cell efficiency of 7% [62]. These hybrid systems can be promising alternatives if they are
deposited by a low-cost method from a solution. So far, the described result was achieved by
thermally evaporating the perovskite layer [62].

Improved environmental stability are reported for the trivalent cation compounds of antimony
(Sb>*)- and bismuth (Bi**) [61]. Since these ions have a higher oxidation state, they cannot
form the typically BX¢ octahedra network. Instead a perovskite-like AzB;Xog structure is
formed [63]. This generally leads to low structural dimensionality resulting in high exciton
energies and unfavorable charge transport properties (low mobilities, high resistivities) due to
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2 Fundamentals of perovskite solar cells with improved sustainability

limited interaction between neighboring ions in the perovskite-like structure [61]. Furthermore,
they often have indirect band-gaps [61]. With MA3Sbyly, a efficiency of 2.04% is reported
[64]. However, for fabricating this compound, unfavorable hydrogen iodide (HI) seems to be
necessary [64]. Moreover, antimony is expected to be toxic [65]. Consequently, antimony
substitutions are not favored with respect to solar cell performance, fabrication methods, and
toxicity. Bismuth compounds are the most promising candidates with respect to toxic and
environmental concerns [66], and will be discussed in more detail in chapter 2.2.2.

Outstanding stability in ambient conditions [61], a moderate impact on human health [56, 63],
and a 3D structural dimensionality [61] can be achieved by double perovskites [63]. Those
merge properties of two elements. However, most combinations reveal compounds with indirect
band-gaps larger than 2 eV, low electronic dimensionality, and unfavorable charge transport [61].
The CsyAgBiBrg compound is the most promising candidate of these double perovskite with
an efficiency of around 2.5% [67,68]. However, these perovskite layers have to be fabricated at
high temperatures of up to 250°C leading to unfavorable preparation process [67,68].

Further Bi-related alternatives are the Ag,Bil, (with x = a+3b) compounds, named rudorffites-
based perovskite [15]. Those have similar stability behavior as the discussed one before but have
promising lower direct band-gap energies of around 1.7-1.9 eV [69]. With sulfur-doped Ag;Bilg
absorbers a high efficiency of up to 5.4% could be reached [70]. These precursor compounds
are non-toxic, which would make those very promising alternatives for lead-free perovskite solar
cells. However, fabricating routes of these perovskite layers again include HI [70], which is a
very strong acid, so fabricating does not fulfill the conditions of facile synthesis.

Other lead-free perovskites can be made from copper (Cu) or titanium (T1). For some titanium-
based perovskites, promising electronic and optical properties were calculated [71]. Even for
Cs; TiBrg, an efficiency of already 3% could be reached [72]. These Ti(IV) compounds seems to
be promising regarding the low toxicity of the CsBr and TiBr4 educts and stability. Unfortunately,
these high solar cell performances have only been achieved so far by thermal evaporation.
Cu-based compounds are until now less explored and revealed efficiencies of less than 1% [63,
73]. These up to now low achieved efficiency can be related to a low absorption coefficient, high
effective mass of holes, and low conductivity due to the 2D dimensionality [63]. Furthermore,
these suffer from the reduction of Cu2* ions to Cu* [63].

During this consideration, tin and bismuth have shown to be promising lead-alternatives. Thus
these perovskite alternatives are investigated in more detail in the following subchapters.

2.2.1 Tin as a lead alternative

Tin is the most promising lead alternative achieving high efficiencies of over 14% [9] for lead-
free solar cells and up to 21.7 % [8] for lead-reduced ones. These materials have beneficial
solar cell properties like direct band gaps [61], high charge carrier mobilities [63], and a 3D
dimensional order [42]. Furthermore, these perovskite absorbers offer facile fabrication routes
such as solution processing similarly to the lead-based ones.

Tin ASnX3 perovskite

The following will address the stat-of-the-art of tin perovskite absorbers and their challenges.

12
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First of all, Sn** easily oxidizes to Sn** forming Sn-vacancies defects acting as recombination
sites in solar cell devices [12, 13]. Further, crystallization of the tin perovskite layer is in general
faster than for their lead analogs. Thus forming compact, pinhole-free layers with few surface
defects is challenging [13]. Lastly, tin perovskite solar cells suffer from high V¢ losses which
is due to a high defect density [13, 74] and unfavorable band alignment with charge carrier
interfaces [13]. Described effects often influence each other and can not be solved individually.
Some known ways to overcome these challenges are considered in the following.

Oxidation of the tin perovskite absorber from Sn?* to Sn** during solar cell fabrication can be
reduced straightforwardly by carefully preparing the perovskite film in an inert atmosphere with
less than 1 ppm oxygen and water and using chemicals with low oxygen and water residues.
Moreover, reducing agents can be used to prevent and retard oxidation processes. A widespread
reducing agent is SnF,. It prevents the oxidation processes and decreases the overall Sn vacancy
concentration [75]. Other reducing agents, often used in combination with SnF,, are hydrazine,
triethylphosphine, and hypophosphorous acid [76-79].

By chemical engineering, the nucleation and fast crystallization of tin perovskites can be con-
trolled, improving the perovskite morphology. There are, in general, two possibilities known:
either slowing down the drying process or using additives to influence nucleation and crystal
growth. The drying process of the perovskite layer can be controlled by recrystallizing the
perovskite [80] or by a dimethylsulfoxide (DMSO) vapor treatment during perovskite layer an-
nealing [81]. Smoother pinhole-free perovskite layer could be achieved with both techniques.
Besides this method, coordinating additives with SnX, [82-84] or the Sn-perovskite [85] in-
fluence the nucleation and crystal growth rate, improving perovskite morphology. Examples
for these additives are the huge cation phenethylammonium iodide [86], ethylenediammonium
diiodide [85], S-ammoniumvaleric acid iodide [82,87] and thiocyanate anions [83,84] to name
some.

Since inserting huge cations on side A is a widely used approach in tin perovskite solar
cells, these are outlined in more detail in the following. Besides already named improved
perovskite morphology, those huge cations also influence the perovskite layer’s crystallo-
graphic morphology by forming quasi-2D interlayers in the 3D perovskite bulk, improving
their perovskite film crystallinity and crystal orientation. Commonly used bulky cations are
phenethylammonium (PEA™) [83, 84, 86, 88-91], butylammonium (BA™) [77,91,92] and 5-
ammoniumvaleric acid (AVA") [82,87]. The expected unique nucleation and crystallization
processes of pure 2D, mixed 2D/3D, and pure 3D systems leads to their characteristic crys-
tallographic properties [93]. In 3D systems nucleation and crystallization takes place at the
solution/air surface and in the bulk, which leads to randomly oriented crystallites [93]. The
usage of bulky cations suppresses the random bulk nucleation and crystallization present in 3D
systems, in favor for a controlled nucleation and crystallization from the solution/air surface only,
leading to highly oriented crystallites [93]. Thus an increased control of crystalline ordering in
2D/3D mixed perovskite is achieved [93]. Challenges for devices arise if the huge cation organic
interlayers grow parallel to the substrate. This can limit the charge transport due to the insulating
big cation spacer. However, improved device stability due to enhanced hydrophobicity at the
surface can be achieved [90,94]. The crystal facet orientation can be manipulated by adding
formamidinium thiocyanate (FASCN) [84] or ammonium chloride (NH4ClI) [33], which favors
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2 Fundamentals of perovskite solar cells with improved sustainability

perpendicular growth of the organic spacer by interacting with Sn>*. These crystallographic
improvements in general improve solar cell performance [83,88] and stability [12] since defects
are reduced by higher-ordered films decreasing dark recombination states and starting sites for
degradation processes.

Voc losses are suspected to result from high band offsets between the perovskite and charge
layers. The band offsets can be adjusted by perovskite composition and/or charge transport layer
modification. Different cations and anions can generally tune the perovskite’s band energies (see
chapter 2.1.1). Liuet al. added PTN-Br to the perovskite precursor solution to adjust the valence
band [95]. Moreover, the addition of ethylenammonium alters the conduction and valence band
of the perovskite [94]. Additionally, forming 2D interlayers influence the perovskite absorber
band-structure [77,90,96,97]. Charge layer interface alignment can be further done by either
modifying the charge transport layers [98] or using other charge transport materials (ICBA) [99].

The impact of tin-based perovskite solar cells on human health and the environment remains
debatable and uncertain [100]. Only a limited number of studies access this concerns of tin
perovskites and its related compounds.

Two experimental studies report on contradictory impact, as a non-negligible toxicity of
tin(I)iodide (Snl,) were observed for zebrafishes [10], whereas tin perovskite plant absorp-
tion was reduced [11] compared to their lead analogs.

However, a wide research group often considers tin-based perovskite to be less harmful to the
environment and human health [61, 101-103], as the degradation product of the perovskite and
precursor material Snl; is the water-insoluble tin oxide (SnO;) [104].

In this work tin perovskite will be regarded as lead-alternative with mitigated toxicity and
environmental harm, following the majority opinion of researchers.

Tin-lead mixed ASn,Pb;_;X3 perovskites

Tin-lead mixed perovskite absorbers are a compromise of improved solar cell performance and
stability to only mitigated human and environmental concerns of the lead, as they only reduce
the lead content.

The solar cell efficiencies of those perovskite absorbers are far higher than those of pure tin
perovskite ones. Xiao has shown a high efficiency of 21.7% for a FAg7MA3Sng5Pbgsls
composition [8]. In addition, they generally have higher stability than the pure tin perovskite ab-
sorbers [104,105] (further illustrated in the chapter on the perovskite stability 2.3.2). Moreover,
these tin-lead mixed perovskites have an anomalous band-gap behavior, making low band-gap
energies of 1.2 eV possible [106, 107]. These low band-gap energies provide the possibility to
use those tin-lead mixed perovskite solar cells as bottom cells in tandem devices [106, 107].

Besides outlining the advantages of tin-lead mixed perovskite absorbers, the following chapter
will focus on their main challenges and strategies to solve these. The challenges are, in general,
quite similar to the pure tin ones, so only a short overview is given. Extended reviews are given
by Zhu et al. [107], Wang et al. [106], and Cao et al. [100].

Similar to pure tin-based perovskite solar cells, the fast reaction of Snl, makes it challenging to
control the perovskite layer formation. So comparable strategies to pure tin perovskites are used
to achieve increasing morphological control. Improved perovskite layer formation can be realized
by adding DMSO into the precursor solution [108] or using thiocyanate additives [109, 110].
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Even if the stability of tin-lead mixed perovskite absorbers is improved compared to that of
pure tin ones, the oxidation of Sn,* is still problematic. Reducing agents to retard or prevent
oxidation are SnF; [111], ascorbic acid [112], and tin powder [113, 114]. Inserting huge cations
like BA™ to form a 2D/3D mixed perovskite film enhance the ambient stability as well [115].

MA™-free perovskite compositions and PEDOT:PSS-alternative-HTL have been less explored
in tin-lead mixed perovskite devices [116]. However, this is a general strategy in lead-based
perovskite solar cells [28, 117]. Already first studies showed detrimental effects of PEDOT:PSS
[118] and MA™ [119] also in tin-lead mixed perovskite solar cells. The general motivation for
replacing MA™ in lead-based solar cells [120-126] will be outlined in detail in the stability review,
chapter 2.3. Further, PEDOT:PSS is known for his hygroscopic and acidic nature [116,127-129]
(also outlined in more detail in the stability review, chapter 2.3) .

In summary, tin-containing perovskite solar cells still have not reached the lead-based ones
regarding their solar cell performance and stability. The impact of tin perovskite on the envi-
ronment and human health seems to be less harmful than the lead-based ones, but have to be
explored in the future.

2.2.2 Bismuth as a lead alternative

As already highlighted, bismuth is a promising alternative to lead, due to its low environmental
and human health impact [14]. The precursor materials for perovskite layer fabricating and the
A3Birlg (ABI) perovskite are very stable [15].

Since bismuth is a trivalent cation, it can-not form the typical ABX3 perovskite structure due to
charge imbalance. Instead, a perovskite-like structure A3zBislg is formed, where the Bi2193 T isan
isolated framework without corner-sharing octahedra as in the typical perovskite structures [ 130].
In figure 2.7 the typical A3Bislog is displayed.
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Figure 2.7: Schematic illustration of the A3Bi,Ig crystal structure modified and adapted with permission from [131].
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2 Fundamentals of perovskite solar cells with improved sustainability

Most ABI perovskite solar cells suffer from low efficiency of around 1% due to low dimension-
ality [15] resulting in high exciton binding energies of around 100-300 meV [15], huge indirect
band-gap energies (~1.8-2.9 eV [15]), worse perovskite morphology, and high background
carrier density [69]. Strategies to face those challenges are considered in the following.

Forming a dense, homogeneous perovskite layer is essential for high-performing solar cells. The
fast reaction of the precursor salt bismuth iodide (Bil3) and methylammonium iodide (MAI) leads
to a fast crystallization with undesired grain formation [29, 132]. Fabrication of appropriate ABI
perovskite films is, therefore, challenging [29, 132]. Different solvent engineering techniques
were performed to control the crystallization process. This can be done by using different solvents
having higher boiling temperatures or forming complexes with precursor materials. By this,
the supersaturation level is increased during nucleation and crystal growth, leading to compact
perovskite layers. Solvents therefore are DMSO, 4-tert butyl pyridine (tBP) and N-Methyl-2-
pyrrolidone (NMP) [132, 133]. Further methods are solvent annealing or re-crystallization of
the film with the precursor solvent [16, 134].

Incorporating trivalent elements, like gallium and indium, to form a dual cation Cs3BiXlIo
perovskite can lower the huge band-gap [135]. Additionally, theoretical calculation showed that
integrating selenium and sulfur is expected to reduce the bandgap as well [136]. Vigneshwaran
et al. reduced the band-gap energy from 2.04 eV to 1.45eV for methylammonium bismuth
1odide (MA3Bi>lg) by inserting sulfur, but no application in solar cells is reported [137].

The outlined advantages and challenges of bismuth and tin-containing perovskite absorbers in the
last chapter highlight the different strategies in the research field of lead substitution in perovskite
absorbers. A compromise between either a low (at least at present) solar cell performance for
bismuth-based perovskites or of an uncertain impact on the environment and human health (up
to now) and instability issues for tin-based perovskite absorbers have to be made.

2.3 Stability of perovskite solar cells

Besides the toxicity concerns, the stability of perovskite solar cells is an additional challenge
needed to be faced for commercializing this technology. The stability of perovskite solar cells
includes several aspects, schematically depicted in figure 2.8.

Understanding overall perovskite solar cells’ stability, insights into critical preparation conditions
initiating the degradation process, and its stability in operation have to be gained. Therefore, a
systematic investigation of aging conditions and sample designs is needed. The material stability
of a perovskite film by intrinsic and extrinsic conditions is the first step (see figure 2.8a).
Intrinsic stability testing is generally performed by aging the samples in a inert atmosphere,
e.g., storing these in a nitrogen-filled glovebox (see figure 2.8a). Further, the degradation
of perovskite absorbers under extrinsic conditions like light, temperature (85°C), atmosphere
(oxygen, nitrogen, humidity) is commonly explored. These stress parameters can be combined
and cycled in advanced tests [138]. These tests are extended by analyzing the extrinsic solar
cells’ stability. Exploring solar cells discloses additional material intermixing and interaction
affecting the device stability(see figure 2.8b) [138]. Final aging tests in the laboratory would
include the stress of encapsulated devices in long-term (see figure 2.8¢). Up to now, there are no
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standardized test protocols and long-term experience for perovskite solar cells [138]. However,
a typical experiment for encapsulated devices is the damp heat at 85°C with 85 %rH for 1000
hours leaned to the standardized silicon solar cell testing [139]. As a last step the devices have
to be tested in outdoor conditions (see figure 2.8d).
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Figure 2.8: Simplified illustration of a systematic stability study of perovskite solar cells. It outlines the perovskite
film (a), perovskite solar cell (b), encapsulated device investigation (c) and outdoor stability (d) under
intrinsic (glovebox), oxygen, humid, heat, illuminated and electrical bias conditions.

As this work focuses on lead-alternatives and in detail on tin-containing perovskite solar cell
optimization (see chapter 4), the literature screening on the stability of perovskite solar cells will
focus on absorbers. As the stability of tin-containing perovskite solar cells is challenging due to
the fast tin oxidation, only the first short-term aging tests (100 days) are generally reported [140].
So far, commonly, the intrinsic - or encapsulated stability testing is investigated. Furthermore,
testing in an ambient atmosphere is presented [140]. The stability at elevated temperature, light,
and electrical bias is not commonly explored. Thus, in the following, degradation processes are
illustrated on tin-containing perovskite absorbers, as long as the literature provides information.
Otherwise, examples of lead perovskite are outlined.

The intrinsic stability issues of perovskite absorbers will be discussed in chapter 2.3.1 and the
extrinsic ones in chapter 2.3.2. Degradation mechanisms concerning the perovskite solar cell
stack, like perovskite interfaces and other layers deterioration, will be presented in chapter 2.3.3.

2.3.1 Intrinsic stability of perovskite absorbers

This chapter outlines the material stability of perovskite absorbers excluding external stress
factors from ambient atmosphere, light, and temperature, are excluded, here referred to ’in-
trinsic stability’. Two main aspects of the intrinsic stability of perovskite absorbers need to be
considered: phase stability and ion migration.
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2 Fundamentals of perovskite solar cells with improved sustainability

Perovskite absorbers crystallize in different phase structures based on their composition and
temperature (see chapter 2.1.1). The preferred crystal structure is predicted by the Goldschmidt
factor, as already shown in equation 2.1. A perovskite phase is formed for ¢ between 0.8 to
1. By composition engineering of mixing several anion and cations having varying sizes, the
Goldschmidt factor can be optimized to the middle of this perovskite phase zone. Moreover, the
cubic phase seems to be more stable than the distorted one [29]. A higher stability of the cubic
multi-cation perovskite, optimized to the middle of the perovskite zone by altering the ions, was
experimentally shown compared to the tetragonal MAPbI; perovskite [29]. However, secondary
phases should be avoided especially in multi-cation perovskite systems [29].

Besides phase stability, ion migration is a common intrinsic challenge, too. The potential of ion
migration is dependent on the defect density, interstitial spaces, size and charge of the ion, and
the ion jumping rate. It is not clear if ion migration only occurs by an external electric field or
not. Iodine is very prone to ion migration [141-143]. Ion migration is thought to be prevented
by minimizing grain boundaries, which would cause high defect density that would acts as a
channel for ion migration [29]. However, Wu et al. and Luo et al. showed that ion migration
also occurs in single crystals with no grain boundaries [144, 145]. So the mechanism of ion
migration has not been accurately specified up to now [29]. Another strategy to minimize ion
migration can be realized by mixed perovskites. For example the ion migration barrier energy
(estimated by DFT calculations) is enhanced by inserting the alkali metals Rb*, K*, Na*, Li* as
these inhabit at interstitial sites formation [29].

2.3.2 Perovskite absorbers under extrinsic conditions

The impact of extrinsic stress conditions like oxygen, moisture, light, and heat on the perovskite
absorber material are described in the following. Especially, oxygen and moisture stability are
relevant during solar cell preparation, as under operation the contact to these can be prevented
by sample encapsulation.

The decomposition of tin perovskite absorbers in ambient atmosphere can be easily traced by
the transition from a black-colored film to a transparent one. The deterioration of the perovskite
absorber is influenced by oxygen and moisture. The process is described by the following
reaction circle [146]:

ASnl, G,
5 Sno,
Al

l, Al Snl4/N\ASnI
2 6

H,0 H,0
4
HI

0, Sno,

Figure 2.9: Decomposition scheme of tin perovskite absorber ASnlz in ambient atmosphere. Reaction 1: Oxidation
of the ASnl; to tin(IV)oxide (SnO,), Al and tin(IV)iodide (Snl4). Side reaction 2: Reaction of Al
and Snls to form A,Snlg perovskite. Reaction 3: Hydrolyses of the Snly to HI with the by-product
SnO;. Reaction 4: Further oxidation of HI to form diiod (I,) with water as a by-product. Reaction 5:
Decomposition of the ASnl3 in the presence of I, to Snly with the by-product AI. Adapted from [146].
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2.3 Stability of perovskite solar cells

The decomposition of the ASnlz perovskite is initialized by an oxidization to Snly with the
by-products SnO, and Al (reaction 1). The formed Snls can hereby either react with the Al to
form a vacancy-ordered Sn(IV) double perovskite A;Snlg (reaction 2) or hydrolyses in moisture
atmosphere to HI and SnO, (reaction 3). The HI can further oxidizes to I, and water (H,O)
(reaction 4). The I, triggers the further decomposition of the ASnlz perovskite to Al and Snly
(reaction 5), restarting the decomposition cycle.

This reaction scheme highlights the impact of oxygen and moisture on the deterioration of tin per-
ovskites. Pure moisture would not deteriorate the tin perovskite, as the illustrated decomposition
is initialized by oxygen. Dry oxygen would lead to Snly, which further decomposes to A;Snlg,
but no HI and I, would be formed. However, small amounts of oxygen in a slight moisture
atmosphere would lead to a complete decomposition as the process is self-sustaining [146].

As the deterioration of tin perovskite in ambient atmosphere was outlined, the improved unique
stability by adding lead into the perovskite to form tin-lead mixed perovskite is derived.

In general, two degradation mechanisms are possible for tin-containing perovskites in the first
reaction-step. The tin and iodide in the perovskite compound can be (i) both or (ii) only the
tin is oxidized. In reaction (i) the bonds of tin and iodide need to be broken as both elements
are oxidized. Whereas, for process (ii) only the tin bonds are broken. Thus process (i) needs
higher activation energy than (ii). In reaction (i), the compound decomposes to SnO, and I,
whereas for (ii), these are Snl4 and SnO;. As the (ii) process is the less energetic one, this one
is favored for tin perovskites. However, tin-lead perovskites decompose via the (i) process with
higher activation energy. The (ii) process requires directly interacting Sn-I octahedra, which are
limited in tin-lead mixed perovskite. Thus decomposition is forced to occur via the (i) reaction,
actually being energetically less favorable. The tin-lead mixed perovskite thus requires higher
activation energy than the pure tin ones leading to a higher stability of tin-lead mixed ones.
Indeed, the activation energy for tin perovskite is 537 meV, whereas it is 731 meV for tin-lead
mixed perovskites. The following chemical reaction summarizes the oxidation of tin-containing
perovskites: [104]

2 ASI]I3 + 02 — 2Al+ SHOQ + SnI4

2 ASIl(),5Pb()'513 + 0y — 2 Al + Pbl + SnO, + 1)

Besides adding lead to the perovskite system, adding Cs* as an A-cation to the pure tin perovskite
also improves the resistance to oxygen. This is considered to reduce the lattice and thus the Sn-I
bonds (as long as phase stability is observed), strengthening these. [104]

However, there are even more strategies to prevent tin oxidation, shortly addressed in the
following. Excess of Sn** by tin halides SnX» is a common method to suppress tin(IV)
(Sn4+) formation [12, 147-149]. Metal oxide barriers [62], functionalized organic molecules
at the perovskite surface [96, 109] and large hydrophobic organic layers [83,90, 150, 151] (also
described as 2D perovskite layers) can enhance the resistance to oxygen [150]. Besides a
hydrophobic coating, those large organic molecules lead to a more compact and higher crystalline
perovskite film growth with reduced defects. Defects are preferable starting sides for oxygen
and water infiltration [12].

The oxidation during the fabricating process can be prevented by using materials with high
purity (Sn(II) halides, solvents) and processing in inert atmosphere conditions with low water
and oxygen content [13]. Effective encapsulation would be a mechanical barrier to prolong the
lifetime of perovskite solar cells.
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2 Fundamentals of perovskite solar cells with improved sustainability

While the impact of oxygen and moisture on tin containing perovskite is highly explored, the
influence of light is rarely investigated [12, 114]. Thus, this is illustrated on lead perovskites in
the following.

A combined impact of light and oxygen is reported for lead-based perovskite absorbers [152,153].
Absorbing light, superoxides are formed by transferring the electron from the excited perovskite
to an oxygen molecule, as described in the following reaction scheme.

CH3NH3PbI3 + 02 llgl> CH3NH3Pb13. + 02_

This superoxide reacts with the perovskite by deprotonating the MA™ in MAPbI; and thus
destroying the perovskite [152].

4 CH3NH3PbI3. + 02_ e 212 +4 CH3NH2 + 4Pb12 +2 HQO

Decomposition takes preferable place at defect sites, thus grain boundaries [12,154]. Theoretical
calculation showed the crucial impact of iodine vacancies, which is further promoted by the
fact that the most prominent defects at the surface are iodine vacancies [154]. Consequently,
perovskite layer with large grains, lower defect densities and passivating iodine vacancies are
expected to enhance stability [154]. Furthermore, preventing the formation of the superoxide
species reducing the time scale of the excited perovskite by effectively extracting the electrons
increases the stability [152,153]. By composition engineering of the perovskite to replace MA™,
enhances the stability as well [123, 155, 156]. Substituting the cation MA™ with less acidic ones
like FA* or Cs*, which have a lower deprotonating capacity, will decrease the reaction probability
with superoxides [12,157]. Moreover, bromide incorporating is thought to increase the stability
since bromide decreased the protonation ability of MA™* due to the higher electronegativity and
thus stronger interaction with MA™ [12, 158].

Lastly, the temperature impact on perovskite stability needs to be considered since these undergo
phase transitions in dependency on temperature [38, 157]. As tin perovskite solar cells are
considered to have the cubic or pseudo-cubic phase at room temperature, no phase transition is
expected for these compounds at elevated temperatures [42, 159, 160]. Since solar cells have
to surpass a testing temperature of 85°C based on the proposed standard testing procedure
for perovskite photovoltaic [138], the perovskite absorber should be stable at those temperature
regimes. However, MAl irreversibly decomposes into NH3 and CH31 at these temperatures [120-
124]. Higher temperature resistance was shown by Saliba et al. by composition engineering of
the perovskite absorber [156].

2.3.3 Stability of perovskite solar cell devices

Having outlined the intrinsic and extrinsic stability of perovskite absorbers, interacting of charge
transport layers and metals with the perovskite absorber in solar cell device are discussed in the
following.

Effects of charge transport layers’ stability are introduced. A failure of the device can be observed
by a deterioration of charge transport properties, increased interface defects, and molecule
penetration into and out of the perovskite structure. In general inorganic charge transport layers
are considered to have higher ambient stability, while organic ones can be fabricated more easily
at low temperatures, which is beneficial for the perovskite material stability [29].

In the following, the stability of relevant charge transport materials is presented. Fullerenes are

20



2.3 Stability of perovskite solar cells

often used as ETM due to their passivation capacity of surface defects, thus improving perovskite
solar cell performance [51,157]. This further reduces the ion migration by passivated surface
defects [161]. But these can suffer from morphological changes at elevated temperature forming
clusters [162]. These morphological changes can already be observed by slightly increased
temperature during light soaking [163]. Moreover, a very commonly used HTM is PEDOT:PSS
due to its good conductivity, easy processing, and cost-effectiveness [157]. But PEDOT:PSS is
acidic and hygroscopic. This can etch the indium tin oxide underneath, destroy the perovskite
layer on top and insert water into the device [127-129]. Alternatively, PTAA can be used as a
HTM having high solar cell performance [54] and improved stability [164].

Although the metal electrode is not in direct contact with the perovskite, its influence needs
to be considered as well. Two main processes are reported, which reduce perovskite solar
cell stability. One is the penetration of electrode atoms into the device, thus destroying the
charge transport layer and perovskite by reacting with these. Domanski et al. reported Au
penetration into the device, which could be prevented by inserting a Cr interlayer [165]. Further
ion migrating from the perovskite can react and destroy the metal electrode. Guerrero and Kato
revealed decomposition of the silver electrode by a reaction of silver and iodide. Both suggested
that iodide is migrating from the perovskite layer through the charge transport layer [166, 167].
Guerrero introduced an alternately Cr,O3/Cr electrode combination to prevent the reaction of
silver with iodide [166].
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2 Fundamentals of perovskite solar cells with improved sustainability

The conclusion and main findings from the literature screening are summarized in figure 2.10.
This illustration highlights the trade-off between solar cell efficiency, perovskite stability, and
the human health and environmental impact of lead and lead-alternative perovskite absorbers.
The decision for investigating these lead-alternative perovskite absorbers (Bi, Sn, SnPb) in this
work are based on making different compromises to the before named requirements.

Lead perovskite solar cells achieve a solar cell efficiency up to 25.5 % [3] and sufficient stability.
However, due to the lead, their concerns on human health and the environment is relatively
huge [5]. Using tin instead of lead is advantageous when considering human health and
environmental aspects [61,101-103]. But up to now, limitations in the solar cell efficiencies have
to be accepted (PCE=14 % [9]). Further, tin oxidation is challenging in terms of stability [146].
Tin-lead mixed perovskite absorbers lie between pure lead and pure tin ones in view of their
human health and environmental aspects, solar cell performance and stability [8, 104]. Bismuth
perovskite absorbers are outstanding due to their environmental friendliness and non-toxicity for
humans [14], and high stability [15]. Nonetheless, poor solar cell efficiencies are so far reported
(PCE=3 % [16]).

Classification of perovskite absorber
PCE

impact on human )
health and the stability
environment

= . »Ph = =SnPb Sn Bi

Figure 2.10: Schematic classification of Pb, SnPb, Sn, Bi perovskite absorber in regard to their power conversion
efficiency, ambient stability, impact on the human health and environment.
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3 Preparation and characterization methods

This chapter 3 outlines relevant methods for preparing (subchapter 3.1) and characterizing
(subchapter 3.2) perovskite films and solar cells. The corresponding results will be discussed in
chapter 4 and 5.

3.1 Preparation methods of perovskite solar cells

This chapter refers to the preparation methods of the perovskite films and solar cells prepared
and characterized in this work. The subchapters are structured according to their preparation
technique. Thus, subchapter 3.1.1 describes prepared layers from solution and suspension by
spin coating, like perovskite and charge transport layers. Subchapter 3.1.2 illustrates the post-
doping technique for perovskite layers by vapor deposition. The synthesis of bismuth xanthate
(Bi(xt)3) used as an additive in perovskite precursor solutions is described in the following
subchapter 3.1.3. The last two subchapters describe electrodes’ deposition by either physical
vapor deposition (subchapter 3.1.4) or sputtering (subchapter 3.1.5). The used chemicals and
materials are summarized in table A.1 in the appendix with their specific material properties.

The general used solar cell architectures in chapters 4 and 5 are illustrated in figure 3.1. These
give an overview of the used solar cell stack in each chapter and the principle deposition
technique.

For the p-i-n tin-containing perovskite solar cells PEDOT:PSS as HTL and a combination of
PCBM with BCP as ETL are utilized as a reference solar cell architecture. ITO and silver
are used as transparent front - and back contact. For tin-lead mixed perovskite solar cells an
additional HTL option PTAA is used. For tin perovskite solar cells additional Cgo derivatives
replace the PCBM. Bismuth-based perovskite solar cells are prepared in an n-i-p architecture
using commercially available FTO as TCO, TiO, as an ETL, Spiro-OMeTAD as HTL and gold
as the back electrode.

Sn-containing perovskite solar cells Bi- perovskite solar cells
(chapter 4 (chapter 5
— p ; ) - | pter 5)
L  Agt Au’
(chapter 3.1.4) BCP? | Spiro®
5 5 o 3 |
spin coating PCBM ICBA® | bis-PCBM | : .
(chapter 3.1.1) || Sn-°, SnPb-/ perovskite ‘ ‘ Bi- perovskite®
QY 10 - 10,11
sputtered on glas PEDOT:PSS |l : PTAA TiO 20
ITO!- FTO
(chapter 3.1.5) Glass substrate Glass substrate

1:120 nm, 2: 60 nm, 3: <5 nm, 4 100 nm, 5: 60 nm, 6: 160 nm, 7: 400 nm,
8:500 nm, 9: 40 nm, 10: 10 nm, 11: 50nm, 12: 150 nm, 13: 400nm

Figure 3.1: Schematic illustration of solar cell architectures used in this work with their layer thicknesses.
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3 Preparation and characterization methods

The solar cells in this work have an active area of 0.24 cm?, which is defined by an overlap of
the patterned transparent electrode and the back electrode, which is precisely deposited through
a mask (see figure 3.2).

15 mm

15 mm N ‘:: Laser scx_'ibing
NN

Figure 3.2: Illustration of the solar cell design on a 15 x 15 mm? glass sample yielding two solar cells with an active
area of 0.24 cm? used in this thesis.

3.1.1 Layer deposition from solution via spin-coating

The following section will give an overview of layer deposition from solution or suspension by
spin coating. A short description of the principle layer deposition procedure will be presented,
further expanding with precise parameters summarized in tables. The first paragraph will
describe the perovskite layer deposition. Further HTL and ETL preparation methods will be
given. In the end, interlayers, which can-not be assigned to the other categories, will be outlined.

Perovskite layer deposition by spin-coating

All perovskite layers are prepared by a one-step method. Thus precursor solutions are generally
prepared by dissolving all precursor salts in stoichiometric amounts. All parameters referred to
the precursor solution preparation are described in table 3.1, like used precursor salts, additives,
solvents, the concentration of precursor solution, solvation time, and temperature. Perovskite
layers are prepared by spin-coating (parameters see table 3.2) the precursor solution on a sample
with an already deposited charge transport layer. The perovskite crystallization is initiated by
increasing the concentration over the supersaturation level by dripping with an antisolvent or
fast drying with a nitrogen flow during the spin-coating process. Subsequently, the perovskite
layer is annealed (time and temperature see table 3.2).

Since Sn** can easily oxidize, tin-containing perovskite solar cells need to be prepared in an
inert atmosphere. Preparation of the perovskite precursor solution, perovskite layer deposition,
and all layers deposited after the perovskite layer are thus executed in a nitrogen-filled glovebox
with an oxygen content lower than 0.1 ppm and water lower than 1ppm.
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Table 3.1: Parameters for the perovskite precursor solution preparation.

perovskite absorber precursor salts additives (c%) solvents” c¢/M temperature  time

Bi Bil;, Csl no DMF:DMSO 7:3¢ 0.75 100°C 4 RT¢ over night
Sn Snl,, FAIL, PEAI SnF; (0.15) DMF:DMSO4:1 0.6 RT 2h

SnPb Snl,, Pbl,, FAL, MAI, CsI SnF, (0.075), PbSCN (0.0175) DMF:DMSO4:1 1.2 RT 2h

¢ ¢ = M(additive)/M(perovskite)

b volume ratio

¢ Bils predissolved in DMF and Csl predissolved in DMSO
4 for the CsI presolution

¢ for the Bil3 presolution

Table 3.2: Parameters for the perovskite layer deposition by spin-coating.

perovskite absorber spin coating parameters crystallization initiation drying

Bi 10s 1000 rpm, 20 s 6000 rpm N, gas quenching after 15s 100-300°C for 20 min

Sn 10s 1000 rpm, 20s 6000 rpm, 1 s antisolvent quenching with anisol after 25s 40°C 10min, 100°C 5 min
4000 rpm, 1s 2000 rpm

SnPb 10s 1000 rpm, 20s 6000 rpm, 1s antisolvent quenching with anisol after 25- 100°C 5 min

4000 rpm, 1s 2000 rpm

75s

S[[99 Ie[os Ansaoiad jo spoyrow uoneredard [°¢
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Hole transport layer deposition by spin-coating

All of the characterized devices in chapters 4 and 5 include HTL for efficient solar cell perfor-
mance. The HTL used in solar cells in this work are PEDOT:PSS, PTAA, and Spiro-OMeTAD.
HTL are deposited by spin coating from a solution or suspension and possible layer drying on a
heat plate. Relevant deposition parameters are summarized in table 3.3.

Table 3.3: Parameters for hole transport layer deposition by spin-coating.

hole transport solvent concentration spin coating parameters drying

material

Spiro-OMeTAD CB 75 mg/mL 4000 rpm 35s no

PEDOT:PSS suspension as received 3s 500 rpm, 55s 4000rpm, 1s 120°C 10 min
in water 2000 rpm

PTAA DCB 3mg/mL 1000 rpm 35s 100°C 10 min

Electron transport layer deposition by spin-coating

For efficient electron extraction in the solar cell, ETL are used in the solar cell devices. As
illustrated in figure 3.1, different Cgp-derivates (PCBM, bis-PCBM, ICBA) combined with a
BCP layer are used as ETL. Alternatively, TiO, was deposited as ETL in Bi-based perovskite
solar cells. All these layers are prepared by spin-coating their solution. All relevant parameters
concerning the solutions and deposition are given in table 3.4.

Table 3.4: Parameters for electron transport layer deposition by spin-coating.

electron transport solvent concen- spincoating  drying miscellaneous
material tration parameters
TiO, IPA 0.25M 455 2000 rpm, 10 min 150°C, 30 additive: =~ 45uL

35100 rpm min 16.7°C/min, 1.5M HCl in
45 min 500°C EtOH

Cgo-derivates DCB 40 and 30s 1000 rpm, — application at
50mg/mL 554000 rpm 60°C
BCP EtOH 1mg/mL 34s3000rpm - -

Interlayer deposition by spin coating

In this last paragraph, interlayer depositions are summarized. The used interlayers in this thesis
are silicon oxide nanoparticle (S10,-NP) and poly(methyl methacrylate) (PMMA). The SiO,-NP
are synthesized by the Stober process [168,169]. For more details about the synthesis, the reader
is referred to the appendix of this work. These two interlayers were deposited by spin coating
according to the protocols summarized in table 3.5.
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3.1 Preparation methods of perovskite solar cells

Table 3.5: Parameters for the interlayer deposition by spin coating.

interlayer ~ solvent concentration spin coating parameters  drying
SiO,-NP  EtOH 1/3 of the stock solution ~ 30s 2000 rpm 100°C 10min
PMMA ACN 0.6 mg/mL 30s 6000 rpm 100°C 10min

3.1.2 Post-doping of perovskite layer by selenium vapor

Post-doping of the Cs3Bixlg perovskite absorbers with selenium in chapter 5 is carried out
in a selenium-containing nitrogen atmosphere. The process is done in a homemade halogen-
lamp-heated chamber with an elongated sample holder out of graphite, providing containers
for selenium at both ends. The setup is schematically illustrated in figure 3.3. The chamber’s
pure nitrogen atmosphere is realized by evacuating and refilling the chamber with nitrogen up
to 1000 mbar for several times. The post-doping is executed by first pre-heating the chamber
for around 20 minutes before introducing the sample holder into the chamber. The temperature
is tracked with sensors at the samples and selenium containers. Processes are typically carried
out with a temperature ramp of 1 Ks™! and process temperature between 340 to 350° C, which
results in evaporating the selenium and forming a selenium vapor in the sample holder. After
20 to 60 minutes, the sample holder is withdrawn from the hot chamber. Before opening the
system, the chamber is cooled down to room temperature over several hours.

halogen lamp-
heated chamber

graphite sample holder I
— moveable
N> flow > i
selenium samples lVaccum pump

Figure 3.3: Schematic illustration of the homemade setup for post doping the perovskite layer by selenium vapor.

3.1.3 Synthesis of bismuth xanthate

The synthesis of bismuth xanthate is followed by the description of Vigneshwaran etal. [137]. For
this bismuth (III) nitrate pentahydrate (2.06089 g, 4.2 mmol) is solved in 48 mL deionized water
and 5.32 mL hydrochloric acid (HCI) (32%), resulting in a clear solution. In a second solution,
potassium ethyl thiocyanate (2.18090 g, 16.7 mmol) is solved in 6.66 mL deionized water. The
potassium ethyl thiocyanate solution is added to the bismuth (III) nitrate pentahydrate solution
under continuous stirring. A yellow precipitation is immediately obtained. The observed
solution is stirred for one hour at room temperature. The resulted dispersion is filtered, and the
resulting yellow powder is dried in a desiccator. The dried powder is further purified by again
adding deionized water to redissolve the educt materials. For drying, the dispersion is again
filtered and dried in a desiccator. Successful synthesis is verified by elemental analysis.

27



3 Preparation and characterization methods

3.1.4 Physical vapor deposition for contact layer preparation

The back electrode of solar cells is deposited by physical vapor deposition through a mask
defining an active area of 0.24 cm?. Gold (chapter 5) or silver (chapter 4) are used as electrode
materials. The process is carried out at a base pressure of 5x 107 mbar by subsequently
increasing the evaporation rate from 0.5 to 3.5 A /s until a layer thickness of 120 nm for silver or
60 nm for gold is achieved.

3.1.5 Fabricating the transparent conductive layer via sputtering

The TCO layers ITO and FTO deposited on glass were bought commercially. These TCO layers
are generally fabricated by a sputter deposition process. Specified data of the TCO samples are
summarized in table 3.6.

Table 3.6: Specified parameters of the commercial bought ITO and FTO coated glasses.

TCO manufacturing glass typ TCO thickness  sheetresistance transmission
company /nm /Q/o
ITO Visiontek 1.1 mm soda 150 12 89% at 550 nm
lime glass
FTO Sigma 2.2mm 400-450 nm 15 83.4%
soda lime
glass

The TCO glass samples were cut either in 15 X 15 mm? or 30 x 30 mm? pieces and laser scribed
as illustrated in figure 3.2 for solar cell preparation.

3.2 Characterization methods for perovskite solar cells

In the following an overview of applied characterization methods for thin-film analysis (sub-
chapter 3.2.1), chemical properties (subchapter 3.2.2), and studying electro-optical properties
(subchapter 3.2.3) of perovskite absorbers and perovskite solar cells are given.

3.2.1 Thin film characterization

In this paragraph, techniques for characterizing thin films by their morphology and crystal phase
are outlined.
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The morphology of thin film can be analyzed by taking top-view images with an optical 3D-
microscope' and scanning electron microscopy (SEM)?.

An overview of layer surface coverage can be easily observed with the optical microscope by
taking top-view images. Additionally, scanning the surface with the integrated laser can estimate

the surface roughness (R, = % fol |z(x)| dx with [ the measured length, and z(x) the height at
point x) [170]. Since optical microscope measurements are restricted to their optical limit, only
details with a minimum size in the order of 1 um can be visualized.

Since most of the morphology characteristics are smaller than 1 pum, like film homogeneity,
grains characteristics, e.g. size and structure, and pinholes, these can not be featured with an
optical microscope. Thus further analysis of the top-view is done by SEM measurements. Grain
sizes are characterized with the imageJ software. Additionally, cross-section images on freshly
broken samples are performed to obtain film thicknesses, roughness, and possible cavities to the
layer underneath. At optimal conditions, a resolution of around 1 nm is achieved with our SEM
setup. The measurements were performed by Tina Wahl and Daniela Miiller.

The crystal phase of thin films can be analyzed by X-ray diffraction (XRD)> measurements. The
used setup has a copper K, X-ray tube with a wavelength of 1 = 1.54 A. Two measurement
configurations are used to determine the crystal phase of thin films, Bragg-Brentano and gracing
incidence (see figure 3.4).

The Bragg-Brentano method is typically used to analyze the bulk phase of a sample. For this,
the divergence incident X-ray beam excites the fixed sample at a moving angle w. Scattered
diffracted X-rays are detected at an angle 6 = w according to the sample. Since analyzed film
stacks in this work generally have a maximum film thickness of 1 um, complete solar stacks are
generally depicted in Bragg-Brentano XRD measurements. With the grazing incidence method,
sample surfaces of few nanometers can be characterized. Here monochromatic X-rays hit the
sample at a fixed angle w lower than 3°. The detector is moved by the angle 6 according to
the fixed sample. The penetration depth of the X-rays depends on the incident angle w and the
analyzing material. For higher angles w the x-ray penetration depth in the sample are deeper,
thus higher bulk information can be observed.

The resulting XRD pattern provides information about the structure and lattice parameters by
analyzing the peak position. By comparing the known XRD patterns of crystalline materials
with the measured ones, the phase compositions of the measured sample can be identified. The
peak width can estimate crystallite size, strain, and defects. The preferred facet orientation
is characterized by analyzing the peak area or height ratio. The peak intensities can provide
information on the weight fraction in multiple phase samples.

XRD measurements are characterized with the highscore+ software. The underground is defined
using the granularity (values between 10 to 30) and the bending factor (values between O to 2).
Further, diffraction peaks are fitted with the pseudo-Voigt function and, if necessary, considering
their asymmetric type. All other parameters are kept unchanged.

! Color 3D laser Microscope VK-9700K setup from Keyence
2 Zeiss Crossbeam 550 setup from Zeiss
3 PANalytical Empyrian setup from Malvern Panaytical
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Figure 3.4: Schematic illustration of the Bragg-Brentano and grazing incidence measuring setup with XRD.

3.2.2 Chemical properties analysis of perovskite absorbers

The chemical properties of perovskite films and solar cells are characterized according to the
elemental distribution in the bulk and molecular interactions with their chemical surrounding.
Elemental analysis in films can be analyzed by X-ray fluorescence (XRF), energy-dispersive
X-ray spectroscopy (EDX), and Time of Flight - Secondary Ion Mass Spectronomy (ToF-SIMS)
measurements. A short overview of the measurement techniques and their main differences are
outlined in more detail in the following. Hard x-ray photoelectron spectroscopy (HAXPES)
and X-ray photoelectron spectroscopy (XPS) measurements can provide additional molecular
interaction of molecules. The main differences of all named techniques is their resolution.

The XRF technology is based on exciting the sample with X-rays, which ionizes the material
by releasing electrons from inner orbitals. Left holes are filled up with electrons from higher
orbitals, releasing their excess energy by photons. These photon energies are detected being
characteristic for each element due to their specific orbital energies. The used setup* excites
the sample with an X-ray spot on an area of 1 x 2mm?. The penetration depth of those X-rays
into the sample is 300 um. Thus for our thin-films, being thinner than 1um, complete sample
stacks are analyzed. So spatial as well as depth resolution is therefore limited. However, this
method is facile and fast, giving a first impression of present elements in the sample and being
non-destructive. The XRF measurements were performed by Philipp von Bismarck.

EDX> measurements achieve higher spatial resolution. Here, in contrast to the XRF technology,
the sample is exposed to an electron beam. Again the sample is ionized by releasing electrons
from inner orbital. The left holes are filled with electrons from upper orbitals releasing photons
with characteristic energy for each element. Since these electron beams are highly focused, a
higher spatial resolution of the surface can be achieved. However, spatial and depth resolution is
limited by electron scattering in the sample and emitted photons in all directions. The resolution
is thus limited to some um. This technique is processed in vacuum conditions making it more
time-consuming, but providing a defined and oxygen-free atmosphere. The EDX measurements
were performed by Daniela Miiller.

4 Orbis Micro-XRF setup from Edax
3 Zeiss Crossbeam 550 setup from Zeiss
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3.2 Characterization methods for perovskite solar cells

ToF-SIMS® measurements can provide a high resolution of elemental distribution in a sample.
The sample surface is sputtered with Biz* or Bi* ions. By using the Bis* ions reduced molecular
fragmentation compared to Bi* is observed [171]. The released ions are then characterized by
mass spectroscopy. Since the primary ion beam can be precisely focused, a spatial resolution
of up to 70 nm in optimal conditions can be realized. Additional depth information of a sample
can be observed by eroding the sample surface with a secondary ion beam of Cs* or oxygen-
clusters* ions. Two measurements modes can be performed for obtaining either high mass
resolution (spectrometry mode) or high spatial resolution (imaging mode) [171]. The delayed-
extraction mode combines the advantages of the spectrometry and imaging mode, however
reduced mass signals are observed. As this technology is based on sputtering, this method
is destructive as well as time-consuming. Further interpretation difficulties can arise due to
preferential sputtering of hybrid mixed organic and inorganic samples. Again this technique is
processed in vacuum conditions providing an inert and standardized condition. The ToF-SIMS
measurements were performed by Dr. Jonas Hanisch.

Elemental concentrations in specific sample depths are analyzed by integrating the signal in
the area of interest over a time normalized depth profile. The F~ amount in figure 4.15g are
determined by normalizing the sample layer thickness to the sputtering time with highest S™
signal (t100) of the shown depth profiles in figure A.5. The normalized F~ values are integrated
over 0-10% t1090, 10-90,% t190 and 90-100 % t199 for the PEDOT:PSS/perovskite interface,
perovskite bulk and perovskite surface F~ amounts. Further, the F~ values are normalized to
I, plateau.

The analyzed element amounts in figure 4.44c, 4.51c are determined by normalizing the sample
layer thickness to the Ag* signal and integrating the elemental signals of interest from the sample
surface to the ETL layer.

HAXPES and XPS measurements’ can provide additional information about molecule interac-
tions. Similar to XRF measurements, the samples are excited by X-rays which release electrons.
In contrast to the XRF technology, the released electron energy is directly detected, which is
specific due to their orbitals. By chemical interaction with surrounding molecules, the binding
energies can be slightly shifted and detected by this method. Since the X-rays are usually not
focused, spatial resolution is limited. For XPS measurements, the penetration of the X-rays are
some nanometers, thus only giving surface information of a sample. However, the penetration
for hard X-rays in HAXPES measurements is much higher, which results in depth information
of up to 100 nm depending on the sample material. Also, this technique is processed in vacuum
conditions. The HAXPES and XPS were performed by Prof. Dr. Hand-Gerd Boyen and Derese
Desta.

3.2.3 Study of electro-optical properties

In this paragraph, methods for analyzing the electro- and optical properties, like band-gap ener-
gies, charge charier dynamics, the conversion of light into charges, and solar cell performance
are presented.

® TOF-SIMS 5 setup from ION-TOF GmbH
7 setup from Scienta Omicron
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3 Preparation and characterization methods

Perovskite film characterization

Absorptance A® of a thin film can be obtained by measuring the transmittance T and reflectance
R of a sample (A=1-R-T). This provides a insight into the absorptance onset and strength
of absorptance of a thin film, e.g. perovskite layer. Further, the band-gap energy (E,) of
semiconductors can be obtained by fitting the absorptance onset in a tauc-plot. In a tauc-plot
plots the absorptance to the photon energy is plotted according to (f(hv) = (Ahv)?) based on
(Ahv)?> = B(hv — E ¢) for direct electron transition with 4 the Planck constant, v the photon’s
frequency and B a constant [172].

Transient resolved photoluminescence (TRPL) and steady-state PL. measurements are used to
analyze charge carrier characteristics and the quality of the perovskite layer. By TRPL, the
lifetime of charge carriers can be calculated, thus giving a hint for good perovskite absorber
film applicable for solar cell devices. Further analyzing the quenching behavior by comparing
photoluminesce (PL) intensities of different sample stacks, like modified charge carrier extraction
layers, provides insight into charge extraction and/or quality of the perovskite layer. The PL
measurements were performed by Dr. Philip Schulz and Dr. Géraud Delport.

Perovskite solar cell characterization

The solar cell performance is characterized by measuring current-density—voltage dependency
curves (J(V)-curves) ? in the dark and illuminated by AM 1.5G sun spectra in forward and
reverse bias scan direction. A 2-lamp sun simulator'? realizes the sun spectrum. Since for
tin-containing perovskite solar cell the Sn>* oxidation in ambient atmosphere is highly critical,
all measurements for these perovskite solar cells are performed in a home-made N,-Box. This
N,-Box provides an inert atmosphere by a constant nitrogen flow. The J(V)-curves are analyzed
according to their solar cell parameters short-circuit current density (Jsc), Voc, fill factor (FF),
and power conversion efficiency (PCE) as illustrated in Figure 3.5. The PCE gives the ratio of
the generated power of the solar cell (Pgolar cenn) to the applied power of the light (Pyigne) and is
calculated by the following equation:

Psolar cell _ Jmpp ) Vmpp _ FFJSC - Voc (3.1)

PCE = =
Piight Piight Piight

Further maximum power point (MPP) tracking is carried out by applying the Vj;pp for sev-
eral minutes under illumination extracting the PCE at MPP to observe an authentic solar cell
performance and performance stability.

8 UV-Vis spectrometerLambda 900 from Perkin Elmer or
XWS-30 light source from MountainPhotonic with the ULS2048CL-EVO UV-Vis spectrometer and NIR-HSC-
EVO NIR-spectrometer from Avaspec

9 2400 measuring source unit from Keithley or
X200 setup from Ossila

10 WXS-90S-L2 Super Solar Simulator setup from WACOM
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3.2 Characterization methods for perovskite solar cells

VOC

// V
Jsc MPP

Figure 3.5: Exemplary illustration of a J(V)-curves with analyzed solar cell parameters.

External quantum efficiency (EQE)'! is used to analyze wavelength-dependent conversion of
light into charges. The maximum current in a solar cell can be calculated by integrating the
spectra over the solar spectrum. Additionally, the E,; energy can be estimated by the onset of the
spectra in a tauc-plot simultaneously to the absorptance investigation (f(hv) = (EQEhv)?).

1 Bentham PVE 300 setup from Bentham
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4 Development of tin-containing perovskites with
improved sustainability

Highly efficient perovskite solar cells are commonly based on perovskite compositions containing
lead. The presence of lead raises environmental and human health concerns, possibly hindering
the wide acceptance of perovskite solar cells. Therefore, lead substitution is a critical issue for
the practical implementation and acceptance of perovskite solar cells and alternatives should be
explored in foresight [29,61,69]. A detailed literature review of alternative perovskite absorbers
was presented in chapter 2.2.

This chapter investigates tin as a lead-alternative to reduce the impact on human health and
improve environmental sustainability. Besides this, tin has a similar electronic configuration as
lead [59,60]. This leads to the same oxidation state [61], which makes the lead replacement by
tin straightforward. Further the highest efficiencies are so far achieved by these lead-alternative
tin-containing perovskite absorbers [8,9].

Tin-lead mixed perovskite absorbers will be investigated in the first subchapter 4.1 by only
partially replacing the lead with tin. The amount of lead is further reduced by perovskite
absorber with entirely substituted lead by tin. These will be explored in subchapter 4.2. As
the stability of tin-containing perovskite absorbers is challenging due to the fast tin oxidation,
the stability will be studied in subchapter 4.3. The investigations made for each perovskite
composition and the stability are motivated and described separately at the beginning of each
subchapter.

The tin-containing perovskite solar cells are prepared in the p-i-n architecture, as for n-i-p
the commonly used charge layers are inappropriate for these perovskite absorbers. The ETL,
like SnO, and TiO,, are metal oxides providing oxygen vacancies highly critical for these
absorbers [74, 173]. Further, Spiro-OMeTAD used as HTL is also unfeasible for tin-containing
perovskite absorber, as the typically used dopants damage the perovskite [74, 174] and the
Spiro-OMeTAD have to be oxidized at air for high performance [174].

4.1 Exploring tin-lead mixed perovskite absorbers with increased
sustainability

In this chapter tin-lead mixed perovskite absorbers will be investigated having an reduced harm
on human health and improved environmental sustainability, solar cell efficiency and stability.
Their impact on human health and the environment is in between the risk for pure lead and pure
tin perovskites. These absorbers achieve over 21 % [8] efficiency and higher ambient stability
than pure tin perovskites [104]. Besides this, they can be applied as a bottom cell in tandem
solar cells because of their very low band-gap energies down to 1.2 eV [106].
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4 Development of tin-containing perovskites with improved sustainability

PEDOT:PSS is highly hydroscopic [128] and acidic [127, 128]. Hence an unstable interface
is expected, limiting the solar cell performance stability of tin-lead mixed perovskite solar
cells [118] and perovskite solar cells in general [116, 128, 129]. Further, thermally unstable
MALI is thought to limit the stability in tin-lead mixed perovskite solar cells [119] and perovskite
solar cells in general [120-126]. However, in literature these strategies are rarely addressed for
tin-lead mixed perovskite solar cells [116].

Thus, a strategy to replace PEDOT:PSS (see subchapter 4.1.1) and MA™ in the perovskite
composition (see subchapter 4.1.2) is explored. The optimization strategy is schematically
illustrated in figure 4.1.

PTAA as an HTL-alternative MA*-free perovskite
for the PEDOT:PSS composition

L Ag B e Ag ] e Ag |
BCP ! BCP ! BCP !
PCBM | PCBM | PCBM |

L FAMASnPbI J |:> FAMASnPbI |:> FACsSnPbI
NP Si,NP_ SIO,NPL L

PEDOT:PSS PTAA PTAA
ITO ITO ITO
Glass substrate Glass substrate Glass substrate

Figure 4.1: Schematic overview of the optimization strategy in chapter 4.1.

The 1:1 tin-lead mixed perovskite are deposited from a stochiometric perovskite solution by
spin coating. A solvent mixture of dimethylformamide (DMF) with added DMSO to retard the
crystallization of the perovskite and thus achieve a higher control of perovskite film formation
is used [108]. An anti-solvent dripping initializes the nucleation to start perovskite film growth.
The solar cell studied have an inverted solar cell stack as outlined in figure 3.1. ITO is used
as TCO, PEDOT:PSS or the PEDOT:PSS-HTL-alternative as HTL, SiO,-NP for improved
perovskite growth and wetting [175], a combination of PCBM and BCP as ETL and Ag as back
electrode. More details about the sample preparation are presented in chapter 3.1.

4.1.1 Investigating PTAA as an HTL-alternative for the PEDOT:PSS

In this subchapter, a PEDOT:PSS-HTL-alternative made from PTAA is explored.

PEDOQOT:PSS substitution has been rarely explored for tin-lead mixed perovskite solar cells [116].
Even though detrimental effects of the PEDOT:PSS/perovskite interface for tin-lead mixed
perovskite solar cells were already reported [119]. It is expected that the hygroscopicity of the
PEDOT:PSS [129] attracts water initiating the perovskite decomposition. Moreover, the acidity
destroys the underlying ITO [127,128]. Thus both aspects are expected to limit the stability of
the solar cell devices [116, 129] and thus PEDOT:PSS as an HTL should be replaced.

In this work, PTAA is applied as a PEDOT:PSS alternative. PTAA can be easily fabricated
from wet solution deposition via spin-coating and using it in lead perovskite solar cell devices
accomplished promising solar cell performances [176]. As the perovskite coverage on PTAA
is challenging as it has a hydrophobic surface [177], SiO,-NP are used to improve perovskite
wetting [175]. The overall aim of this chapter is to substitute PEDOT:PSS with PTAA and
realize working solar cell devices.
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4.1 Exploring tin-lead mixed perovskite absorbers with increased sustainability

For this investigation, the commonly used FA(75MAg25Sng 5Pbgsl3 perovskite composition
from literature [100] is chosen.

The impact of the PEDOT:PSS substitution by PTAA is first characterized in respect to the
perovskite film growth followed by the phase analysis and solar cell performance.

The perovskite film growth is similar on the PEDOT:PSS and PTAA surface. The top-view SEM
images show a complete coverage without pinholes and only slightly larger perovskite grains by
using PTAA as HTL (PEDOT:PSS (0.12 + 0.07) um?, PTAA: (0.13 + 0.09) um?) (see figure
4.2). The images of the PTAA sample show brighter areas, suggesting an additional phase.

It seems that the perovskite morphology is less influenced by the used HTL. The use of SiO,-NP
as a porous interlayer between HTL and perovskite layer is expected to lead to similar perovskite
growth.

Further, XRD studies are performed to characterize the impact of the HTL on the perovskite
crystalline morphology (see figure 4.3). Both XRD diffractograms matches to a cubic perovskite
phase. Since peak intensities are similar for all perovskite peaks, no changes in crystal orientation
are observed. A peak at 12.7° indicate a small amount of lead iodide (Pbl,) for the PTAA sample.
Excess of Pbl, is controversially discussed in terms of its positive or negative impact on solar
cell performance [62,178-183]. On the one hand, excess of Pbl; is often considered to reduce
the defect density [62, 178] by passivating the perovskite surface and grain boundaries [62].
This is thought to be beneficial for the solar cell efficiency [62,178,179]. On the other hand,
an excess of Pbl, is reported to be detrimental [180-183], especially in terms of its long-term
stability [182, 183].

As the perovskite morphology was characterized and minor impact by the used HTL, solar
cell performance is studied in the following. Solar cells with a median efficiency of 11.5 % in
reverse bias scan direction for PTAA devices compared to 13.0 % for the PEDOT:PSS ones are
demonstrated (with the highest solar cell efficiency of 13.1 % for tin-lead mixed perovskite solar
cell in this work) (see figure 4.4a). For the PTAA, a high median Voc of 780 mV is achieved,

Figure 4.2: Top-view SEM images of ITO/HTL/SiO,-NP/FA(75MA25Sn95Pbgsl3 samples to characterize the
impact of PEDOT:PSS (a) and PTAA (b) as HTL on the perovskite growth.
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Figure 4.3: XRD diffractograms of ITO/HTL/SiO,-NP/FA(75sMAq25Sng 5Pbg 513 samples to characterize the in-

fluence of the HTL PEDOT:PSS or PTAA on the perovskite bulk phase. These are compared to XRD
pattern of a cubic tin-lead mixed perovskite [184], Pbl, [185] and ITO phase (marked as **”).

whereas these for PEDOT:PSS only reached a median Voc of 710 mV. This is consistent with
the general observed higher Voc values for PTAA solar cells [176]. However, lower Jsc and
FF are accomplished with the PTAA devices (22.6 vs. 23.5mA cm™ and 66 vs. 74 %; median
values in reverse scan direction) (see figure 4.4b).
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Figure 4.4: Impact of substituting the PEDOT:PSS by PTAA on the solar cell performance
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of tin-lead mixed FAg75MAg25SngsPbgsl;  perovskite devices  (ITO/HTL/SiO,-NP/
FA(.75sMA 25510 5Pbo s13/PCBM/BCP/Ag). a:  Overview of the achieved PCE displayed in
box plots. b: Exemplary J(V)-curves for both HTL used. The lighter colored curve displays the
forward bias scan direction, the darker one the reverse direction. Further dashed curves are dark
measurements, while the solid lines represent illuminated ones.



4.1 Exploring tin-lead mixed perovskite absorbers with increased sustainability

In summary, replacing PEDOT:PSS with PTAA was successful. Fully covered perovskite growth
on the HTL surface and a cubic perovskite phase are determined for both HTL samples by using
SiO,-NP as wetting agent. The PTAA solar cells have moderately lower PCE values with a
median of 11.5 % compared to ones with PEDOT:PSS of 13.0 % (backward scan direction).
Since this is a pre-step for the optimization strategy towards PEDOT:PSS-free and MA*-free
devices, no more in-depth characterization on these devices are performed.

4.1.2 Exploring a MA*-free perovskite composition

Since MA* is considered to limit the long-term stability of the solar cells, a strategy to substitute
this ion is presented in the following subchapter.

MA™ should be eliminated as it limits the stability of tin-lead mixed perovskite solar cells [119].
For lead perovskite absorbers the MA* is generally eliminated in the perovskite composition due
to its thermal instability [120—123], favoring ion migration [124, 125], and enhancing intrinsic
self-degradation [126].

The MA* is replaced by Cs* and FA*, two commonly used A- site cations in hybrid organic-
inorganic perovskite compositions. In the following, the new standard HTL PTAA is used.
PEDOT:PSS devices are utilized for comparison. A perovskite composition with 8.5 % Cs*
(correlating to the total number of A cations) is chosen based on the experience on pure tin and
pure lead perovskite solar cells and literature screening [45, 116, 119, 186—189]. For pure tin
perovskites it will be shown that FASnI3 results in reliable working devices (see chapter 4.2).
For pure lead perovskites an amount of 17 % Cs™ is discovered to be a good compromise in
our research group. This leads to the chosen 8.5 % Cs* for a 50:50 mixed tin-lead perovskite
composition also in regard of the reported Cs* amount between 0 to 25 % [45,116,119,186-189].

The achieved solar cell performance using the MA*-free perovskite composition FA( 915Cs0 085
SngsPbg 513, and PTAA as HTL is very low (3.3 % in median) due to a strong S-shape in
their J(V)-curves is observed(see figure 4.5). Solar cell devices with the same perovskite
composition but using PEDOT:PSS as HTL, achieve median efficiencies of 12.9 % in reverse
bias scan. Comparable perovskite growth and crystal bulk phase for both HTL samples, indicate
no morphology alteration induced by the underlying HTL (see figure A.1, A.2). Thus the worse
solar cell performance is expected to be caused by inappropriate interface properties.

An S-shape in a J(V)-curves generally indicate an energy barrier in the electronic device [190],
so either the electron or holes are hindered from being efficiently transported through the device.
It is assumed that this barrier is caused by the HTL, because appropriate solar cell performance
is observed with PEDOT:PSS as HTL. Consequently, hole transport is thought to be hindered,
by either (i) an unfavorable interface of the PTAA due to a reaction with the perovskite or (ii)
an intrinsic unfavorable band structure of PTAA forming an energy barrier for the holes at the
perovskite interface.

Unfavorable interface effects are analyzed by inserting a thin interlayer in between the HTL and
the perovskite layer. This interlayer has to be sufficiently thin limiting insulating characteristics.
PMMA is chosen as an interlayer material for this matter. Solar cells with PEDOT:PSS as HTL
are analyzed as a reference system.
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Figure 4.5: Exemplary J(V)-curves of a solar cell (ITO/PTAA/SiO,-NP/perovskite/PCBM/BCP/Ag) using PTAA
and the MA*-free perovskite composition FA( 915Cs0085Sng sPbg 513 illustrating the strong S-shape. The
lighter colored curve displays the forward bias scan direction, the darker one the reverse scan. Dashed
curves are dark measurements, while the solid lines represent measurements under illumination.

The inserted PMMA interlayer has a minor impact on the solar cell performance for the ref-
erence devices(see figure 4.6a), demonstrating a suitably chosen PMMA interlayer thickness.
However, the solar cells with PTAA have not improved by the inserted interlayer (see figure
4.6b). Consequently, it is assumed that an interface interaction of PTAA and perovskite is not
causing the S-shape.

Based on the findings before, it is assumed that an intrinsic non-matching band structures of
the PTAA and MA*-free composition cause the energy barrier (see schematic illustration of
the suggested band structure in figure 4.7b). This band mismatch can either result from a
moderately lower PTAA valence band than the PEDOT:PSS one (see figure 4.7b1) or/and from
an increased valence band of the MA*-free perovskite composition compared to the MA*-
containing perovskite (see figure 4.7b2). Thus (i) the energy barrier offset can be reduced by
either upshifting the HTL (see figure 4.7c1) or (ii) downshifting the perovskite valence band (see
figure 4.7c2). Upshifting can not be realized as long as PTAA is kept as HTL. Downshifting the
perovskite valence band can be accomplished by reducing the atomic orbital overlap via structural
perovskite tuning. The strategy adopted here is based on octahedra tilting by using a smaller A
cation (see also theoretical background review in chapter 2.1.1 section band structure) [43,45].
The impact of the A cation size tuning on the crystal structure is examined followed by the solar
cell performance.

The impact of varying the Cs™ amount on the crystal structure is analyzed by XRD measurements
(see figure 4.8). Cs™ is the smallest A-cation compared to MA™ and FA* [29]. For low Cs*
concentrations of x=8.5 % and x=15 %, the perovskite bulk crystallizes in a cubic structure [184].
For higher Cs* concentration x=25 and x=35 % additional peaks at 22.4°, and 26.6° appear.
Based on the work of Prasanna et al., these are assigned to the (210) and (211) peaks of the
tetragonal perovskite phase [45]. Thus the perovskite crystal structure is slightly tilting with an
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Figure 4.6: Analyzing the impact of interfacial properties of the HTL and perovskite on the solar cell per-
formance by inserting PMMA in between the HTL and the perovskite layer (solar cell stack:
ITO/HTL/PMMA/Si02—NP/FA(),915CSo,ggsSn0,5Pb0,5I3/PCBM/BCP/Ag). a: used PEDOT:PSS and b:
PTAA as HTL. Red colored lines show devices without and purple ones with. The lighter colored
curve displays the forward bias scan direction, the darker one the reverse direction. Dashed curves are
dark measurements, while the solid lines represent measurements under illumination.

increasing Cs* ratio. Thus it is expected that the atomic overlap of the tin and lead with the
1odide is decreased lowering the energy of the formed perovskite valence band.

Enhancing the Cs* amount does not significantly change the perovskite morphology as indicated
by SEM top-view images (see figure A.3).

Furthermore, the impact of the observed structural changes on the solar cell performance is
examined. Exemplary J(V)-curves for solar cells with Cs* amounts of x=38.5 %, 15 %, 25 %,
35 %, and the stabilized median PCE value at MPP of these solar cells are shown in figure
4.9. As seen in the J(V)-curves, the S-shape decreases for higher Cs™ amounts, and the overall
efficiency enhances from 4 to 10 % in median.

As the S-shape reduces, improved band-alignment by downshifting the perovskite valence band
is expected. This should also increase the band-gap energy, thus EQE measurements are
performed.

EQE spectra show a slightly increased band-gap energy from 1.257 to 1.262 eV for the sample
with increasing Cs* amount from x=8.5 to 35 % (see figure 4.10). However, the trend of
increasing band-gap is not directly linear. The only slight valence-band shift is assumed to be
too small for being accurate determined by EQE measurements.
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Figure 4.7: Schematic illustration of assumed band structure of the MA™-containing FA75MAg25SngsPbosl3
(FAMA) (a) and MA*-free FA(.915Cs0.085Sn0.5sPbg 513 (FACs) (b) perovskite composition with the HTL
PEDOT:PSS and PTAA. Additionally showing the suggested band mismatch (b) by either a lower
valance band of the PTAA in comparison to PEDOT:PSS (b1) or the higher valence band of the FACs
compared to the FAMA perovskite composition (b2). Present strategies to reduce the energy barrier
between the FACs perovskite and the PTAA (c) by (i) upshifting the valence band of the PTAA (cl) or
(ii) downshifting the valence band of the perovskite (c2).
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Figure 4.8: XRD measurements of ITO/PTAA/SiO,-NP/FA; _,Cs,Sng sPbg 513 samples with different Cs* amounts

of x=8.5%, 15 %, 25 %, 35 %. a: XRD diffratograms compared to a cubic tin-lead mixed perovskite
[184] highlighting tetragonal reflexes t(210) and t(211) [45] and the ITO phase marked as ’*’. b: Shift
of the (001) reflexe to larger angles with increasing Cs™ content. c: Appearing tetragonal (210) peak at
22.4° for increasing Cs™ content.
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Figure 4.9: Exemplary J(V)-curves for increasing Cs* amounts in FA;|_,Cs,SngsPbgsl3 perovskite solar cells
(ITO/PTAA/SiO,-NP/FA | _Cs,Sng 5Pbg s13/PCBM/BCP/Ag) and their median PCEypp values of six
solar cells. a: x=8.5%, b: x=15%, c: x=25%, d: x=35%. The lighter colored curve displays the
forward bias scan direction, the darker one the reverse direction. Dashed curves are dark measurements,
while the solid lines represent measurements under illumination.
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Figure 4.10: EQE spectra of MA*-free tin-lead mixed perovskite solar cells (ITO/PTAA/SiO,-NP/
FA|_;Cs,Sng 5Pbg sI3/PCBM/BCP/Ag) using PTAA as HTL (a) and corresponding tauc-plot for ex-
tracting the band-gap energy (b). blue: x=0.085, red: x=0.15, green: x=0.25, orange: x=0.35.

In summary, MA*-free FA | _,Cs,Sng 5Pbg 513 perovskite solar cells with PTAA as a PEDOT:PSS-
alternative were investigated. Low Cs* amounts results in poor solar cell performances due to a
strong S-shape in their J(V)-curves. By adjusting the Cs* amount, the S-shape is reduced. This
correlates to a slight tilting of the original cubic perovskite phase. By crystallographic perovskite
modifications the perovskite band structure is expected to shift down in energy, resulting in an
improved band-alignment of the HTL. PTAA with the perovskite. This optimization strategy
achieves an efficiency at MPP of 10 % in median with the MA*-free FA( ¢5Cs0.355n0.5Pbg 513
perovskite composition using the PEDOT:PSS alternative PTAA.
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4 Development of tin-containing perovskites with improved sustainability

Summary and outlook: Exploring tin-lead mixed perovskite absorbers

The tin-lead mixed perovskite absorbers, as an example with improved environmental sustain-
ability and reduced harm on human health, were investigated in the last chapter.

In detail a PEDOT:PSS-alternative in MA™-free perovskite solar cells was explored. This was
realized by first replacing PEDOT:PSS with PTAA in solar cell devices with an MA™-containing
perovskite composition. Comparable perovskite morphologies and crystal phase structures were
obtained. Similar solar cell efficiencies were observed with PEDOT:PSS (PCE=13.0 %) and
PTAA (PCE=11.5%). Additionally, the MA™ is replaced by an optimized mixture of FA* and
Cs™ for improved band alignment of the PTAA with the perovskite to yield maximal power
conversion efficiencies of 10 % (median MPP).

These optimization strategies enqueue in a limited number of publications using an alternative to
PEDOT:PSS in MA*-free tin-lead mixed perovskite solar cells [116]. MA*-free tin-lead mixed
perovskite compositions are less frequently explored; the record for tin-lead mixed perovskite is
still based on an MA™*-containing composition [8]. Using alternative HTL is also less common
for tin-containing perovskite solar cells. NiO, as HTL is less favorable, as metal oxides are sus-
pected to insert oxygen vacancies [74,116]. Further perovskite coverage on PTAA is challenging
as it has a hydrophobic surface [177]. This is solved by using Si0,-NP to improve perovskite
wetting [175]. The presented optimization approaches show how a PEDOT:PSS-alternative in
MA™-free tin-lead mixed perovskite solar cells can be realized. Nevertheless, further optimiza-
tion approaches, as interfacial and perovskite morphology engineering, should be done to reduce
unfavorable charge recombination and surpass the maximum solar cell efficiency in this work
of 13.1 % for the MA*-containing perovskite solar cells with PEDOT:PSS as HTL.

Regarding the relevance of tin-lead mixed perovskite absorbers for the perovskite solar cell
technology, three main benefits can be drawn from those absorbers.

One is the reduced risk of lead due to the partial substitution by tin.

Moreover, the challenging tin oxidation is reported to be minimized in lead environment, thus
mitigating the general stability concerns of tin-based perovskite absorbers (the stability will be
investigated in detail in chapter 4.3).

Thus, tin-lead mixed perovskite absorbers can be an alternative to pure lead absorbers in per-
ovskite solar cell technology, due to their improved sustainability, and high solar cell efficiency.
Further, these perovskite absorbers can be used as a bottom solar cell in perovskite-perovskite
tandem solar cells. Low band-gaps of <1.3 €V are so far only achievable with tin-lead mixed per-
ovskite absorbers. A first experiment was performed to evaluate the usability of the fabricated
solar cells in perovskite-perovskite tandem solar cells, showing promising results (see figure
A.4). A 1.77eV band-edge filter was used to simulate a semitransparent top wide band-gap
perovskite solar cell. The tin-lead perovskite solar cell still achieved 4.5 % with filtered light.

4.2 Investigating tin perovskite absorbers being sustainable

This chapter analyzes pure tin perovskite solar cells to reduce harm on human health improve
environmental sustainability further compared to the tin-lead mixed perovskites. This class
of lead-free perovskite absorbers achieves solar cell performances of up to 14 % [9]. Here a
trade-off is made between high sustainability and reduced solar cell performance.
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A short introduction to the tin-based perovskite solar is given in the following. A detailed
review on tin-based perovskite was given in chapter 2.2.1. Those tin perovskite solar cells are
the so-far most promising lead-free perovskite solar cells due to their high solar cell efficiencies
of up to 14 % [9]. However, one of the biggest challenges is the rapid oxidation from Sn’* to
Sn** deteriorating the perovskite phase. To suppress and retard the oxidation the additive SnF,
is commonly used [74,75,191]. Additionally an improved perovskite morphology is gained
adding this additive [148, 192—-194]. However, the SnF; distribution in the perovskite bulk and
chemical interactions remain unclear. Moreover, the fast reaction of the precursor materials
results in uncontrollable nucleation and crystallization of the perovskite film [13]. Thus it is
challenging to control the perovskite film growth leading to unfavorable perovskite morphology
in terms of incomplete film coverage and low crystallinity with many structural defects [13].
Furthermore, low V¢ values of around 600 mV are generally achieved for those perovskite solar
cells [103] in comparison to their band-gap energy of around 1.2 eV for MASnl; [159], 1.3eV
for CsSnls [159] and 1.4 eV for FASnlI3 [159]. This is attributed to unmatching charge transport
band alignments and a high defect density in the perovskite bulk [13,74].

The optimization strategies in this work are based on the outlined challenges in the paragraph
before. The impact of the SnF; additive on the film formation of FASnI3 absorbers and interfaces
will be analyzed in detail (see subchapter 4.2.1). Further charge layer interfaces will be optimized
to address the challenges of appropriate perovskite morphology, band alignment mismatches,
and perovskite interface defects (see subchapter 4.2.2). In the last subchapter the perovskite
crystallographic structure of the perovskite film will be modified and analyzed (see subchapter
4.2.3).

For these optimization strategies, the FASnl3 perovskite composition is chosen. The A-cation
MA™ is less favored here due to its instability concerns [120—123]. Furthermore, the Cs™ as A-
cation is also less favorable due to its low tolerance factor of 0.87 in the pure CsSnl3 perovskite.
For FASnI3, a nearly perfect tolerance factor of 1.01 is calculated (see chapter 2.1.1 for the
theoretical background). Mixed A-cation perovskite compositions are complex in perovskite
precursor solution preparation, thus less favorable.

The analyzed perovskite films are deposited from a stochiometric perovskite solution by spin
coating. A solvent mixture of DMF with added DMSO is used, which retards the crystallization
of the perovskite and thus a higher control of perovskite film formation is achieved [195]. An
anti-solvent dripping initializes the nucleation to start perovskite film growth.

If not specified otherwise, the characterized solar cells are inverted p-i-n stacks with ITO as TCO,
PEDOT:PSS as HTL, a combination of PCBM and BCP as ETL and silver as back electrode.
Detailed fabrication protocols are presented in the preparation method chapter 3.1.
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4.2.1 Impact of SnF; additives on the perovskite film formation and its interfaces

The fast tin oxidation of Sn** to Sn** is a critical stability issue and one of the biggest challenges
of Sn-based perovskite solar cells. SnF; is a commonly used additive in the perovskite precursor
solution to suppress tin oxidation by reducing tin vacancies generated during the perovskite
layer formation [74,75,191] and thus prevent a high defect-density [147, 148, 192]. Moreover,
improved perovskite film morphology is observed with optimal amounts of SnF; addition, such
as reduced pinhole formation, less voids, and a larger crystal grain size [148, 192—194].

While the utilization of SnF, as an additive in Sn-based perovskite solar cells is reported
frequently [9, 80, 96,99, 196, 197], the SnF, distribution in the perovskite bulk and chemical
interactions remains unclear. In this subchapter, we examine the impact of SnF, additives
in the perovskite precursor solution on the FASnl; perovskite bulk formation. The amount
of SnF, additives varies from x = 0 — 0.20 (added molar ration to the Snl, amount). The
local SnF; distribution in the perovskite bulk is analyzed by ToF-SIMS measurements while
its chemical impact in the perovskite bulk is investigated by hard- (HAXPES) and soft x-ray
photoelectronspectroscopy (XPS).

These presented achievements were accomplished within the project Percistand. As correspond-
ing first author I was responsible for the design of experiment, preparation of samples, solar
cell measurements, XRD measurements and interpretation of data. Jonas Hanisch performed
and interpreted the ToF-SIMS measurements. Prof. Dr. Hans-Gerd Boyen, Dr. Philip Schulz
and Derese Desta contributed to the HAXPES and XPS measurements and interpretation. Lisa
Eisele participated as a master student by sample preparation and solar cell characterization.
The main results are under preparation for submission in [198].

Impact of SnF, additive on the solar cell performance

To study the optimal amount of SnF; in the FASnl3 perovskite bulk, solar cells with different
SnF, amounts are prepared and characterized. Their extracted PCE are visualized in a boxplot,
and exemplary J(V)-curves measured in forward bias scan direction are shown in figure 4.11.

The solar cell performances improve up to an SnF, amount of x = 0.15 (see figure 4.11a). A
maxima efficiency of up to 2.5 % is achieved for the optimal SnF, amount of x = 0.15. For no
and high amounts of SnF, lower solar cell performance with strong hysteresis are observed [198].
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Figure 4.11: Impact of the SnF, amount in the FASnl3 perovskite precursor solution on the solar cell performance
adapted from [198]. a: Extracted PCE values visualized as boxplots for SnF, amounts from x = 0 to
x = 0.20 measured in forward (’f*) and reverse (’r’) bias direction. Triangles show data values from
batch one and squares from batch two. b: Exemplary J(V)-curves for each SnF, amount measured in
the forward bias direction.

The impact on the perovskite morphology and its distribution in the perovskite bulk are analyzed,
as the amount of SnF, additives strongly influences the solar cell performance.

Influence of the SnF, additive amount on the perovskite morphology

The impact of the SnF, additive amount on the perovskite morphology is investigated by
analyzing its film properties and perovskite bulk phase.

A significantly homogeneous perovskite surface is achieved by adding SnF, into the perovskite
precursor solution (see figure 4.12a,b). The top-view SEM images for the perovskite film
without SnF, show a non-homogeneous layer surface. Adding precise amounts of SnF, into the
perovskite solution, a uniform perovskite film is achieved. High amounts of SnF, (x = 0.20)
leads to uniform perovskite, but with additional lighter areas. These are assumed to be SnF,
crystals [198]. Improved perovskite morphology by adding optimal SnF, amounts is oftenly
reported [148,192-194,199].

The non-homogeneous perovskite morphology for no added SnF, and high SnF, amounts are
expected to be the reason for the lower solar cell performance with the observed strong hysteresis.

Additionally, XRD measurements are performed to characterize the perovskite phase (see figure
4.13). No significant differences in peak intensity and peak shift are observed for XRD pattern
with different SnF, amounts. Thus the fluoride is not incorporated in the perovskite crystal
structure, otherwise a peak shift would be expected [198]. These observations are consistent
with other studies [32, 148,200,201]. The XRD pattern with high amounts of SnF, (x = 0.20)
showed no additional peaks besides the perovskite phase and the ITO reflexes. The suggested
additional crystalline SnF, phase discovered in the top-view SEM images cannot be verified.
However, the amount of SnF, could be too small to be detectable via XRD measurements [198].
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Figure 4.12: Impact of the SnF, additives on the FASnI3 perovskite morphology displayed by top-view SEM images
of ITO/PEDOT:PSS/perovskite samples adapted from [198] (a: x = 0.00, b: x = 0.10, c: x = 0.20).

xZOIIII'

_—
. x=0.1
=
<
S Lo
75] I
~ [ttt T
g —— x=02 :
o
5]

FASnl; patterh ™ 7 7

r ]
|
] i : | l
|
PSR T TN SR T T SN N TN T TN SN T T 8 TN N I TN TN S T WO S 1

10 20 30 40
20/°

Figure 4.13: XRD pattern of FASnl3 perovskite solar cells (ITO/PEDOT:PSS/perovskite/PCBM/BCP/Ag) with
different SnF, amounts compared to a theoretical cubic FASnl3 pattern adapted from [198]. ITO
reflexes are marked as * and Ag reflexes as X.

In summary, the SnF, additive influences the perovskite film growth as an improved perovskite
morphology is observed. For getting more insights into the impact of the SnF, addition on the
perovskite film growth, the spatial distribution of the SnF; in the perovskite bulk is analyzed.

Spatial SnF; distribution in the FASnI; perovskite bulk

The SnF, distribution in the perovskite surface is investigated by ToF-SIMS measurements. For
this, the fluoride F~ ion is tracked on the surface and perovskite bulk. The F~ is analyzed to
visualize the SnF, distribution. The interpretation of Sn>* ion distribution would be challenging
as this ion is a superposition from the FASnl; perovskite, the SnF; additive, and the ITO. Thus,
precise statements of the SnF, distribution would be difficult to be visualized via the Sn’*
distribution.

The lateral F~ distribution of the perovskite film surface for samples with x = 0.00, x = 0.10 and
x = 0.20 are shown in figure 4.14. Adding no SnF; in the perovskite film reveals no detectable
F~ signal, as expected. The observed signal intensity of up to two counts is regarded to be the
background noise. For SnF, amounts of x = 0.10 a homogeneous F~ signal is observed. This
suggests a uniform lateral SnF; distribution with no lateral SnF, accumulation. Adding high

48



4.2 Investigating tin perovskite absorbers being sustainable

amounts of SnF, x = 0.20 leads to uniform F~ distribution with additional areas of high F~
concentration. The areas with high F~ concentration are comparable to the size and form of the
lighter parts visualized in the SEM top-view images. So the observed findings corroborate the
assumption that SnF, crystals are formed in the perovskite film with high SnF, amounts [198].

For further specify the spatial SnF; additive in the perovskite bulk, ToF-SIMS depth profiles
are performed. The F~ signal is visualized in 3D cubes to display the spatial distribution (see
figure 4.15). A scheme illustrates the characterized sample stack consisting of the perovskite-
, PEDOT:PSS-, and ITO-layer, as a guide to the eye (see figure 4.15a). As expected the
perovskite film without added SnF, show negligible amounts of F~ (see figure 4.15b). Whereas
three principle observation are made analyzing the F~ amount at the PEDOT:PSS/perovskite
interface, perovskite bulk and perovskite surface in samples with added SnF; (see figure 4.15c-
g)': (i) high and constant F~ signals at the PEDOT:PSS/perovskite interface; (ii) negligible, but
increasing F~ amounts in the perovskite bulk with enhancing SnF, concentration; (iii) small F~
amounts at the perovskite surface with strong increasing trend for higher SnF, concentration
(x>0.10). Thus SnF, seems to preferably accumulate at the PEDOT:PSS/perovskite interface
independently of the SnF; concentration (see figure 4.15g, orange dataset). The increasing
amount of F~ in the perovskite bulk is nearly linear to the added SnF;, concentration in the
perovskite precursor solution (see figure 4.15g, gray dataset). Whereas, the increase of F~ at

! Detailed procedure for determining the F~ amounts is described in chapter 3.2.2.
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Figure 4.14: Characterization of the SnF, distribution by analyzing the fluoride (F~) distribution on the
FASnI; perovskite surface by ToF-SIMS (d-f) and corresponding SEM top-view images (a-c) for
ITO/PEDOT:PSS/FASnI; samples with different SnF, amounts of x = 0.00 (a,d), x = 0.10 (b,e) and
x = 0.20 (c,f) adapted from [198]. Measurements were performed in the delayer-extraction-mode
using Bi* ions as the analysis beam and Cs* for sputtering.
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the perovskite surface is stronger than the added SnF, concentration in the perovskite precursor
solution (see figure 4.15¢g, red dataset). The total amount of F~ in the perovskite bulk is largest as
this summarizes the amount over the hugest sample thickness (80 % of the perovskite thickness).
Inconsistent slight differences of the F~ amounts are considered being due to statistic sample
variation in two batches. For the sample with the highest SnF, amount (x = 0.20) the local
lateral accumulations are visible here, too, as already observed in the surface study. Moreover,
these local F~ accumulations continue vertically in the perovskite bulk, forming F~ channels
throughout the perovskite bulk. It is assumed that SnF, crystals grow vertically from the
PEDOT:PSS/ perovskite interface throughout the perovskite bulk, if the SnF, concentration is
too high.

2D depth profiles further corroborate the F~ accumulation at the PEDOT:PSS interface as
illustrated in figure A.5. These show, besides the F~ ions, additional ions representing the
different layers in the sample stack. Here, the focus is on the S™ ions as those visualize the
PEDOT:PSS layer. Accumulation at the PEDOT:PSS interface is verified as the maximum F~
signal is shortly before the S~ [198].

To sum up, spatial F~ distribution suggests a preferable accumulation of the SnF, at the
PEDOT:PSS/ perovskite interface [198]. Consequently, the PEDOT:PSS/perovskite interface is
investigated in more detail.
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Figure 4.15: Characterization of SnF; bulk distribution by analyzing the fluoride (F™) distribution in the FASnI3
perovskite bulk (b-f) for different SnF, amounts x = 0.00 (b), x = 0.05 (c), x = 0.10 (d), x = 0.15 (e),
x = 0.20 (f) with the corresponding device stack (a) taken from [198]. Color change from light yellow
to dark orange indicate increasing F~ signal. Measurements were performed in the delayer-extraction-
mode using Bi* ions as the analysis beam and Cs* for sputtering. (g): Evaluation of the (F~) at
the PEDOT:PSS/perovskite interface (orange dataset), perovskite bulk (gray dataset) and perovskite
surface (red dataset) for two batches indicated as triangles and squares.
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Impact of SnF, additive on the PEDOT:PSS/perovskite interface

For investigating the impact of the accumulated SnF, on the chemical nature of the PEDOT:PSS/
perovskite interface, a combination of hard- and soft X-ray photoelectron spectroscopy (HAX-
PES, XPS) is performed. HAXPES supports depth information of up to 100 nm, whereas XPS
is very surface sensitive.

Since these measurements are very time-consuming, only samples without and with the optimal
amount for the solar cell performance of SnF; (x = 0.15) are investigated. For these measure-
ments, semi-finished samples without deposited ETL and back electrode are fabricated with a
maximal nominal perovskite layer thickness of 100 nm (¢perovskite=0.4 M). The thinner perovskite
film does also provide significant thickness fluctuations with pinholes (see figure A.6). This
makes it possible to analyze the PEDOT:PSS/perovskite interface also by XPS.

Some general findings are outlined, before illustrating the findings of the PEDOT:PSS/perovskite
interface characterization. Those provide comparability of our study to other researchers.

To verify that fluor is incorporated in the perovskite film, we crosschecked the binding energy
for such core levels (see figure 4.16). For the sample with SnF; addition, a clear signal at 685
eV is detected, which can be attributed to the fluor 1s core level [202]. The sample without SnF,
revealed no signal at this binding energy. Consequently, no cross-contamination is observed,
and only the sample with added SnF, contains fluoride.

Furthermore, the tin oxidation for this set of samples is analyzed. SnF, should retard and
prevent the oxidation from Sn?* to Sn**. Thus the 3d-s), tin core level of the as-grown samples
are investigated on behalf of their Sn** and oxidized Sn** fractions (see figure 4.17). For the
sample without SnF, addition, the measured signal at 486 eV can be fitted by one peak. This
binding energy is assigned to a pure Sn>* contribution [203]. However, for the sample with
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Figure 4.16: HAXPES measurement of perovskite samples (ITO/PEDOT:PSS/FASnl3) without and with SnF,
additive analyzing the F-1s core level.
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SnF,, the signal has to be fitted by two contributions. A second small signal at 487 eV is present
corresponding to the Sn-3ds/, core level of Sn** [203]. Since a portion of Sn** is only detected
for the sample with SnF; addition, we assume that the SnF, precursor material includes minor
contaminations of Sn** ions. Soft aging these samples in a nitrogen atmosphere with circa 300
ppm oxygen for 60 days increases the Sn** portion. This is more prominent for the sample
wiahout SnF; (see figure 4.17c). The addition of SnF, does retard the oxidation from Sn** to
Sn**.

In the following, the PEDOT:PSS/perovskite interface will be investigated.

Investigating the PEDOT:PSS interaction with the perovskite, a PEDOT:PSS film as a reference
sample is characterized first. The sulfur S-1s and S-2p core levels are characterized by HAXPES
and XPS measurements (see figure 4.18 black line). For the bulk related HAXPES measure-
ments, signals at binding energies of 2477 eV and 2472 eV are observed. This can be attributed
to the SOz, and SO3H groups of PSS and C-S-C molecular units of the PEDOT polymers in the
HTL. These signals have intensity ratios of PEDOT to PSS of 1:4.2 consistent with the provider
specification. The intensity ratio of the PEDOT:PSS films changes for the surface-sensitive XPS
measurement. Doublets at binding energies of 163.8 eV and 168 eV are detected corresponding
to the PEDOT and PSS polymers in the PEDOT:PSS film. The PEDOT fraction is reduced to
a ratio of 1 to 6.5 compared to the PSS [198]. The observed findings are consistent with the
chemical nature of PEDOT:PSS polymers in which the PEDOT:PSS core is surrounded by a
PSS shell as illustrated in figure 4.19a. Thus the PEDOT:PSS film surface consists of a higher
PSS ratio than the film bulk, as was also observed by other researchers [204]. The observed
intensity ratios are summarized in table 4.1.
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Figure 4.17: HAXPES measurement of perovskite samples (ITO/PEDOT:PSS/FASnI3) without (a) and with (b)
SnF, additive analyzing the Sn-3ds,, core level of as-grown and aged for 60 days in nitrogen atmosphere
with 300 pm of oxygen (c). Circles are measured data, whereas solid lines are their fits.
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Figure 4.18: HAXPES (left) and XPS (right) measurements for analyzing the
of ITO/PEDOT:PSS/(FASnl3) samples by their sulfur S-1s and S

Binding energy / eV

PEDOT:PSS/perovskite interface

-2p core levels taken from [198].

Measured data of the PEDOT:PSS reference film are shown as a black, perovskite film without SnF;
as a blue and perovskite film with SnF, as a red line. Literature values of PSS, PEDOT, SnS; and SnS

are inserted as vertical lines [202].

Table 4.1: Summarized intensity ratios of the sulfur contributions S-1s (HAXPES) and S-2p (XPS) core levels
assigned to the polymers PEDOT, PSS and the interlayer SnS for the PEDOT:PSS film as well as

perovskite film with and without SnF, additive adapted from [198].

PEDOT : PSS ratio of
method PEDOT:PSS film perovskite film without SnF,

PEDQOT : PSS : SnS ratio of
perovskite film with SnF,

1:3.9
1:4.1

HAXPES 1:4.2
XPS 1:6.5

1:4.0:2.5
1:4.1:9.1

54



4.2 Investigating tin perovskite absorbers being sustainable

perovskite
a deposition

PEDOT:PSS on ITO

without SnF,
PEDOT:PSS core PSS shell

r =

with SnF,

Figure 4.19: Schematic illustration of the as-grown PEDOT:PSS on ITO (a), deposited perovskite film without
SnF, additive (b) and with SnF; (c) adapted from [198].

As a next step the samples with deposited perovskite on top of the PEDOT:PSS film are
investigated.

First, the perovskite sample without added SnF, is characterized. Because the perovskite
morphology without SnF, reveals inhomogeneous layer deposition with many pinholes (see
figure 4.12a and A.6a), the PEDOT:PSS/perovskite interface can be easily analyzed by HAXPES
as well as XPS measurements. Analyzing the sulfur contributions of this interface reveals
observations similar to the pristine PEDOT:PSS film regarding the chemical species. No
additional peaks are detected, which can be assigned to new chemical interactions. So the
PEDOT and PSS polymers are not interacting with the perovskite absorber. However, the
intensity ratio of the PEDOT and PSS polymers changes. For the bulk analysis via HAXPES
measurements the PEDOT:PSS intensity ratio of 1:3.9 is unchanged from the pure PEDOT:PSS
film (1:4.2). In contrast, the surface-sensitive XPS measurement reveals a lower PSS intensity
compared to the PEDOT:PSS film. The intensity ratio changes to 1:4.1 for the PEDOT:PSS
interface. It is assumed that the perovskite precursor solution DMF:DMSO is de-washing some
of the PSS shells, resulting in a decreased PSS amount on the PEDOT:PSS film surface [198].
The finding of perovskite deposition without SnF; additive on the PEDOT:PSS is illustrated in
figure 4.19b. A similar observation of de-washing was already reported in the literature [204].
Now, the observed results are compared to the perovskite film with SnF, additive. XPS and
HAXPES measurements can be performed to analyze the PEDOT:PSS/perovskite interface, as
the thinner inhomogeneous perovskite layer provides thickness fluctuations with pinholes. Since
the pinholes density is still low, a low signal intensity of the interface in XPS measurements
are gained. Thus measurements with integration time of several days are performed to achieve
a sufficient signal to noise ratio. The sulfur core levels drastically changed with the SnF,
additive in the perovskite bulk. The intensity ratio of the polymer PEDOT and PSS for both
measurement techniques are consistent with the ones observed without SnF; in the perovskite
bulk. In contrast an additional contribution appears at the 2469.4 eV for the HAXPES and a
doublet at 162 eV for the XPS measurements with a weight fraction of 2.5 to 5 for the HAXPES
and 9.1 to 5 for the XPS measurement compared to PEDOT:PSS [198]. The detailed fitting
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of these curves is illustrated in figure A.7. Published XPS data suggest a SnS, compound for
the XPS measurements [205]. For this compound, an effective interlayer thickness of 1.2nm
is observed [198]. This is calculated by the Strohmeier equation [206] with inelastic mean
pathways of 3.6 nm in PEDOT:PSS and 2.4 nm in the interlayer (see detailed calculation in the
appendix) [202]. The SnS, compound can be assigned to either tin(IV)sulfide (SnS,) (binding
energy of 161.5¢eV) or tin(I)sulfide (SnS) (binding energy of 161.1eV) [205]. Since a very
low thickness of 1.2nm is observed for the interlayer, it is assumed that the layer does not
consist of a homogeneous layer rather than of accumulated nanograins/nanoparticle. Thus, the
electrons are attracted to the residual positive charged SnS, nanograin/nanoparticle, during the
electron release of the photoelectron-spectroscopy measurements [198]. This leads to a kinetic
energy loss of 0.4 eV for the released photoelectrons due to coulomb interaction [202,205-210].
Considering this energy loss, the observed contribution in the XPS measurements now matches
to SnS [198]. The perovskite formation with the SnS interlayer is depicted in figure 4.19.

For verifying the formed SnS by a chemical reaction of the SnF, with PEDOT:PSS an additional
set of experiment are performed with deposited SnF; on PEDOT:PSS. Therefore, three samples
with different SnF, concentrations were analyzed by XPS and HAXPES (see figure 4.20).
Chosen SnF, concentrations were the same, double and quadrupled amount as in the original
experiment before.

Consistent results of PEDOT and PSS S-1s and S-2p sulfur core levels as in figure 4.18 are
observed. Further the SnS can be verified at 2469.4 eV (HAXPES) and 162.4eV (XPS). The
stronger signal in the XPS than the HAXPES measurements confirm the deposition of SnS on
the sample surface. The overall lower signal compared to the one with deposited perovskite is
suggested to be due to different deposition kinetics. It is assumed that a stronger accumulation
of the SnF; is observed in the perovskite deposition procedure.
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Figure 4.20: HAXPES (left) and XPS (right) measurements of deposited SnF, on PEDOT:PSS taken from [198].
Three SnF, concentrations were used for the deposition from DMF:DMSO: original, double and
quadrupled concentration. Literature values of PSS, PEDOT, SnS, and SnS are inserted as vertical
lines [202].
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Consequently, by analyzing the PEDOT:PSS/perovskite interface, two principle findings are
observed. The perovskite precursor solution de-washes the surface of the PEDOT:PSS film,
resulting in a decreased PSS fraction on the PEDOT:PSS film surface. More importantly, the
perovskite with SnF, addition reacts with the sulfur of the PEDOT:PSS film forming a 1.2 nm
SnS interlayer [198].

Summary and outlook of the characterized SnF, additive impact on the perovskite absorber
properties

Besides the well-known improved perovskite morphology and retarded Sn’* oxidation, new
(additional) unique observations of SnF, additives’ impact on the perovskite bulk proper-
ties were discovered. These are (i) the preferable accumulation of SnF, additive at the
PEDOT:PSS/perovskite interface and (ii) an ultrathin SnS interlayer formation at the PEDOT:PSS/
perovskite interface. It is assumed that the accumulated SnF, additive contributes to the formed
SnS interlayer.

The hygroscopic and acidic PEDOT:PSS [116, 127-129] is commonly not favored as an HTL
in lead perovskite solar cells, but is often used in tin perovskite solar cells. The new finding
of the formed SnS interlayer by interacting of the SnF, with the PEDOT:PSS could give a hint
towards the reason why the combination of PEDOT:PSS as HTL and the SnF, additive are
crucial components for high efficient Sn-based solar cells [9, 80, 96,99,196,197]. As SnS is a
p-type semiconductor [211], it is assumed that the formed interlayer supports the hole extraction
in the solar cell device, improving the solar cell performance. This can be corroborated to the
principle improved solar cell efficiency with increasing SnF, amount.

4.2.2 Interfacial engineering for improved solar cell performance

Further optimization strategies have to be considered, as the observed solar cell performance of
2.5 % by optimizing the SnF, amount is still relatively low.

Unappropriate charge layer interfaces are known to limit solar cell performances [13, 74, 103].
Three challenges commonly arise from unsuitable charge layer interfaces in the literature:

(i) unfavorable perovskite film formation [13] due to inappropriate interfacial properties of the
underlying layer with the perovskite precursor solution. This generally results in perovskite
morphologies with pinholes, cave structures, and high surface roughness. To cope with this,
chemical engineering is preferred in the literature to control the perovskite film formation
[80, 82—-85,98]. More easily, the HTL is modified to tune the perovskite film formation by
the wetting behaviour of the perovskite precursor solution on the HTL surface. The perovskite
coverage is strongly dependent on matching HTL surface properties to the perovskite precursor
solution [175].

(i1) band offsets [13, 103]. The conduction and valence bands should be aligned more suitable
to tin perovskite. The principal solar cell architecture is generally adopted from the lead-
based perovskites for tin ones. However, tin perovskites have a different band structure. Thus
commonly used charge layers for lead perovskite solar cells do not perfectly match to tin ones.
Literature reports strategies for aligning the HTL [98,212] and ETL [99] to the perovskite.

(iii) perovskite surface defects [72,74,103]. PCBM besides effectively withdraw electron charges
is known for his passivation of perovskite surface defects [51].
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Interfacial engineering is performed in the following subchapter to address the named chal-
lenges. The underlying charge layer interface, here the HTL, is modified to improve perovskite
morphology. As we expect that PEDOT:PSS is a crucial component in tin perovskite solar
cells (subchapter 4.2.1), this HTM is maintained. The HTL/perovskite is solely modified by
depositing SiO,-NP on top, forming a non-completely covering layer so that physical device
properties are negligibly effected by these SiO,-NP. Further the ETL interface is altered to
align the conduction band and to passivate perovskite surface defects. A huge conduction band
mismatch of the used ETL PCBM and perovskite is expected [103,213]. Shifting the ETL
conduction band to higher energies should reduce this mismatch. This is done by substituting
the PCBM with other Cg derivatives with higher-lying LUMO levels. According to the results
presented in organic solar cells, the Cg derivative ICBA and bis-PCBM are promising materi-
als. They provide LUMO levels shifted to higher energies of 170 mV and 100 mV compared to
PCBM [214].

An overview of the interfacial engineering strategy is schematically summarized in figure 4.21.
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Figure 4.21: Schematic overview of the interfacial engineering strategy in chapter 4.2.2.

The solar cells preparation is basically unchanged from the ones presented in the subchapter
before and illustrated in the preparation protocol (chapter 3.1). Differences are the deposited
Si0,-NP between the HTL and perovskite and the altered ETL materials ICBA and bis-PCBM
besides PCBM.

The mainly presented results were accomplished within the project Percistand and are prepared
for submission. As corresponding first author I was responsible for the design of experiment,
preparation of samples, solar cell, UV-Vis, XRD and internal quantum efficiency (IQE) mea-
surements and interpretation of data. Dr. Philip Schulz and Dr. Géraud Delport support the
work by PL. measurements and their interpretation.

Modifying the hole transport layer interface

The perovskite film growth is altered by modifying the HTL interface depositing an optimal
amount of SiO,-NP on top.

The perovskite film is characterized on semi-finished samples (ITO / PEDOT:PSS / (SiO,-NP) /
FASnI3). The impact on the perovskite morphology, optical properties, and crystal morphology
are analyzed by SEM, optical, and XRD measurements.
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The top-view SEM measurements revealed improved perovskite coverage on the HTL using
SiO,-NP in the layer stack (see figure 4.22). The pinhole density is drastically reduced. The
crystal grain size seems to be unaffected by this optimization approach. Moreover, the perovskite
roughness is smoothed. The observed roughness R, decreased from 36 nm without to 33 nm
with SiO,-NP.

The crystal morphology analysis obtained a comparable XRD pattern for both samples (see figure
4.23). No significant differences in peak intensities and full width at half maximum (FWHM)
are observed, indicating no changes in crystal orientation, crystalline sizes, and phase.

Thus it seems that the modified HTL improves the perovskite morphology in terms of reduced
pinholes but without affecting the crystal morphology.

Figure 4.22: Impact of SiO,-NP used in the device stack on the perovskite film characterized by top-view SEM
images of ITO/PEDOT:PSS/(SiO,-NP)/FASnl3 samples. a: without SiO,-NP, b: with SiO,-NP. Red
circles highlights the pinholes in the perovskite film.
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Figure 4.23: XRD pattern for analyzing the impact of inserting nanoparticle (NP) in the device stack on the
perovskite crystal morphology compared to a reference FASnl3 pattern [215]. ITO reflexes are marked
as *.
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The perovskite film is further analyzed by its defects properties combining transient resolved
and steady-state PL. measurements (see figure 4.24). These are performed on semi-finished
encapsulated samples illuminating these from the substrate and encapsulation.

As the normalized steady-state PL spectra are comparable, it is expected that the perovskite
defect energies are unaltered. The PL intensity of these spectra is unreliable since precise
sample adjustment is challenging in this setup.

Thus the PL intensities are examined by integrating the TRPL spectra (see figure 4.24b). These
revealed comparable integrated PL intensities for the samples illuminated via the encapsulation
(3.8 - 10* vs. 2.9 - 10%, see figure 4.24c), whereas the integrated PL intensities are significantly
enhanced from 2.1 - 10% to 5.6 - 10* using SiO,-NP illuminated via the substrate. This behavior
suggests increased radiative recombination at the HTL interface.

Fast and comparable lifetimes (7) are observed illuminating from the same direction unaffected by
the SiO,-NP (see figure 4.24c). Meanwhile, slightly shorter lifetimes are observed illuminating
the sample via the substrate (1 ns vs. 2ns). This agrees with the expected faster quenching of
charges by extracting holes via the hole transport layer. Thus it is expected that the radiative
recombination occurs from similar energetic states for both sample types.
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Figure 4.24: Impact of used SiO,-NP on the perovskite defects analyzed by PL measurements. The measurements
are performed on encapsulated semi-finisher stacks (ITO / PEDOT:PSS / (SiO,-NP) / FASnl3) illumi-
nating these via the substrate (lighter color) or the encapsulation (darker color). Results of samples
wihtout SiO,-NP are displayed in green and with in orange. a: steady state PL, b: TRPL. c: calculated
lifetime 7 and integrated PL intensity (int. Ip; ) from the TRPL.

To sum up the PL results, using SiO,-NP for improved perovskite morphology results in no
energetic variation of radiative states (steady state PL,7), but a higher density of radiative states
is observed (integrated PL intensity). Thus it is suggested that the density of non-radiative states
is reduced in favor of higher contribution of radiative states’ without affecting their energetic
distribution.

This behavior is consistent with the observed improved perovskite film morphology without
altered crystal morphology using SiO,-NP.
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Solar cells without and with SiO,-NP are fabricated and analyzed, to verify the positive effect of
improved perovskite morphology on solar cell performance. The PCE, Vo, Jsc in the forward
bias scan direction and J(V)-curves of best devices are shown in figure 4.25.

An improved solar cell efficiency with reduced spreading from median 3 % to 4 % is observed
by using SiO,-NP. The Vo and Jgc is increases from 380 mV to 420 mV and 13.3 mA cm? to
15.3 mA cm™.

The gain in Vpoc and Jsc is attributed to the reduced dark recombination due to the improved
perovskite morphology.
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Figure 4.25: Impact of SiO,-NP used in the device stack (ITO / PEDOT:PSS / (SiO,-NP) / FASnl; / PCBM / BCP
/ Ag) on the solar cell performance. a: PCE, b: V¢, ¢: Jsc, d: J(V)-curves of the best devices of each
parameter.

Nevertheless, the impact of inserted SiO,-NP on absorption properties of the layer stack and
IQE of the solar cells are investigated.

The transmittance and reflectance are measured on the semi-finished stack. The examined
spectra, including the absorptance, show no significant differences (see figure 4.26a). A slightly
reduced reflection using SiO,-NP is observed, resulting in an increased absorption from 300 to
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650 nm.

Moreover, IQE measurements revealed similar spectra shapes with only differences in the IQE
level (see figure 4.26b).

So the SiO,-NP seems to have a negligible impact on the optical properties of the solar cell.
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Figure 4.26: a:  Impact of used NP on the optical properties of 601.23171670516 72.055427251732
601.23171670516 94.842186297152 samples (dotted line: reflectance R, dashed line: transmittance
T, solid line: absorptance A, orange: without NP, green: with NP.) b: Impact of inserted NP on the
IQE spectra.

In summary, HTL interfacial engineering was performed to control perovskite film formation.
A pinhole-free perovskite film with reduced dark recombination was achieved. This improves
the solar cell performance by around 33 %.

Adjusting the electron transport layer by using different fullerene derivatives

As introduced at the beginning of this subchapter, two additional fullerene derivatives are
investigated to the commonly used PCBM. The aim is to align the conduction bands of the
electron transport material to the perovskite to improve the solar cell performance.

As a band mismatch is expected between the perovskite and PCBM, alternative ETL have to
be discovered with higher lying conduction band. As these ETL should be easily fabricated
from solution, alternative Cgo derivatives with higher lying lowest unoccuppied molecular
orbital (LUMO) levels are chosen. Increased LUMO levels can be achieved by a contraction of
the original 58m-electron-conjugated system of PCBM to a 56z one. This is accomplished by
Cgp derivatives with two side chains. Common ones are the ICBA and bis-PCBM (see chemical
formula in figure 4.27) [214]. They provide LUMO levels shifted to higher energies of 170 mV
and 100 mV compared to PCBM [214].

The three different Cgg derivatives do significantly impact the solar cell performance (see figure
4.28). By substituting the PCBM by ICBA results in a median efficiency increase from 3.6 Y%
to 5.6 %. However, unexpectedly an efficiency drop to 2.4 % in median is observed for the
bis-PCBM devices.

The conduction band alignment is analyzed by characterizing the achieved Vpc values. Losses
in Voc are among others correlated to band mismatches of the perovskite with the charge
layers [217]. As expected, the Voc increases for both PCBM alternatives. The Vpoc improves
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Figure 4.27: Chemical formula of PCBM (a) adapted with permission from [216], ICBA(b) and bis-PCBM(c)
adapted from [214].

from 380 mV for the commonly used PCBM to 480 mV for bis-PCBM and further to 650 mV
for ICBA devices (median values) (see figure 4.28a). The increasing Vpc trend correlates to the
higher lying LUMO of bis-PCBM and ICBA. Thus, it is assumed that the conduction band of
the perovskite is more suitably aligned using the PCBM alternatives.

Nevertheless, improved solar cell performance is only achieved for the ICBA devices. Thus
additional effects besides conduction band alignment are suggested to impact the solar cell
performance using the three ETL. The Vpc gain of the bis-PCBM devices is compensated by
low FF (46 vs. 56 %) and Jsc (11.1 vs. 17.1 mA/cm?) values compared to PCBM devices
(median values) (see figure 4.28b). Also, for the ICBA devices, the Jsc reduces to 14.0 mA/ cm?
in median.

As especially PCBM is known for its passivation of perovskite surface defects [51], it is expected
that due to different attached side groups to the buckyball the passivation is altered. Passivated
perovskite surface defects can positively impact the FF [218-220]. The passivation of surface
defects is analyzed by PL measurements, as a high density of defects are suspected to enhance
the probability of dark recombination. Thus the PL intensity is analyzed to get insights into
the passivation capacity of these ETL materials. Analogous to the SiO,-NP investigation,
steady-state and transient measurements are performed on encapsulated devices without back
electrode illuminated from the encapsulation. Again similar spectra shapes are accomplished
(see figure 4.29 a), suggesting a comparable energetic distribution of radiative states. As before,
no interpretation of the PL intensity is made, as an appropriate sample adjustment is challenging
for this setup. The PL intensity is therefore characterized by the integration of the TRPL signal
(see figure 4.29 b). The ICBA devices reaches the highest PL intensity of 65000. The integrated
PL intensity of PCBM (11000) and bis-PCBM (2000) are significantly lower (see figure 4.29 c).
The passivation of perovskite surface defects seems to be much higher for ICBA than for the two
other ETL. It can be assumed that the indene side group of the ICBA passivates the perovskite
defects more effectively than the ester-groups of PCBM and bis-PCBM.

Comparable short lifetimes in the range of 0.70 to 0.85 ns are observed. This suggests fast charge
extractions by the ETL (see figure 4.29 c).

The observed FF approximately follows the trend of PL intensity. However, the increase of
PL intensity is much stronger than the FF gain for ICBA and reduced Jsc values can rarly be
explained by the passivation.
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Figure 4.28: Impact of different Cgo-fullerene derivatives on the solar cell performance (Solar cell stack: ITO /
PEDOT:PSS / SiO,-NP / FASnl3 / Cgp-fullerene derivatives / BCP / Ag) ). a: PCE and V¢, b: FF
and Jgc, ¢: J(V)-curves of the best devices of each parameter and d: EQE spectra.

Consequently, it is suspected that a third effect can limit solar cell performance. A significantly
reduced electron mobility is reported for the two PCBM alternative materials [221,222]. Thus,
these can lower the FF [223] and Jsc [224] as well. The limited electron mobility can not be
compensated by reducing the ETL thickness, as this minimal thickness is needed for complete
coverage of the perovskite surface.

To sum up, an improved solar cell performance from 3.6 % to 5.6 % is achieved altering the ETL.
Three effects are accomplished by using the three ETL materials PCBM, ICBA, and bis-PCBM.
The usage of the PCBM alternatives ICBA and bis-PCBM are expected to align more suitably
with the conduction band. This increases the Voc from 380 mV (PCBM) to 480 mV (bis-PCBM)
and 650 mV (ICBA) due to assumed improved band alignment at the perovskite/ETL interface.
However, Voc gains are compensated by the lower intrinsic mobility for both PCBM alternatives
resulting in FF and Jsc losses. For ICBA an improved perovskite defect passivation is observed,
which is thought to partially compensate the losses from the intrinsic mobility.
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Figure 4.29: Analysis of perovskite defects by steady-state (a) and TR PL (b) measurements of encapsulated samples
(ITO/PEDOT:PSS / (SiO,-NP) / FASnl3 / ETL) with different Cg-fullerene derivatives. Determined
lifetime (7, filled square) and integrated PL intensity (int. Ipp, unfilled triangle) from the TRPL are
visualized in c. (blue: PCBM, green: bis-PCBM, red: ICBA).

Summary and outlook of interfacial engineering for improved solar cell performance

In summary, by interfacial engineering, the solar cell performance of FASnl3 perovskite solar
cells can be improved from 3.0 % to 5.5 % in median. A pinhole-free perovskite morphology
with reduced dark recombination is accomplished by modifying the HTL/perovskite interface.
This is realized by inserting SiO,-NP in between these two layers. An overall increased efficiency
from 3 % to 4 % in median is observed. Furthermore, the conduction band, of perovskite and
ETL is assumed to be aligned by using the PCBM alternatives ICBA and bis-PCBM, because
significant Vpoc gains from 380 mV (PCBM) to 480 mV (bis-PBCM) and 650 mV (ICBA) are
revealed. Despite the conduction band these also have various passivation capacities and limited
intrinsic electron mobilities. Especially the Voc gains in the bis-PCBM devices seem to be
compensated by these. Nonetheless, the solar cell efficiency could be pushed from 3.6 % for
PCBM devices to 5.5 % for ICBA devices in median. A high solar cell efficiency of up to 5.9 %
is achieved.

For further improvements, a focus on the limited intrinsic ETL mobility should be placed. For
this, reducing the ETL thicknesses should be favored. This can be done by smoother perovskite
surface, or evaporating the ETL as surface roughness is less crucial for these processes.

4.2.3 Tuning the crystalline ordering of the perovskite film

As we focused on interfacial engineering by charge layer modification before, now improved
perovskite morphology by texturing the crystallographic structure via 2D/3D mixed perovskite
is explored.

2D/3D mixed perovskite films general achieve an improved perovskite morphology compared
to their 3D analogue [82-87]. The 2D perovskite influences the crystal growth resulting in
improved crystal ordering by enhanced crystallinity and packing with reduced defects [12]. The
bulky cations hereby suppress the random bulk nucleation and crystallization in the wet layer
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in favor for the nucleation and crystallization from the solution surface, leading to oriented
growth and thus to highly oriented crystallites [93]. This enhances the solar cell performance
and stability, as a reduced defects density decreases the probability for both non-radiative
recombination [217] and initial sites for degradation processes [12]. Moreover, if the quasi-2D
layers are arranged parallel to the substrate, the hydrophobic quasi-2D layers prevent oxygen
and moisture infiltration [74]. However, charge transport can be hindered by these quasi-2D
slices [74]. Figure 4.30 illustrates 2D layers aligned parallel and perpendicular to the substrate.
More details about 2D/3D mixed perovskite films are outlined in subchapter 2.2.1.
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Figure 4.30: Schematic illustration of parallel (a) and perpendicular (b) arranged quasi-2D layers in 2D/3D mixed
perovskites.

In this work, PEA™ is used as a bulky cation to tune the crystalline perovskite structure. 2D/3D
phenethylammonium tin iodide (PEA;Snl4)/FASnI3 mixed perovskites are realized by mixing
stoichiometric precursor solutions of PEA;Snly and FASnl;. The given amounts are based
on molar ratios of the 2D perovskite in comparison to the total molar ratio of the perovskite
precursor solution. The overall perovskite solar cell fabrication and stack are kept unchanged to
the subchapters before. Based on the optimization approaches in subchapter 4.2.2, SiO,-NP are
deposited for solar cell fabrication. Further, the fullerene derivative PCBM is compared to the
ICBA one. Detailed information about deposition procedures are given in the subchapters 3.1.1
and 3.1.4.

In the beginning of this subchapter, the perovskite morphology will be analyzed by its crystal-
lographic changes in dependency of the 2D perovskite ratio. Based on the observed results, the
impact of structural changes on solar cell performance will be studied afterwards. The procedure
is schematically illustrated in figure 4.31.

The content of this chapter was developed in cooperation with the master student Lisa Eisele
writing her master thesis Impact of hybrid 2D-Perovskites on the stability of Perovskite solar
cells [215] under my guidance.
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Figure 4.31: Schematic overview of the 2D/3D perovskite investigation in chapter 4.2.3.

Impact of the 2D PEA,Snl, perovskite on the bulk structure

The following paragraph analyses the bulk properties of the perovskite film in dependency of
the PEA,Snl4 amount.

The crystalline phase(s) are studied by XRD measurements (see figure 4.32). These are compared
to XRD patterns of cubic Pm3m FASnl; and triclinic P1 PEA,Snly crystals. These patterns
were obtained from crystals synthesized and characterized by Lisa Eisele during her master
thesis [215].

The 3D FASnl; perovskite film matches to the calculated FASnIz XRD pattern. The XRD pattern
of the 2D PEA,Snl, perovskite film suggest a highly oriented crystal with a {002} orientation.
In these two organic (PEA™) and inorganic layers based on the Snlg octahedra alternate. The
2D/3D perovskite film with 50 % FASnI3 and 50 % PEA;Snl4 show a phase mixture of the 2D
and 3D perovskite. However, it is dominated by the 2D PEA,;Snl, phase as a strong peak at
5.4° is observed. Reducing the 2D amount, the pattern is dominated by the 3D FASnI3 peaks
with strong texture effects. A strong orientation according to the {001 }-planes is observed. The
intensity ratio of the (001) to (111) peaks for different 2D/3D mixtures are examined in figure
4.32b. The strongest texture effect to the {001} orientation is observed for a PEA;Snl4 amount
of 7.5 %. An enhanced (001)/(111) peak intensity ratio of 31 is accomplished. For the pure 3D
perovskite, this ratio is smaller than 1.

Hence, an optimal amount of PEA;Snl, results in a strong {001} facet crystal orientation. This
suggests a strong impact of the 2D phase on the nucleation and crystallization process of the
perovskite film.

Adding a PEA,Snly into a 3D system is reported to impact the nucleation and crystallization
process significantly. In the 3D perovskite network nucleation and crystallization take place in
the perovskite bulk and at the perovskite/air interface leading to a unstructured crystallization
process [93]. This results in randomly oriented crystallites [93]. The XRD pattern of the pure
3D FASnl; with multiple crystal-oriented peaks and low peak intensities compared to the other
XRD patterns support this hypothesis.

The nucleation and crystallization of the 2D PEA,Snl, perovskite is thought to predominantly
start at the solution/air interface and further crystallizes to the bottom of the substrate [93]. A
highly oriented perovskite film is observed due to the suppressed undesirable bulk crystallization
[93]. Again the observed results of the pure 2D PEA,Snl4 perovskite corroborate the supposed
crystallization process.

67



4 Development of tin-containing perovskites with improved sustainability

a ITO ITO
— N e o e e P B S B A
r [ FASnlI; theoretical pattern g
3 N
s = 1= = Q -
3 5] I= [ |§ a7
'r::::|:::.!",‘:'.:'.!}‘T:::",’:::":’!::"::-I
E 0% PEA,Snl,
A e
| IPEETRTE RS . T T T
——— T 3 40 ' ! ! ! ! F
TS%PEASIL I 2 ot charge 1 -
] [ —B—charge 2 ]
_ a harge 2
f o 30 B \ —M— charge 3
SrarnrF i PN NI ELTETS BN ST ~ 25| u -
v Err T e e = [ | _
= 15% PEA,Snl, 3 =20F -
~ 15[
2 4 sk Ja .
Q : :10_ \ _
] PR | IPEEUPR TR S L i
1 ] IR ST E < 5_/ -
50% PEA,Snl, 3 =~ [ -
- e 0'!.|.|.|.|.|'
a s Pt 0 10 20 30 40 50
E—+———+— - 0
3 1 1 | 100% PEALSH, - PEA,Snl, amount / %
A\
i selected peaks of the PEA,Snl, theoretical pattern ]
i i 1= o
s 9 1% b= =
E E IS 1S Sh
RPN B AP HP SR HP P B il I
5 10 15 20 25 30 35
20 /°

Figure 4.32: Impact of different 2D PEA,Snl4 perovskite amounts on the crystal structure of the perovskite layer. a:
exemplary measured XRD pattern of 3D FASnI3, multiple 3D/2D FASnI3/PEA;Snl4 and 2D PEA,Snly
compared to calculated 3D FASnI3 and 2DPEA,Snly pattern, showing only the {002}-plane peaks.
The given amounts refer to the total molar perovskite concentration. b: Analysis of crystal texturing
in the 2D/3D mixed FASnI3/PEA,Snly perovskite films by comparing the peak intensities of the (001)
to the (111) 3D FASnI; peak.

Mixing a 2D and 3D perovskite is suggested to suppress the random bulk crystallization [93].
The perovskite nucleation and crystallization thus starts from the surface further crystallizing
to the bottom, resulting in highly oriented crystallites [93]. The observed highly orientated
perovskite film in the 2D/3D mixed perovskite again verify the proposed mechanism of [93].

To analyze, where the 2D phase(s) are located in the 2D/3D perovskite bulk, the spatial distri-
bution of the PEA;Snl4 in the perovskite bulk is specified by grazing incidence X-ray diffrac-
tion (GIXRD) and ToF-SIMS measurements. A similar work observed a quasi-2D phase formed
at the bottom of the perovskite bulk [88]. Here, analysis is carried out on samples having the
highest crystallite orientation (7.5% PEA,Snly).

GIXRD measurements with small w angles (w=0.15) and larger w angles (w=0.7) are carried
out to compare the perovskite surface to the perovskite bulk (see figure 4.33a). The observed
peaks at 12.5° are assigned to a Snly phase [225] and the peak at 14.1° to the 3D FASnl;
perovskite phase. No significant phase differences are observed, as no additional peaks are
detected. Furthermore, no additional peaks are observed at smaller 26 angles, e.g. 5.4° for the
2D perovskite, it is expected that no 2D phase is formed at the perovskite surface. However, for
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the measurement with higher bulk sensitivity, the ratio of a 2D phase could be too small to be
detectable via XRD measurements. Thus, the GIXRD study revealed no 2D phase formation at
the perovskite surface, but 2D phases in the perovskite bulk (or at the HTL interface) can-not be
specified appropriately.

ToF-SIMS measurements are performed to gain insight into whether the 2D perovskite prefer-
able accumulates at the HTL interface or not. A sample fabricated without back electrode is
analyzed (see figure 4.33b). The PEA* distribution in the 2D/3D perovskite bulk is analyzed by
ToF-SIMS measurements. The PEA™ (represented by C¢HsC,H4NH3" ions in the plot) distri-
bution follows the FA* (represented by CH5C,H,4" ions in the plot) one. Thus, it seems that the
PEA" is uniformly distributed in the perovskite bulk. Slight depth differences of the intensity
maxima for the perovskite ions (Sn*, CsI*) are suggested to be either due to preferred accumu-
lation of I~ at the HTL interface and/or preferential sputtering of organic and inorganic species
common in ToF-SIMS measurements. So the PEA™ seems to be homogeneously distributed in
the perovskite bulk.

In summary, the GIXRD and ToF-SIMS measurements show a uniform distribution of the PEA*
in the perovskite bulk with no preferred 2D phase built up at the perovskite surface. Thus, three
scenarios are possible according to these observations: (i) no 2D phase is formed at all, which is
not expected as a 2D phase is verified by BB-XRD for higher PEA™ amounts (see figure 4.32);
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Figure 4.33: Analysis of the spatial PEA,Snl4 and PEA* distribution in the 2D/3D PEA,Snl4/FASnl; perovskite

bulk with 7.5% PEA,Snly. a: GIXRD pattern of the perovskite surface (w=0.15) compared to the
perovskite bulk (w=0.7) measurement of semi-finished samples up to the perovskite layer.
b: ToF-SIMS depth profile of a sample prepared without back electrode (ITO/PEDOT:PSS/(SiO,-NP)
/ FASnlI; / PCBM / BCP). The Cy¢HoN,* corresponds to the BCP layer, the Cs;C* mainly to the
PCBM layer, the Sn*, CsI*, Cs;F*, CH5N,", C¢HsC,H4NH3" to the perovskite layer, the Si* to the
Si0;,-NP, the Cs,SO3* to the PEDOT:PSS layer, and the In* to the ITO layer. Measurements were
performed in the spectrometry-mode using Biz* ions as the analysis beam and Cs™ for sputtering.
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(i1) 2D phases are formed perpendicular to the substrate, which would fit to the non-formed
parallel 2D phase at the perovskite surface and the uniform PEA™ distribution in the perovskite
bulk or (iii) the 2D phases are formed parallel to the substrate with multiple uniformly distributed
layers inside the perovskite bulk.

The 2D PEA;Snl, addition in the 3D FASnl; perovskite bulk observed a highly oriented
crystalline layer for optimized 2D amounts. The distribution of the 2D PEA,SnI4/PEA™ in
the perovskite bulk can not be specified for sure. The BB-XRD measurement, together with
reported findings in literature [88], indicates parallel 2D layers to the substrate. It is expected
that multiple 2D slices are formed parallel to the substrate with no preferential 2D phase built at
the perovskite interfaces.

Impact of PEA,Snl, addition on the solar cell performance

As the highest pronounced crystal orientation is observed for the 2D amount of 7.5 %, the impact
of improved perovskite morphology on solar cell performance is analyzed. Solar cells with a
PEA,Snl; amount of 7.5 Y% are compared to ones with a pure FASnl3; perovskite with PCBM as
ETL. For the 2D/3D mixed perovskite, the impact of the ETL by replacing PCBM with ICBA
is further examined based on the results in subchapter 4.2.2.

The solar cell efficiency enhances from a median of 2.8 % to 4.3 % with negligible hysteresis
by using a 2D/3D mixed perovskite instead of a pure 3D one (see figure 4.34a,b). All solar
cell parameters contribute to this improved solar cell performance (see figure 4.34b). The FF is
enhanced from 55 to 60 %, the Voc from 350 to 420 mV, and the Jsc from 15.4 to 17.3 mA cm™
in median (forward bias scan direction). Improved solar cell parameters are considered to be due
to the crystallite orientation leading to reduced structural defects and thus dark recombination
states.

The ETL variation results in a comparable trend as observed in subchapter 4.2.2. The PCE can
be further enhanced to a median of 5.2 % due to a significantly improved Voc of 670 mV. It is
expected that an improved band alignment at the perovskite/ETL interface leads to the high Voc
and so to the PCE as analyzed in detail in subchapter 4.2.2.

Furthermore, the impact of the 2D perovskite addition in the perovskite bulk on the band
structure is investigated. Figure 4.35a shows the measured EQE spectra for solar cells with a
2D/3D and a 3D perovskite. No significant differences in spectra shape and intensity can be
observed. Thus, it seems that the absorption and wavelength-dependent conversion of photons
into charges are similar. Further, the band-gap is extracted by plotting the data in a tauc-plot
(see figure 4.35b). The fitting reveals slightly higher band-gap energy for the sample with the
2D/3D perovskite of 1.41 eV compared to the 3D perovskite of 1.40 eV. This is consistency with
the theory of perovskite band-structure formation. By inserting the bulky cations, the atomic
overlap of iodine and tin is lowered, resulting in a downshift of the valence band (see also
theoretical derivation in paragraph band-structure in the subchapter 2.1.1).
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Figure 4.34: Solar cell performance of pure 3D FASnl; and 2D/3D PEA,Snl4/FASnI3 mixed perovskite absorbers
with 7.5 % PEA,Snl4 and a ETL variation for the 2D/3D mixed perovskite. a: Boxplot of the extracted
PCE measured in the forward bias direction. b: Exemplary J(V)-curves for the named perovskite
stacks in both bias scan directions. The lighter colored curve displays the forward bias scan direction,
the darker one is the reverse direction. Further dashed curves are dark measurements, while the solid
lines represent illuminated ones.
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Figure 4.35: a: EQE spectra of 2D/3D PEA;Snl4/FASnl; mixed perovskite to pure 3D FASnl3 perovskite solar
cells ITO / PEDOT:PSS / (SiO,-NP) / PEA,Snl4/FASnl; / PCBM / BCP / Ag! (Ag!)). b: Tauc-plot
of the EQE to extract the band-gap energy (b) with an inset illustrating the band-gap fit.

Summary and outlook of tuning the crystalline ordering of the perovskite film

To sum up, the perovskite morphology is tuned by adding 2D PEA;,Snl4 perovskite to the 3D
FASnlI; perovskite. A significant texturing effect by a {001} crystallite orientation is observed
for the 2D/3D mixed PEA,Snl4/FASnl3 perovskite with optimized 2D PEA;Snl4 amounts. The
strong perovskite phase orientation indicates a suppressed bulk nucleation and crystallization
by favoring the perovskite/surface one. Multiple 2D slices parallel to the substrate are expected
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to be formed without accumulation at the perovskite interfaces. The improved crystallographic
morphology goes along with an improved solar cell performance. The efficiency and Voc
enhances from 2.8 %, 350mV to 4.4 %, 420mV in median. This is assumed to be due to
reduced structural defect density, thus decreasing unfavorable charge recombination in the
perovskite layer. The efficiency was further improved by using ICBA as ETL instead of the
PCBM resulting in high median efficiency of 5.2% with a Voc of 670 mV. The solar cell
efficiency even improved with dark storage in nitrogen atmosphere to a maximum efficiency of
6.6 % after 28 days of storage.

Summary and outlook: Investigating tin perovskite absorbers

Tin perovskite absorbers were investigated motivated by their improved sustainability than the
tin-lead mixed perovskite absorbers explored in the previous subchapter.

This work accomplished a PCE of up to 6.6% for FASnl; based perovskite solar cells by
optimizing the perovskite film and solar cell layer stack.

The commonly used SnF, additives in tin-containing perovskite absorbers were explored to
access its mechanism enhancing the solar cell performance. Besides the well-known effects
of improved perovskite film morphology and retarded Sn>* oxidation, I made new findings in
collaboration with colleagues. The SnF; preferably accumulates at the underlying PEDOT:PSS
interface. Simultaneously, a thin 1.2 nm SnS interlayer is detected at this interface. Itis expected
that the accumulated SnF; reacts with the PEDOT:PSS to form this Sns interlayer. As SnS is
a p-type semiconductor, it is assumed that the interlayer improves the hole extraction at the
PEDOT:PSS interface, thus enhancing the solar cell performance as observed. The discovery
could give a hint for the well-known experimental benefit of using PEDOT:PSS as HTL and
SnF, additives for tin perovskite solar cells.

Strategies following interfacial and structural engineering were focused on further improving
the solar performance addressing recombination and V¢ losses with optimized SnF, amount.
A pinhole-free perovskite film was achieved by controlling the perovskite film formation. This
was achieved by modifying the HTL PEDOT:PSS interface introducing a porous SiO,-NP layer.
Furthermore, the conduction band of ETL and perovskite is aligned, and perovskite surface
defects are effectively passivated by altering the ETL interface, replacing the commonly used
PCBM with another Cgg derivative ICBA. By these interfacial engineering techniques, a PCE
of nearly 6 % is demonstrated by reduced Voc losses and dark recombination processes.

Based on these results, the perovskite crystallographic morphology is improved by realizing
2D/3D mixed PEA,Snl4/FASnl; perovskites assumed to reduce recombination losses in the
perovskite bulk. A strong texturing to the {001} planes correlating to enhanced solar cell
performance is revealed by optimized 2D fractions. Combining the crystal texturing with the
optimized interfaces, a high PCE of up to 6.6 % is observed.

In the following, tin perovskite absorbers’ toxic and environmental impact is discussed concern-
ing their solar cell performance.

Decreased solar cell performance is achieved by the pure tin perovskite solar cells compared to
the tin-lead mixed ones. However, perovskite absorbers have a improved sustainability. This
dilemma reflects the compromise that has to be made between solar cell performance and human
health and environmental impact.

However, the remarkable solar cell improvements in this work and in literature are promising
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for further increases in solar cell performance. To improve the tin perovskite solar cell perfor-
mances, passivation strategies, and alternative HTL, ETL should be explored to further reduce
recombination losses. Moreover, the degradation mechanism has to be explored and understood
to prevent fast degradation of the solar cell devices and thus performance losses.

4.3 Stability analysis of tin-containing perovskite solar cells

Tin as a lead-alternative in perovskite absorbers was studied in the subchapter before, mainly
focusing on the device efficiencies. This subchapter will investigate the stability of these tin-
containing absorbers, as tin easily oxidizes from Sn>* to Sn**, leading to the deterioration of the
perovskite structure and thus limit solar cell performance. This oxidation process can be slowed
down in tin-lead mixed perovskite absorbers [104, 105]. A literature review on the stability of
perovskite solar cells, in general, was presented in chapter 2.3. The stability of tin-containing
absorbers stressed by oxygen and moisture was reviewed in detail in subchapter 2.3.2. However,
limited studies report a systematical stability study of tin-containing perovskites.

The efficiency of tin and tin-lead mixed perovskite solar cells stored dark in an inert atmosphere
were tested over a time of 280 and 160 days (see figure 4.36, 4.37). These observed non-
significant performance losses. Thus devices seem to be at least intrinsically stable.

Nevertheless, further studies need to be performed to get insights into critical preparation con-
ditions and stress factors in operation.

These critical preparation conditions for perovskite solar cells are oxygen, moisture, high vac-
uum, and elevated temperature. These can impact the quality of the layers and thus the overall
stability of the device afterwards.

Further, conditions affecting the solar cell operation stability leading to device deterioration are,
for example, external stress factors like light, voltage, current, elevated temperature, contact to
ambient atmosphere.
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Figure 4.36: Solar cell performance of tin perovskite solar cells ITO / PEDOT:PSS / SiO,-NP / FASnl; / PCBM
/ BCP / Ag) of three batches with eight solar cells each stored dark in nitrogen atmosphere. Lighter
color indicate forward and darker color indicate reverse measurements.
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Figure 4.37: Solar cell performance of six tin-lead mixed perovskite solar cells ITO / PEDOT:PSS / SiO,-NP
/ FA(65Cs0.35SngsPbo 51z / PCBM / BCP / Ag) stored dark in nitrogen atmosphere. Lighter color
indicate forward and darker color indicate reverse measurements.

For addressing the preparation and operation stability, two sets of experiments are performed.
As ambient atmosphere contact is highly critical for tin-containing perovskites, due to the fast
tin oxidation, its reactivity is explored. This should provide insight into the necessity of tin-
containing perovskite solar cells preparation and encapsulation in inert atmosphere. Further
first investigations on the operation stability are explored. Therefore, the samples are stressed
at elevated temperature (85°C) in an inert atmosphere (nitrogen) based on the suggested testing
conditions for first tests presented in a consensus statement for perovskite stability [138]. The
85°C thermal stress is used to analyze the thermal degradation, like chemical and structural
phase instabilities, and accelerate the inert atmosphere’s degradation process.

Thus in chapter 4.3.1, the (tin) reactivity is explored by ambient atmosphere stress, and in chapter
4.3.2, the samples are aged by thermal stress.

In both chapters, two sample categories are analyzed to distinguish between the degradation
mechanism of the perovskite material itself and the perovskite device. These are pure perovskite
films deposited on glass and complete solar cell stacks. For the pure perovskite film deposition,
the glass surface is coated with SiO,-NP, as illustrated in chapter 3.1.1, to achieve better
wetting and comparable perovskite film formation as in solar cells. For the solar cell devices,
identical stacks are chosen for both perovskite compositions to achieve comparability of the
devices, as illustrated in figure 3.1. For these solar cell stacks, PEDOT:PSS is used as an HTL,
a combination of PCBM and BCP as ETL, and silver as the back electrode. Analogously,
comparable perovskite compositions without supplementary additive than SnF, were chosen.
Thus, for the tin perovskite the FASnl; absorber from subchapter 4.2, and for the tin-lead
mixed perovskite absorber the FAg ¢5Csg355n95Pbgsl3 absorber from subchapter 4.1 will be
investigated.

Tgo is extracted to achieve comparability of the different degradation time scales of multiple
measurement techniques. The Tgg corresponds to the time where the analyzed value achieves
80 Y% of the original unaltered sample value.
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4.3.1 Exploring the reactivity of tin-containing perovskite in ambient atmosphere

The reactivity of tin-containing perovskite in the ambient atmosphere (22+1°C and 30-45 rH%)
will be investigated in the following chapter to clarify if an inert atmosphere during perovskite
solar cell preparation is mandatory. The impact of the ambient atmosphere on the perovskite film
solely will be compared to complete solar cell devices is analyzed. The dominant degradation
mechanism of either the perovskite layer or other device layers resulting in device deterioration
will be distinguishable by comparing these.

Reactivity of tin-containing perovskite films in ambient atmosphere

The following section will analyze the stability of tin and tin-lead mixed perovskite films
deposited on glass. The aim is to gain insights into the degradation mechanisms of the perovskite
absorbers themselves. The focus is set on characterizing the optical and material stability
investigating the degradation kinetics. Hereby, the phase stability is explored to characterize the
deterioration of the ABXj3 perovskite structure due to tin oxidation in the ambient atmosphere.
Additionally, optical properties are studied as appropriate absorption is needed for a good solar
cell absorber. In this work, morphology changes are investigated by SEM top-view images,
the absorption behavior by UV-Vis spectrometry, and phase changes by XRD and ToF-SIMS
studies.

The fast degradation of the tin perovskite absorber in air is visible by a color change from
black to yellow-brownish after two hours. In contrast, no significant color change is observed
for the tin-lead mixed perovskite (see insets in figure 4.38). The SEM top-view images show
a morphological transition of the tin perovskite film (see figure 4.38a, b). Pinholes and an
additional phase seem to be preferably formed at the grain boundaries after a stress periode of two
hours. Thus it is expected that the degradation process preferably starts at the grain boundaries
as these are areas with high defect density. Lanzetta et al. reported similar observations [12].
After 26 hours of stress, the as-grown morphology is completely destroyed (see figure A.10).
The morphology of the tin-lead mixed perovskite film seems to be less influenced by the ambient
atmosphere stress for two hours. No significant differences in the top-view SEM images are
observed, like grain size, additional phases, and pinholes (see figure 4.38c, d).

An evident color change of the tin perovskite absorber indicates a variation of the absorption,
which is analyzed in more detail in the following (see figure 4.39). Suitable light absorption is
substantial for a solar cell absorber. The ability to convert photons into charges is analyzed by
integrating the absorption spectrum folded by the AM 1.5G sun spectrum and assuming 100 %
quantum efficiency to determine a hypothetical current density.

The absorptance of the tin perovskite film is already drastically decreasing after some hours (see
figure 4.39a). Also, the spectral shape is changing from a broad absorption with a band-gap
energy of 1.46 €V (see tauc-plot in figure A.11) to spectra with two characteristic peaks at 570
and 400 nm after 25 hours. The calculated current density decreases to 80 % of the original
value after 9 hours (Tgg) (see figure 4.39c¢).

The absorption change of the tin-lead mixed perovskite film is much slower (see figure 4.39b).
Here the spectra shape is changing by a decreasing intensity of the 900 nm shoulder. After 9
hours, no significant changes of the calculated current density can be observed, and still 89% of
the original value after 168 hours can be achieved (see figure 4.39c¢).
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Figure 4.38: Morphological study of perovskite layers degraded in air for two hours. SEM top-view images and
their corresponding photographs of 15 x 15 mm? samples as insets of fresh (a, ¢) and degraded samples
(b, d) of tin (a, b) and tin-lead mixed (c, d) perovskite films deposited on glass.
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Figure 4.39: Degradation process of perovskite absorbers in air visualized by their absorption changes. Absorptance
(A) of tin (a) and tin-lead mixed (b) perovskite films as well as (c) calculated conversion of photons
into charges visualized as a normalized current density.
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Since the absorption changes of the tin perovskite suggest a formed degradation product, the
phase changes over time are studied by XRD measurements(see figure 4.40). The (001)-
perovskite peak is chosen to illustrate the crystal phase changes (see figure 4.40c) since this peak
has the highest intensity. Similar behavior is observed for all other perovskite-related peaks if
not named differently.

For the tin perovskite film, the peak intensity is decreasing quickly (see figure 4.40a). The Tgg
is one hour. As no distinct additional diffraction reflexes are detected, the crystalline perovskite
phase is mainly converted into an amorphous degradation product. Small reflexes are observed
for the XRD pattern after 26 hours, similar to described Sn>* oxidation in literature (see figure
A.12) [82,226]. It is assumed that the possibly oxidation product is di-formamidinium tin
hexa-iodide (FA,Snlg).

Again phase changes of the tin-lead mixed perovskite film are different from the pure tin
perovskite one. Three findings are observed: a decrease in peak intensity and a peak shift for the
perovskite phase, and a strong decrease of the tetragonal (210) peak intensity (see figure 4.40b).
The Tgp is around seven hours observed by analyzing the (001)-perovskite peak intensity. A
phase change could explain the peak shift and the vanishing tetragonal phase peak by converting
the as-grown slightly tilted tetragonal phase to a crystalline cubic phase. As in chapter 4.1.2
a cubic phase was observed for a FA.(75Cs<255n05Pbgsl3 perovskite composition, it can
be assumed that an amorphous CsSnPbls perovskite and crystalline FA.(75Cs<.25Sng 5Pbg 513
perovskite product is formed.
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Figure 4.40: Degradation process of perovskite absorbers in air visualized in their crystal phase changes by XRD
measurements. XRD patterns for the tin (a) and (b) tin-lead mixed perovskite at different time scales
with insets to highlight significant changes. Extracted (001)-peak intensities (c) shown in a and b for
visualizing the degradation process.
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As differences in the crystal phase structure are observed, changes of element distribution by for
example ion migration in the perovskite bulk are analyzed by ToF-SIMS measurements. Depth
profiles of as-grown and altered ones for 30 minutes are shown in figure 4.41. These showed
negligible changes in the elemental distribution. Thus, ion migration is not observed for the
perovskite films as well as phase segregation in the perovskite bulk depth.

In summary, the tin perovskite films seem to degrade quite fast. Extracted Tgg values lie between
1 hour for the perovskite phase and 9 hours for the absorption properties. Hypothetically it is
suggested that a mainly amorphous decomposition product FA;Snlg is formed. A two-step
reaction scheme was supposed by Lanzetta et al. [146] and would support the observed findings:
2 FASnl3 + O, —— 2 FAI + SnO; + Snly

Snly + 2 FAT —— FA;,Snl.

The tin perovskite first decomposes into SnO, and Snly in air. The Snly further reacts with the
FAI to form FA,;Snlg. The degradation process seems to be dominated by the oxygen environ-
ment rather than moisture, as the main degradation product is FA;Snlg. In a humid environment,
a higher amount of SnO, would be expected based on the degradation process presented in figure
2.9.

The decomposition of the tin-lead mixed perovskite absorber is much slower, as suggested
by Leijtens et al. [104]. Still, about 89% of the initially calculated current can be gener-
ated by absorption after 168 hours. For the as-grown perovskite phase, a Tgo stability of
seven hours is suggested. Hypothetically, the XRD patterns indicate phase changes of the
slightly tilted FA( ¢5Csp.355n0 5Pbg 513 perovskite into a cubic system with reduced Cs-amount
FA.0.75Cs<0.255n0 5Pbg 513 and an amorphous CsSnPbl product.
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Figure 4.41: Tin (a) and tin-lead mixed (b) perovskite films’ elemental distribution of as-grown (solide line) and
aged samples for 30 minutes in the ambient atmosphere (dashed lines) investigated by ToF-SIMS.
Measurements were performed in the spectrometry-mode using Biz* ions as the analysis beam and
oxygen-clusters* for sputtering.
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4.3 Stability analysis of tin-containing perovskite solar cells

Reactivity of tin-containing perovskite solar cells in ambient atmosphere

Subsequently, the influence of ambient atmosphere on perovskite devices is investigated by their
solar cell performance and perovskite bulk changes. The solar cell performances are analyzed
as this is the central property of solar cells. Further phase changes are examined as these are
influenced by the tin oxidation and ion migration in perovskite solar cells.

The solar cell performance over time in ambient atmosphere is summarized in figure 4.42,
summarizing the PCE of each solar cell (see figure 4.42a). For illustrating the J(V)-curves
shape changes over time, exemplary ones are illustrated at different time scales (see figure
4.42b,c). Since no significant hysteresis is observed for the measured solar cells, the solar cell
performances over time are illustrated only by their reverse bias direction measurement.

In general, the efficiency of the perovskite solar cells decreases with increasing storage time
in the ambient atmosphere. However, the efficiency seems to be constant during the first ten
hours. A concrete Tgo value for the degradation process is difficult to be determined as solar
cells behave slightly differently depending on their measurement frequency. Some tin perovskite
solar cells have a Tgg value of minimum 68 hours with low measurement frequency, whereas
others only achieve a Tgg value of 14.5 hours with higher measurement frequencies. Similar Ty
values are reported in literature for tin based perovskite solar cells [82, 88,98, 226-230].
Likewise, some tin-lead mixed perovskite solar cells still have half of their original PCE after
66 hours with a lower measurement frequency. In contrast, others only show a quarter of their
original efficiency after 37 hours measured with higher frequencies. The Tgg value is around
13.5 hours. Tgo of some days are generally achieved for comparable tin-lead mixed perovskite
solar cells [231,232].

For both perovskite solar cell stacks, performance decrease due to a generated S-shape in their
J(V)-curves (see figure4.42b,c). In general, an S-shape indicates an energy barrier in the solar
cell stack [190].

For getting more insights into the degradation process, structural changes of the perovskite
absorber are analyzed by XRD measurements (see figure 4.43). Relevant alterations of the XRD
pattern of the perovskite phase are highlighted by illustrating their changes in the (001)-peak in
figure 4.43 and further observed findings like additional phase arising.
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Figure 4.42: Impact of ambient conditions on the solar cell performance measured in reverse bias scan direction of
tin and tin-lead mixed perovskite solar cells. a: Solar cell efficiency displayed over time. Exemplary
J(V)-curves measured at different time scales for a tin (b) and tin-lead mixed (c) perovskite solar cell.
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The peak intensity decreases with increasing stress time for tin perovskite devices, suggesting a
phase decomposition (see figure 4.43a). After 15 hours (Tgp), the peak intensity is lowered by
20 % of its original value (see figure 4.43a,c). Besides this, an additional peak at 26.8° arises
after 15 hours of air stress (see inset in figure 4.43a). This peak is assumed to be the degradation
product tin dioxide (SnO,) (fitted by the highscore+ software of our XRD-setup; see therefore
the comparison of multiple possible degradation product patterns to the experimental pattern in
figure A.13). This observation is in contrast to the perovskite film study, where this peak was
not observed in the XRD pattern, and the degradation product is suggested to be FA;Snlg. In the
literature (also see chapter 2.3.2) FA;Snlg is assumed to be a degradation product in dry oxygen
and SnO; in a moisture atmosphere with only slight amounts of oxygen [146]. Based on this,
it seems that the perovskite phase deterioration is mainly triggered by oxygen in the perovskite
film and moisture in the perovskite solar cell. The highly hygroscopic PEDOT:PSS [116, 128]
could be the detrimental water source in the perovskite solar cell.

The decomposition is less pronounced for the tin-lead mixed perovskite solar cells (see figure
4.43b). The peak intensity is relatively decreased by approximately 20 % during the testing time
of 100 hours (see figure 4.43c). In contrast to the perovskite film study (see figure 4.40) the peak
at 22.5° corresponding to the tilted tetragonal perovskite structure does not change (see figure
4.43b). It seems that the perovskite absorber is protected from the ambient atmosphere by the
ETL and back electrode layer on top.
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Figure 4.43: Impact of the ambient atmosphere on the crystal phase structure of tin (a) and tin-lead (b) mixed
perovskite solar cells by exemplary measured XRD pattern with insets to highlight significant changes.

c¢: Extracted normalized (001)-perovskite (filled squares) and 26.8° (unfilled triangles) peak intensities
shown in a and b for visualizing the degradation process.
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4.3 Stability analysis of tin-containing perovskite solar cells

Besides structural modifications, ion migration is another prone phenomenon of perovskite solar
cells. This is analyzed by comparing ToF-SIMS measurements of as-grown and aged samples
for 40 hours in air. Depth profiles and analyzed ions’ amount by integrating their signal® of
relevant positives ions are shown in figure 4.44 and additional depth profiles of ions representing
each layer in the perovskite solar cell stack in figure A.14. Negative ions are shown as a
compound with Cs since Cs* was used as the sputtering beam. In principle, similar distributions
are observed for most detected ions. Thus no drastic morphology changes seem to be caused
by stressing the samples. If the sample morphology varies too drastically by e.g. pinholes,
sputtered ions would be mixed from the surface and the underlying layer at pinholes, making
statements of ion migration difficult.

For both perovskite solar cell stacks, oxygen diffuses into the silver electrode. The oxygen
amount (integrated signal) increases from around 9000 (13000) to 46000 (35000) in the silver
and ETL layer for tin (tin-lead) perovskite devices. However, the oxygen amount in the perovskite
layer does not change, suggesting oxygen infiltration from the surface only until the ETL layer.
Additionally, fluoride migrates to the electrode, increasing the fluoride concentration in the
ETL, at the ETL/electrode interface, and in the back electrode. In these layers, the fluoride
concentration (integrated signal) is enhanced in tin (tin-lead mixed) perovskite devices from
150000 (100000) to 1900000 (1500000). Further, only relatively slight enhanced iodine
concentration is observed for the perovskite devices in the ETL. The amount of iodine in the
silver and ETL layer is enhanced from 350 000 (17 000 000) to 570 000 (29 000 000) for the tin
(tin-lead) devices.

In summary, the solar cell performance for both perovskite compositions suffers from enhanced
S-shape with increased storage time in air. As comparable trends are observed, it is suggested
that similar degradation mechanisms result in device losses. The S-shape is a hint to a formed
energetic barrier in the solar cell stack.

The crystalline phase study gave no explicit explanation for a formed insulating material for both
perovskite solar cells, as different findings were observed. The crystalline tin perovskite has a Tgg
stability of around 15 hours, and a new crystalline phase, presumably SnO,, is formed. Whereas
the tin-lead mixed perovskite absorber decomposes more slowly. The crystalline perovskite
phases only decompose by approximately 20 % in the testing time scale of 100 hours, and no
crystalline degradation phases are formed. Thus, perovskite structural phase alterations are less
likely the reason behind solar cell performance losses, as different crystal bulk phase evolution
are accomplished for both solar cell types. Further time scales of phase deterioration and devices
losses do not correlate.

In both perovskite solar cells, similar oxygen infiltration and fluoride ion migration occurs
independently of the perovskite composition. Interestingly the ion migration only takes place in
solar cell devices. Thus, it seems that internal electric fields are needed for ion migration.

As illustrated in chapter 2.3, ion migration from the perovskite to the back electrode is known
from literature [141-143, 166, 167]. However, this ion migration is mainly reported for the
iodide ion, which often reacts with the back electrode, deteriorating it. It can be expected that
fluoride migration can lead to a similar reaction with the PCBM, BCP, and silver, too. A reaction
would deteriorate the original material properties as well as lead to new reaction products. A
chemical reaction of fluoride can alter the transport properties of the ETL and back electrode
layer, resulting in an energy barrier in a device leading to the observed S-shape in J(V)-curves.

2 Detailed procedure for determining the F~ amounts is described in chapter 3.2.2.
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Figure 4.44: Impact of ion migration on perovskite solar cells stressed by the ambient atmosphere for 40 hours
measured by ToF-SIMS. Comparative depth profile of tin (a) and tin-lead mixed (b) perovskite solar
cells of fresh (solid line) and stressed (dashed line) samples. Measurements were performed in the
spectrometry-mode using Biz* ions as the analysis beam and Cs* for sputtering. Signals of shown
ions are integrated as a parameter for their amount in the relevant range of the silver and ETL layer
and summarized in c.

Besides suggested ion migration destroying the transport properties of the ETL and/or electrode,
by a degradation of the PCBM by oxygen and water inflation can result in decreased solar cell
performance and would fit to the oxygen infiltration observed by ToF-SIMS measurements.
Jiang et al. [233] and You et al. [234] reported degradation of perovskite solar cells in air, which
they attributed to the unstable PCBM in air. This is caused by water and oxygen adsorption of
this electron transport material (ETM) [235].

Consequently, it is assumed that either ion migration of the fluoride subsequently reacting
with the silver electrode or PCBM leads to the degradation of the solar cell. Additionally, the
instability of the PCBM in the ambient atmosphere can also negatively impact the solar cell
stability.

Summary of the tin-containing perovskite reactivity study in ambient atmosphere

The following section summarizes the main observed findings of the perovskite film and device
stability analysis in the ambient atmosphere. The main observations are summarized in table
4.2.
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4.3 Stability analysis of tin-containing perovskite solar cells

Table 4.2: Summarizing the main observations of tin-containing perovskite samples stressed in the ambient atmo-

sphere.

perovskite film properties device properties

Absorbance: Tgg=9h PCE: Tgg = 14.5-68 h; S-shape
tin phase morphology: Tgp = 1h; phase morphology: Tgp = 15 h;

FA,Snl¢ formation SnO, formation

layer morphology: decomposition at ToF-SIMS: O; infiltration,

grain boundaries F~, I” migration

Absorbance: Tgy > 168 h PCE: Tgo = 37-66 h; S-shape
tin-lead phase morphology: Tgg = 7h;

phase segregation phase morphology: Tgp ~ 100 h

ToF-SIMS: O, infiltration,

layer morphology: Tgy > 2h F~, 1" migration

In the ambient atmosphere, the tin-lead mixed perovskite film seems to be more stable than the
pure tin composition, as it was also shown by [104]. The perovskite phase stability is prolonged
by a factor of seven considering their Tgp value.

For the devices stressed in the ambient atmosphere, improved stability of the tin-lead mixed
perovskite devices is not observed. Similar characteristics in the performance losses for both
perovskite compositions are observed (S-shape). It is expected that the performance losses
could be related to the fluoride migration towards the back electrode, deteriorating the ETL or
back contact by reacting with these. Additionally, the degradation of the PCBM in the ambient
atmosphere by oxidation or water infiltration can lead to solar cell efficiency losses. Thus it
seems that performance losses are dominated by charge- or electrode-layer deterioration rather
than perovskite absorber degradation.

The following will discuss the aspect of tin-containing perovskite reactivity in the ambient
atmosphere.

The study showed a fast decomposition of tin-containing perovskite films. Additionally, oxygen-
and moisture-free interface layers are essential for the device stability, as shown by the tin
perovskite deterioration assumed to be initiated by the hygroscopic PEDOT:PSS layer. The pure
tin perovskite absorber has shown higher sensitivity to oxygen and moisture than the tin-lead
mixed ones. As the reactivity to oxygen and moisture seems to be high, moisture- and oxygen-
free preparation and operation are needed for high tin-containing perovskite stability.

An operation in inert atmosphere can be easily realized by a mechanic barrier via device
encapsulation. Nevertheless, the preparation must be carried out in an inert atmosphere until
encapsulation with low oxygen and moisture concentration. Further, all used materials for
the solar cell preparation should be at best water- and oxygen-free and non-attractive to water.
Especially, PEDOT:PSS as HTL should be replaced by another material, as it seems that its
hygroscopic nature deteriorates the perovskite (even if its impact on device failure was not
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proven). Moreover, comparing the observed ambient stability to reports in literature, the tin
perovskite solar cell stability is comparable, however, the tin-lead ones lag behind the literature.
Thus, it seems, that there is still room for improvements for tin-lead mixed perovskite solar cells.
Perovskite composition optimization is expected to enhance their stability.

4.3.2 Investigation of tin-containing perovskite solar cells under thermal stress

This chapter examines the impact of thermal stress on the tin and tin-lead mixed perovskite
absorbers in inert atmosphere. It is a prerequisite for usage in real conditions where solar
modules can reach temperatures up to 85°C in the field under full sunlight. Therefore, the
samples are heated at 85°C in a nitrogen atmosphere. By these insights into the thermal
stability, e.g., the perovskite bulk phase stability and chemical stability, are observed, and the
aging in an inert atmosphere is accelerated. Analogously to the study in ambient atmosphere,
the impact on perovskite films is investigated initially, followed by the analysis of the solar cell
devices. The dominant degradation mechanism of either the perovskite layer or other layers
resulting in device deterioration will be distinguishable by comparing the observed results.

Tin-containing perovskite films under thermal stress

In the following, the impact of thermal stress on solely perovskite films is analyzed to get insights
into the thermal stability and accelerate the inert aging of the perovskite film it-selves.

Analogously to the study in ambient condition, the focus is set on analyzing the material and
optical properties. The morphological phase stability is examined by characterizing the layer
and phase morphology via SEM top-view images, XRD and ToF-SIMS studies. Further the
optical properties are investigated by UV-Vis spectrometry.

Thermal stress seems to have a minor effect on the perovskite morphology. After six hours of
thermal stress, no significant changes of the perovskite layer morphology can be observed in the
SEM top-view images (see figure 4.45).

The impact of thermal stress on the optical properties is analyzed by its absorption. The
absorption of the tin and tin-lead mixed perovskite films is not significantly changing in spectra
shape and in the absorptance intensity (see figure 4.46a, b). As the spectra are not changing, the
calculated generated current by integrating the spectra are basically constant (see figure 4.46¢).

Thermal stress seems to have a minor impact on the perovskite crystal phase as well. The crystal
phase analysis is performed by measuring XRD at different time scales for the tin and tin-lead
mixed perovskite films (see figure 4.47). Again the (001)-peak of the perovskite phase for tin
and tin-lead mixed perovskite layers are depicted as an example for analyzing the perovskite
phase (see figure 4.47c). A slight decrease in the peak intensity, and no significant changes in
peak position are observed. Inconsistent slight differences of the XRD pattern are considered
being due to statistic sample variations. Similar observations were made by Meng et al. for tin
based perovskite absorbers [236].
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Figure 4.45: Illustration of morphology changes by SEM top-view images of fresh (a, ¢) and stressed samples at
85°C for six hours (b, d) of tin (a,b) and tin-lead mixed (c.d) perovskite films deposited on glass.
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Figure 4.46: Absorptance (A) of tin (a) and tin-lead mixed (b) perovskite absorbers stressed at 85°C for different
time scales. c: Calculated conversion of photons into charges visualized as a norm. current density.
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Figure 4.47: Investigation of the perovskite crystal structure by analyzing XRD-patterns of perovskite films stressed
by 85°C in inert atmosphere. XRD patterns for the tin (a) and (b) tin-lead mixed perovskite at different
time scales with insets to highlight significant changes. Extracted (001)-peak intensities (c) shown in
a and b for visualizing the degradation process.

Analogously, to the reactivity study in the ambient atmosphere, possible ion migration activated
by heat is investigated by ToF-SIMS depth profiles (see figure 4.48). Stressing the tin and
tin-lead mixed perovskite films for six hours at 85°C, does not change the elemental distribution
in the perovskite films. Thus, ions seem not to migrate in these perovskite films.

In summary, stressing the perovskite absorber layers by heat for two or six hours in nitrogen
atmosphere does not cause any significant changes in the perovskite morphology, absorption
capacity, crystalline perovskite phase and elemental distribution in the perovskite bulk. It seems
that the tin and tin-lead mixed perovskite films are stable against heating in inert conditions at
least in a short time range of six hours. This suggests a stable perovskite phase without phase
transitions in the analyzed temperature range. Similar observations were already made for tin
perovskite films by Meng et al. [236] and Leijtens et al. for tin-lead mixed perovskite films [104].

Tin-containing perovskite solar cells under thermal stress

As the stability of perovskite films in thermal stress were studied before, these results are
correlated to the degradation in perovskite solar cell devices.

The impact of thermal stress is analyzed by investigating their solar cell performance and
perovskite phase changes. The solar cell performances are analyzed as this is the central
property of solar cells. Further phase changes are examined as these are influenced by the tin
oxidation and ion migration in perovskite solar cells.
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Figure 4.48: Tin (a) and tin-lead mixed (b) perovskite films’ elemental distribution of as-grown (solide line) and
thermal stressed samples for two hours (dashed lines) investigated by ToF-SIMS. Measurements were
performed in the spectrometry-mode using Biz* ions as the analysis beam and oxygen-clusters* for
sputtering.

The solar cell performance is summarized in figure 4.49, illustrating the PCE changes of each
solar cell over time (see figure 4.49a) and exemplary J(V)-curves of one tin (see figure 4.49b)
and one tin-lead mixed (see figure 4.49c) perovskite solar cell.

The different perovskite compositions seem to be affected differently by the thermal stress. After
30 minutes of heating, the efficiency of tin devices abruptly decreases from 2.2% in mean to
around half of the original value, 1.3% in mean. So, the Tg is less than 30 minutes. Afterwards,
no more significant decrease in efficiency appears. The shape of the J(V)-curves is not changing
significantly. Wang et al. reported a Tgo value of 100 minutes for already the unoptimized
device, however using nickeloxide as HTL [83].

For tin-lead mixed perovskite solar cells, the efficiency decreases with prolonging heating time.
Moreover, the hysteresis rolls over. In the beginning, the reverse bias measurements achieve a
higher PCE value, whereas, after two hours of heating, the forward bias measurements achieve
higher PCE values. The Tgg stability time is roughly two hours. The overall PCE decreases
from around 11% to 6%, stressing the samples for four hours. Besides the hysteresis, the overall
shape of the J(V)-curves are similar. A stable tin-lead mixed perovskite solar cells for a 3 hours
stress is reported by Han et al., also using nickeloxide as HTL [237].

XRD measurements are performed at different time scales of heating to get insight into the
degradation mechanism (see figure 4.50). Again changes of the XRD patterns are discussed
focusing on the (001)-perovskite peak.

For both perovskite compositions, similar trends are observed. The perovskite phase seems
to be basically unchanged by the temperature stress since no intensity change nor shift of the
(001)-peaks are observed (see figure 4.50a, b). However, a peak at 26.8° is arising for both
perovskite compositions (see figure 4.50a, b). The intensity of this peak is not following any
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Figure 4.49: Impact of temperature stress on the solar cell performance of tin and tin-lead mixed perovskite solar
cells. a: Solar cell efficiency displayed over time. Exemplary J(V)-curves measured at different time
scales for a tin (b) and tin-lead mixed (c) perovskite solar cell.

trend with increasing heating time for the tin perovskite solar cells (see figure 4.50c). Whereas
for the tin-lead mixed perovskite solar cells, the peak intensity increases with prolonging heating
time. Analogously to the interpretation of the tin devices stressed in ambient conditions, it is
assumed that this peak correlates to a SnO, phase. Surprisingly, since the thermal stress is
performed in an inert atmosphere. It is expected that residual water in the used hygroscopic
PEDOT:PSS [116, 128] is the source of primary moisture but also oxygen. Already small
amounts of moisture and oxygen are assumed to be sufficient to decompose a tin-lead mixed
perovskite absorber by thermal activation [238].
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Figure 4.50: Impact of thermal stress on the crystal phase structure of tin (a) and tin-lead (b) mixed perovskite
solar cells by measured XRD patterns with insets to highlight significant changes. c: Extracted peak
intensity of the 26.8°-reflex to visualize the degradation process.
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4.3 Stability analysis of tin-containing perovskite solar cells

ToF-SIMS depth profiles of as-grown and stressed perovskite solar cells are compared for further
insights into the ion migration (see figure 4.51). Again the displayed depth profiles highlight
only the relevant ions, whom ions” amount by integrating their signal® are shown in figure 4.51c.
All ions representing each layer in the solar cell stack are shown in figure A.15 in the appendix.
The iodine seems to be mobilized by thermal stress, thus migrating from the perovskite bulk to
the surface. The iodine concentration enhances in the ETL and at the ETL/ silver interface from
350000 (17 000 000) to 590 000 (28 000 000) in tin (tin-lead) perovskite solar cells. Analogously
to the ambient test, the fluoride concentration in the ETL, especially in the tin perovskite solar
cell, is increased. However, the amount accumulated directly at the Ag/ETL interface seems to
decrease. It seems, that fluoride from the Ag/ETL interface migrates into the ETL. The overall
amount of fluoride in the silver electrode and ETL is constant for tin perovskite devices (150 000)
or even decreased for the tin-lead mixed perovskite devices (100 000 to 60 000). The amount
of oxygen is only slightly enhanced from 9000 (13 000) to 12000 (17 000) for tin (tin-lead)
perovskite devices in silver and ETL layer.

3 Detailed procedure for determining the F~ amounts is described in chapter 3.2.2.

a C
1-106 Ag i ETL E Perovskite i HIL E ITO
it S S
i .
o 1104 [ 2 X
b= i 7 b W SnPb-perovskite & Cs,07
f’ b . <
g ! e caase N A Sn-perovskite Cs,F~
~
o n ! / A csT
1-102 E [ r{\‘ 5 o -
[ ! \ Jfr —as grown — Cs,07 . u
ﬂ‘]ﬁ ‘w --- 7h stress Cs,F* Z10°F i 3
L 2 = _
1-10° it — Csil p A
s
% 106k 4
b 8
= O g
1-109°E 100 4
i k=
n
: i 1
» 110% 10 1
= i as grown 2h stress
= ;
g !
1-102 ;
i — as grown — Cs07
== 2h stress Cs;F ™+
ﬁ‘!‘f — Cs,I7
1-100 LAl

norm. sputtering time

Figure 4.51: Impact of two hours temperature stress on ion migration in the perovskite solar cell stack measured
by ToF-SIMS measurements. Comparative depth profiles of tin (a) and tin-lead mixed (b) perovskite
solar cells of fresh (solid line) and stressed (dashed line) samples. Measurements were performed in
the spectrometry-mode using Bisz* ions as the analysis beam and Cs* for sputtering. Signals of shown
ions are integrated as a parameter for their amount in the relevant range of the silver and ETL layer
and displayed in c.
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4 Development of tin-containing perovskites with improved sustainability

The impact of thermal stress on solar cell performance can be correlate to perovskite material
changes. The amount of SnO; phase corresponds to the PCE losses. For the tin perovskite solar
cells, an abrupt efficiency decline after 30 minutes of heating is observed, which would fit to
the new phase already significantly arising after 30 minutes of heating. For the tin-lead mixed
perovskite solar cells, the decrease in efficiency with longer heating time can be correlated to
the increased amount of the new phase. However, the increased iodine, fluoride migration can
also be the reason for the decline in solar cell performance. Analogously, it seems that the ion
migration is triggered by an internal field, as for the pure perovskite film no ion migration was
observed. The consequences of these ion migrations were discussed in detail in the previous
subchapter.

Summary of investigated tin-containing perovskite absorbers under thermal stress

The following section summarizes the main observed findings of the perovskite films and devices
stability analysis under thermal stress. The main observations are summarized in table 4.3.

Table 4.3: Summarizing the main observations of the aged samples by thermal stress.

perovskite film properties device properties
Absorbance: Tgy > 6h PCE: Tgo > 0.5 h; abrupt losses
tin phase morphology: Tgp > 6h phase morphology: Tgp > 4 h; SnO; formation

layer morphology: Tgg > 2h ToF-SIMS: F~, I” migration

Absorbance: Tgy > 6h PCE:Tgp =2h
tin-lead phase morphology: Tgp > 6h phase morphology: Tgp > 4 h; SnO, formation
layer morphology: Tgp > 2h ToF-SIMS: F~, I” migration

The perovskite films seem to be stable under thermal stress in nitrogen atmosphere. This suggests
a stable perovskite phase for the studied tin and tin-lead mixed perovskite composition in the
analyzed temperature range.

Whereas devices losses are determined for both perovskite compositions with different trends.
Performance losses of tin devices are abruptly observed already after 30 minutes of stress.
However, these remained static after the abrupt loss. The performance of tin-lead devices
decreased linearly. These losses are correlated either to a formed degradation material, assumed
to be SnO,, or iodide migration. However, it is expected that iodide migration dominates the
performance losses. If formed SnO; is the dominant reason for performance losses, the tin
perovskite solar cell stressed in ambient condition with also formed SnO; in a comparable
amount, need to have a similar trend in their J(V)-curves. However, the J(V)-curves of ambient
stressed tin solar cells have very characteristic S-Shapes, whereas the thermally stressed ones
have not.

As no changes in the tin-containing perovskite films are detected under thermal stress, and the
devices seem to deteriorate, the performance losses are assumed to be dominated by charge or
electrode-layer degradation rather than perovskite absorber deterioration. Thus device stacks
have to be optimized, to gain improved thermal resistance.

Studies reporting on similar stability testing achieved significantly lower PCE losses [83,237].
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4.3 Stability analysis of tin-containing perovskite solar cells

They used nickeloxide as HTL instead of PEDOT:PSS [83,237]. This can be an additional hint,
that PEDOT:PSS is unfavorable for stable devices.

However, as ion migration seems to be the most dominant degradation mechanism here, these
should be prevented by using different charge transport and electrode material. Charge layers
with diminished probability for reactions with mitigated ions, leading to deteriorating these need
to be investigated. Guerrero et al. used a Cr,O3/Cr electrode to prevent the iodine reaction
with silver (see chapter 2.3.3) [166]. Moreover, interlayers can be inserted to prevent ion
migration throughout the solar cell device. Besides modifying the solar cell stack, optimizing

the perovskite layer by reducing its defects can limit ion migration, as ions favorably migrate at
defects [29].

4.3.3 Summary and outlook of the tin-containing perovskite stability study

In the previous chapters, the stability of tin-containing perovskite solar cells was investigated.
The main findings will be summarized in the following.

The stability analysis highlights the high reactivity of tin-containing perovskite absorbers in the
ambient atmosphere and their low thermal resistance in devices.

The ambient atmosphere study in this work emphasized the necessity of inert atmosphere
preparation and encapsulation of tin-containing perovskite devices. Additional oxygen- and
moisture-free materials for solar cell preparation should be favored. However, the solar cell
losses seemed to be dominated by the degradation of the device rather than the perovskite film
itself. The first initial short-term aging test by elevated temperature (85°C) in an inert atmosphere
observed stable perovskite films at least for a six hours stress. However, the perovskite devices
have low thermal resistance unstable due to assumed high ion migration.

This work gave a first insight into the short-term stability of tin-containing perovskite absorbers.
Based on the observed results, especially strategies for a PEDOT:PSS alternative and thermal
resistance device stacks need to be explored. Exploring PEDOT:PSS-alternatives is not trivial
as shown for tin-lead perovskite solar cells in chapter 4.1 and its assumed beneficial impact
in combination with SnF; (see chapter 4.2.1.) Furthermore, intermixing of material seems to
be crucial, as ion migration for the devices stressed in ambient atmosphere and by heat was
verified. So in-depth analysis of charge layer interfaces is needed to understand the degradation
mechanism. So that specific optimization can be performed to limit ion migration and charge
layer deterioration yielding in an stability of perovskite solar cells.

Nevertheless, the high stability of tin-containing devices in an inert atmosphere is very encour-
aging (see figure 4.36 and 4.37), as tin oxidation by oxygen and moisture in inert conditions can
be prevented and thus in future applications by sample encapsulation.

For an overall understanding of dominant degradation mechanism, additional aging test and
longer tests have to be performed beyond the ambient and thermal stress. Procedures for per-
ovskite solar cell stability were presented by perovskite specialists in [138]. They suggested to
explore the dark, bias, light, outdoor and thermal stability with at least the common experiment
duration of 1000 hours [138]. Based on these recommendations, this work was a first short test
of ambient and thermal stability for tin-containing perovskites.

For future investigating tin-containing perovskite, systematic stability test on the thermal and
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4 Development of tin-containing perovskites with improved sustainability

light stability of perovskite films, unencapsulated and encapsulated devices should be performed.
Additionally, the bias stability of unencapsulated and encapsulated devices should be explored.
Further, test conditions should be combined, because accelerated degradation of lead-perovskite
was reported by combining oxygen and light [152]. A very common test for solar cells is the
"’damp heat” with an testing atmosphere of 85°C and 85rH% [138]. So far these were only
minor considered by the research interests [140]. However, such detailed characterizations were
beyond the scope of this work.

Nevertheless, already important findings could be revealed with the short-term annealing ex-
periments as the devices degraded fast - in contrast to non-visible changes within the perovskite
layer itself.
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4.3 Stability analysis of tin-containing perovskite solar cells

Summary and outlook: Development of tin-containing perovskite with improved sustain-
ability

In this chapter, tin-containing perovskite absorbers were investigated as lead-alternatives being
advantageous when considering human health and environmental aspects.

Tin-lead mixed perovskite absorbers were explored as high performing lead-alternative solar
cells with mitigated toxic and environmentally impact.

PEDOT:PSS and MA*-containing perovskite composition are generally not favored for per-
ovskite solar cells [120-128, 128], but have been less considered for tin-lead mixed perovskite
solar cells [116]. Thus a strategy to replace these was examined. Therefore, PEDOT:PSS was
replaced by PTAA as the first step with still MA*-containing tin-lead mixed perovskite solar
cells. For both solar cell stacks comparable efficiencies of 13.0 % with PEDOT:PSS and 11.5 %
with PTAA are reached. By targeted optimizing the FA™ and Cs™ ratio to replace the MA™
in the tin-lead mixed perovskite composition the PTAA/perovskite interface is adjusted and an
efficiency of 10 % at MPP for MA*-free and PEDOT:PSS-free tin-lead mixed perovskite solar
cells is realized.

To further reduce the lead content, pure tin perovskite absorbers were examined making com-
promises in the solar cell performance.

In this work, a new mechanism behind the commonly used SnF, additive was discovered. A
preferable accumulation of the SnF; at the PEDOT:PSS/perovskite was discovered. Moreover,
an ultrathin SnS interlayer is formed as a result of a reaction of the accumulated SnF;, with the
underlying PEDOT:PSS. As SnS is a p-type semiconductor [211], this interlayer is assumed to
improve the solar cell performance, as observed. The new finding of the formed SnS interlayer
can give a hint towards the reason why PEDOT:PSS as HTL and the SnF, additive are crucial
components for highly efficient Sn-based solar cells [9, 80,96, 99,196, 197].

Interfacial engineering of the HTL and ETL was performed for FASnl; perovskite absorbers to
reduce recombination and band mismatch losses in the solar cell device. A facile strategy was
implemented to observe pinhole-free perovskite film growth by altering the underlying HTL
surface, covering it with an optimal amount of SiO,-NP. This reduces structural defect and
accordingly non-radiative recombination in the perovskite film. The solar cell performance
improved from 3.0 to 4.0 % in the median. To reduce conduction band mismatch and in con-
sequence Voc losses, ETL with higher conduction bands were investigated. Substituting the
commonly used PCBM by ICBA or bis-PCBM with a LUMO of higher energy is assumed to
improve conduction band alignment to the perovskite layer, as increased Vpoc values are ac-
complished. However, the reduced intrinsic electron mobility of the ICBA and bis-PCBM is
assumed to limit the solar cell efficiency increase. The improved interfaces increases the solar
cell efficiency from 3.0 % to 5.6 % in the median, nearly doubling the Voc to 650 mV.

Further higher crystalline ordering and thus assumed reduced defect states in the perovskite
bulk is achieved by 2D/3D mixed perovskite absorbers improving the solar cell performance.
The impact of different 2D PEA,Snl4 : 3D FASnl; on the perovskite film crystalline phase
was unraveled. The highest crystalline ordering is observed for a 2D ratio of 7.5 % (2D molar
to the total perovskite molarity). The strong crystal perovskite texturing indeed enhances the
perovskite solar cells’ efficiency and Voc from 2.8 %, 350 mV for the 3D perovskite to 4.3 %,
420mV for the 2D/3D mixed perovskite in the median. Replacing the PCBM by ICBA to
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4 Development of tin-containing perovskites with improved sustainability

additionally align the band structure and passivate perovskite defects, the efficiency improves
further to 5.2 % with a Vo of 670 mV.

In total, the optimization strategies lead to a solar cell performance of up to 6.6 % for the
FASnI3-based perovskite solar cells in this work.

Stable tin-containing perovskite solar cells is one of the main challenges as tin oxides fast. A
systematically stability analysis in ambient condition and under thermal stress was performed.
A high reactivity for tin-containing perovskite films in the ambient atmosphere was verified with
faster degradation for pure tin perovskites. However, the efficiency losses of the solar cells are
assumed to be dominated by charge and electrode deterioration rather than the perovskite itself
due to material intermixing by ion migration. Nevertheless, preparation - and encapsulation
processes and all used materials for solar cell preparation should be at best oxygen- and moisture-
free for tin-containing perovskite solar cells. Especially the used hygroscopic PEDOT:PSS as
HTL seems to negatively influence the stability.

Aging by thermal stress (85°C) in an inert atmosphere was performed to achieve insights into
the thermal operation stability and accelerate the degradation in inert conditions. Even if no
degradation for tin-containing perovskite films was observed for six hours, their analogous
devices deteriorate fast by assumed ion migration.

As for both stress conditions, material intermixing due to ion migration from the perovskite
is assumed to limit their stability, optimized device stacks should be explored in the future,
preventing ion migration. This work provided a first insight into the short-term stability of
tin-containing perovskites.

This investigation demonstrates, that tin-containing perovskite absorbers are very promising
lead-alternatives, even if they have only a reduced toxicity and environmental impact. Future
developments should focus on needed aspects for commercializing these perovskite solar cells.
One of these are needed improved solar cell performance to be comparative to lead-based
perovskite solar cells and other solar cell technologies. Moreover, further studies should address
the mechanism behind the stability issues to prevent degradation processes. Furthermore,
encapsulation techniques in inert atmosphere have to be explored to achieve appropriate stability.
Lastly, larger area deposition of the tin-containing perovskite solar cells and module fabrication
should be investigated.
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5 Exploring bismuth-based perovskite absorbers with
high sustainability

As the environmental and human health impact of tin perovskites is still controversial reported
[10,11], a further lead-free alternative being non-toxic and environmentally friendly is explored.
Therefore, the bismuth-based AzBizlg (ABI) compound is studied with additional promising
ambient material stability in the following chapter.

The optimization strategies are based on challenges of ABI compounds outlined in the theoreti-
cal chapter 2.2.2.

These compounds suffer from an unfavorable perovskite morphology (pinholes and low crys-
tallinity of the perovskite film) [29, 132]. This will be addressed at the beginning of this chapter
(see subchapter 5.1). Furthermore, ABI compounds have huge band-gap energies of around
(1.8-2.9€V) [15], which is not ideal for single-junction cells. Thus strategies to reduce these
band-gaps will be considered in subchapter 5.2 by integrating selenium and sulfur in the absorber
compound as calculations showed promising results [136] .

In this work the fully inorganic Cs3Bislg perovskite composition is chosen, as a high PCE of
3 % [16] is reported for this Cs3Bis Iy absorber, and the unfavorable MA™* is eliminated [ 120-123].

5.1 Morphology optimization of the Cs3Bixlg film

In this subchapter a strategy for a homogeneous Cs3Bi, Iy perovskite film deposition is explored,
which is further modified to tune the perovskite morphology. Additionally, the impact of the
modified perovskite film morphology on the solar cell performance is investigated.

Deposition and characterization of Cs3Bislo perovskite films

The Cs3Bislg perovskite films are prepared from a stoichiometric perovskite solution by spin
coating and drying the wet-layer at a heat plate. Details about the perovskite film preparation
are described in chapter 3.1.

A gas quenching deposition method was implemented to yield homogeneous perovskite deposi-
tion. A strong nitrogen gas stream (gas quenching) during spin coating enhances the number of
nucleation sides for the crystal growth by a sudden increase of the wet-layer precursor concen-
tration. With this method dense homogeneous perovskite films can be accomplished (see figure
5.1b), whereas without gas quenching isolated small crystals are observed (see figure 5.1a).

For verifying that the deposition method yields the desired Cs3Bizlg perovskite phase, XRD
measurements are performed (see figure 5.2). As the measured XRD pattern is comparable to the
reference one, a phase pure perovskite deposition is assumed. Thus, the carried out deposition
method is suitable for synthesizing a Cs3Bi;lg perovskite film.
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5 Exploring bismuth-based perovskite absorbers with high sustainability

Figure 5.1: Optical microscope surface images of Cs3Bizlg perovskite deposition on FTO/TiO, samples without
(a) and (b) with gas quenching.
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Figure 5.2: XRD pattern of deposited Cs3Bizlg on a FTO/TiO, sample compared to a Cs3Bi,lg reference pattern
[239].
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Furthermore, the impact of the annealing temperature on the perovskite film morphology is
analyzed.

Therefore, perovskite films, deposited on the ETL and annealed at varying temperatures between
100 and 300 °C, are investigated by SEM cross-section images (see figure 5.3). With increasing
annealing temperature increased grain sizes are observed. The grain size rises from a non-
definable size smaller than 100 nm for an annealing temperature of 100°C to grain sizes of 200-
300 nm for 300°C. Huge grains are generally favored for perovskite films in solar cells, as they
guarantee fewer grain boundaries which are considered to enhance non-radiative recombination
losses [240-242].

Since drastic grain size alterations are observed, these perovskite films are further characterized
in terms of its crystalline phase properties by measuring XRD pattern. Two general findings
are observed analyzing the XRD patterns (see figure 5.4). By increasing the temperature,
the peak intensity of {001} planes are significantly enhanced in comparison to other peak
planes. The intensity ratio of the (002)-peak to the (101)-peak is rising from below 1 to
more than 50. This indicates a preferred crystal orientation to the {001} crystal planes with
higher annealing temperatures. Accurate crystal facet orientation can positively effect solar cell
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5.1 Morphology optimization of the Cs3Bis Iy film

Figure 5.3: SEM cross-section images of Cs3Bizlg perovskite layer deposited on FTO/TiO; sample and annealed
at different temperatures (a: 100°C, b: 220°C, c: 300°C). The images only show the perovskite layer.

performance [243,244]. Besides this, the FWHM of the (002) peaks decreases from around
0.43 to 0.05° with an increasing temperature from 100 to 300°C. Two parameters principally
leads to a reduced FWHM: increased crystalline size and reduced microstrain in the crystal.
Both are thought being beneficial for solar cells [245-252].
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Figure 5.4: Modification of Cs3Biylg perovskite micro-crystallinity by the annealing temperature. a: Influence of
annealing temperature on the XRD pattern. b: The analyzed peak intensity ratios of the (002) to (101)
peaks are illustrated as filled squares and FWHM of the (002) peak displayed as open squares.

Improved micro-crystalline layers are expected to have fewer defects, reducing non-radiative
recombination. This hypothesis is corroborated by a steady-state PL study, in which higher PL
intensity is observed for samples with higher annealing temperature (see figure A.16). Higher

PL intensity suggests less non-radiative recombination, which are unfavorable losses in solar
cell devices [217,253].
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5 Exploring bismuth-based perovskite absorbers with high sustainability

Impact of improved perovskite film morphology on the solar cell characteristics

The experimental findings and postulated interpretation are confirmed by studying their solar
cell performances. The used solar cell stack is a standard n-i-p stack with FTO as TCO layer,
TiO, as ETL, Spiro-OMeTAD as HTL, and gold as back electrode. Details about the solar cell
fabrication are described in chapter 3.1.

An exemplary SEM cross-section images visualizes the morphology of the solar cell stack (see
figure 5.5).

Au

FTO

Figure 5.5: SEM cross-section image of a FTO/TiO,/Cs3Bislo/Spiro-OMeTAD/Au solar cell.

The measured J(V)-curves are evaluated according to their solar cell parameters. Exemplary
J(V)-curves measured in reverse bias scan direction are shown in figure 5.6a. The observed Jsc
and PCE values for reverse scans are depicted in figure 5.6b.

As seen by the J(V)-curves, the current in the solar cells increases with higher annealing
temperature. The Jgc is enhanced by nearly one order of magnitude from an average of 0.015
to 0.12 mA cm increasing the temperatures from 100 to 300°C. This is attributed to reduced
charge carrier recombination by improved perovskite film morphology due to a decreased grain
boundary concentration and better micro-crystallinity. The solar cell efficiency increased from
an average value of 0.002 to 0.023 %.

To sum up, the gas-quenching method was implemented to yield dense, homogeneous Cs3Bislg
films. The perovskite morphology is further modified by increasing the annealing temperature
resulting in highly oriented crystallites and huger grain sizes. By the improved perovskite
morphology, the solar cell efficiency could be enhanced by one order of magnitude. However, the
efficiencies are still very low presumably assigned to the very high exciton binding energies [15]
and high band-gap energies (see figure A.17). Thus, additional optimization strategies are
necessary.
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Figure 5.6: Impact of perovskite annealing temperature on the solar cell performance (solar cell stack:
FTO/TiO,/Cs3Bizlo/Spiro-OMeTAD/Au). a: J(V)-curves of typical solar cell devices measured in
reverse bias scan direction prepared at different annealing temperature.

b: Extracted Jgc (visualized as filled squares) and PCE (visualized as unfilled squares) values of reverse
bias measured solar cells.

5.2 Strategies for adjusting the band-gap energy of bismuth-based
perovskite absorbers

Since the too wide band-gap of the Cs3Bi,lg perovskite is assumed to be one of the main issues
limiting the solar cell performance, optimization strategies on lowering the band-gap energies
are explored. As illustrated in the theoretical part of this work (see chapter 2.2.2), Sun et
al. calculated promising reduced band-gap energies by incorporating selenium or sulfur via a
split-anion approach with iodide [136]. Thus in the following subchapter, methods considering
the incorporation of sulfur and selenium are presented.

Strategy to insert sulfur in Cs3BisI9 perovskite absorbers to reduce the absorber band-gap
energy

Reducing the band-gap energy of ABI perovskite absorber by incorporating sulfur seems to be
an auspicious approach. Sun et al. estimated a suitable band-gap energy of 1.38 eV for the
MAB:II;,S perovskite composition with split anions of iodide and sulfur [136]. Furthermore,
Vigneshwaran et al. presented a strategy by using bismuth xanthate (Bi(xt)3) (see chemical
formula in equation 5.1) as a sulfur source to dope the MA3BiyIg perovskite. A reduced band-
gap energy of 1.45eV [137] is achieved for this composition, being suitable for single-junction
solar cells. Inspired by those results, this doping technique is studied here for the Cs3Bisly
perovskite.

Bi(xt); is synthesized according to the synthesis illustrated by Vigneshwaran et al. [137] in
chapter 3.1.3. The molecule consists of three ethyl xanthate functional groups attached to one
bismuth atom. Due to its organic side chains, this molecule is soluble in multiple organic
solvents [137,254]. Furthermore, it decomposes at temperatures between 100 to 200°C to BiS3
and volatile organic residues, as illustrated in equation 5.1 [137,254].
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By mixing the Bi(xt)z with Bilz and cesium iodide (Csl) the sulfur shall be incorporated in the
crystal structure resulting in the preferred CsBil;S compound (see reaction scheme 5.2).

2 Bi(xt); + Bil; + 3 Csl ALOINC 3 ¢oBiLLS
- CS,,COS, CO,, CO

(5.2)

Thus a precursor solution with a stoichiometry based on the illustrated reaction is prepared, and
thin films are deposited.

The fabricated thin films showed a color change from bright red for the undoped Cs3Bislg
compound to black for the doped one (see figure 5.7a). This was further qualified by obtaining
the absorption (see figure 5.7b), which shows a lowered absorptance on-set for the film prepared
with the added Bi(xt);. The band-gap energy reduces from 2.1eV to 1.4eV estimated by a
tauc-plot (see inset in figure 5.7b).
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Figure 5.7: Absorption modification by adding Bi(xt); into the perovskite precursor solution. a: Top-view pho-
tographs of 15 x 15 mm? samples without and with added Bi(xt);. b: Compared absorptance of samples
(FTO/TiOx/perovskite) made without and with Bi(xt)s;. The inset shows the tauc-plot for determining
the band-gap energy.
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5.2 Strategies for adjusting the band-gap energy of bismuth-based perovskite absorbers

For further specifying the observed material phases, XRD studies are performed on the deposited
films (see figure 5.8). The observed XRD pattern without and with Bi(xt)3 are comparable to
the theoretical Cs3Bislg pattern without peak shifts (see figure 5.8b). Additional peaks at 23.8°
and 39.4° are observed by added Bi(xt)3, which can not be attributed to the Cs3Bislg, FTO, or
Au phase. In order to identify this compound(s), the observed pattern is compared to reference
patterns of various phases that could appear as by-products of the reaction 5.2, focusing on the
two additional significant peaks at 23.8° and 39.4° (see figure A.18). The peaks fit best to a Cs
phase, which indicates a too high concentration of Csl in the layer. Even when reducing the Csl
amount in an unstoichiometric precursor solution, the Cs phase can still be observed (see figure
5.8a).

It is assumed that the desired CsBil,S material is not formed, as neither a peak shift (being
expected when iodine is replaced by sulfur) nor significant differences in the XRD pattern are
observed. Thus an alternative reaction is proposed for the postulated process in reaction 5.2,
in which the Cs3Bislg perovskite-like phase with excess Csl and amorphous Bi;S3 material is
formed. Additionally, it is assumed that the CsI decomposes into Cs and amorphous I,. A
reaction scheme for the postulated process is illustrated as follows:

. . A 120-150 °C . .
4 Bi(xt); + 2 Bil; + 6 Csl » 2 Bi,S;+ Cs;:B1,I,+3 CsI (3Cs+1.51
1(xt); 3 S _CS,.COS. CO,. CO IGInE! $3B1lg sI (3Cs 2)

(5.3)
The observed darker color of the films with Bi(xt)3 is attributed to the absorption behavior of
Bi,S3 with a band-gap of 1.3-1.7 eV [255-257].

Therefore it is concluded that doping the Cs3Biylg perovskite with sulfur by using Bi(xt); was
not successful. Thus, further characterization of these films in solar cells is not considered.

—Bi(xt),:CsI:Bil; 2:3:1 7
— Bi(xt);:CsI:Bil; 2:2.5:1
Bi(xt),:CsI:Bil; 2:2:1

E Bi(xt),:CsLBil, 2:3:1
r

L
-
counts
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20 /°

Figure 5.8: a: XRD pattern of samples with added Bi(xt); compared to an experimental (top pattern) and reference
pattern (bottom pattern) of Cs3Bislg. Further, XRD patterns with different stoichiometric are shown to
vary the CsI amount. b: (006) reflex at 25.2° (marked in red) of the XRD pattern normalized to the
FTO peak at 26.5° (marked in orange) (SnO is the reference for the FTO).
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5 Exploring bismuth-based perovskite absorbers with high sustainability

Strategy to insert selenium in the Cs3BiyI9 perovskite absorbers to reduce the absorber
band-gap energy

Besides incorporating sulfur, Sun et al. presented selenium as another anion for the split-
anion approach to reduce the band-gap of MA3Bixlg to 1.29eV by forming the MABil,Se
absorber [136].

Here, a post-treatment procedure of Cs3Biylg films by selenium vapor is applied to incor-
porate selenium to form the preferable CsBilSe, absorber. The method of post-treatment
is described in the methodical section in chapter 3.1.2 and was successfully used at the
Zentrum fiir Sonnenenergie- und Wasserstoff-Forschung Baden-Wiirttemberg (ZSW) to dope
CuyZnSn(S, Se)4 absorbers with selenium [258].

Two batches at processing temperatures of 340°C and 350 °C for 20 minutes are carried out.
Additionally to the Cs3Bixly films, pristine FTO-TiO,- substrates are post-treated with selenium
as reference samples. The deposition of selenium is studied by XRF measurements and sample
color changes for a first impression of lowered band-gap energy. In figure 5.9a the elemental
composition before and after the post-treatment is analyzed by XRF measurements. As indicated
by the orange-colored data in figure 5.9a, the amount of selenium is enhanced for all samples
after the post-treatment. So the selenium deposition was successful. All other elements referring
to the Cs3Bizlg perovskite-like phase are constant, indicating no overall decomposition of the
perovskite layer. The color of the Cs3Bislg films did not change, whereas slightly brown-grey
colored samples were observed for the reference sample (see figure 5.9b). Thus, the expected
color change to black by a reduced band-gap energy is not observed.
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Figure 5.9: a: Uncalibrated XRF intensity, reflecting changes in the composition of selenized Cs3Bislg perovskite
samples (filled squares) and pristine FTO/TiO,- samples (unfilled squares) at two post-treatment tem-
peratures for 20 minutes. Data values show two measurements on different sample areas of one sample.
b: Top-view photos of those samples before and after the post-treatment and samples of a more pro-
longed post-treatment of 60 minutes at 340°C (named 340°C*). Samples with deposited Cs3Bislg are
illustrated in the top row and pristine FTO substrates in the bottom row.
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5.2 Strategies for adjusting the band-gap energy of bismuth-based perovskite absorbers

Again, XRD studies are performed to check if the desired material is formed (see figure 5.10).
The observed XRD pattern suggests that Cs3BisIg perovskite-like phase was formed by compar-
ing these to the reference pattern of Cs3Bizlg independently on the post-treatment (see figure
5.10a). Moreover, no peak shift is observed as exemplarily illustrated by the (004)-peak, which
is expected when selenium would be incorporated in the perovskite crystal structure (see figure
5.10b). The increased peak intensities of {002}-planes are expected to be due to the thermal
annealing during the selenium process. The thermal annealing effect on the perovskite crystal
morphology was investigated in detail in the previous subchapter.

Thus itis assumed that selenium is deposited on top of the Cs3BiyIg films. However, the selenium
does not significantly incorporate into the perovskite crystal, as no changes of the perovskite
film color and the XRD pattern are observed. It is expected that either the amount of selenium is
too low to be significantly inserted in the perovskite structure, or the selenium diffusion process
into the perovskite layer is hindered. Thus a higher process temperature and longer process are
suggested to potentially improve the selenium incorporation into the Cs3Bislg structure as the
selenium supply would be higher.

A prolonged post-treatment for 60 minutes results in an overall decomposition of the original
Cs3Biylg layer. This gets apparent in the pale color of the films after post-treatment (see figure
5.9b). Higher temperatures of 410 °C also lead to an overall decomposition (see figure A.19).
The decomposed Cs3Bislg layers for the longer process (340°C, 60 minutes) and the process
with higher temperature (410°C, 20 minutes) suggest that the degradation temperature lays
at temperature ranges of 340°C to 410 °C for the Cs3Bizlg material. A thermogravimetric
analysis is performed to verify the critical decomposition temperature (see figure A.20). This
reveals a decomposition temperature of 340°C (see figure A.20), which is consistent with the
findings of our selenium processes. So a higher temperature and longer process to enhance
the amount of selenium are unsuccessful as the original process parameters are already in the
critical decomposition temperature range of the Cs3Bislg material.
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H—+— 1+
&8 &8
=t :
5 5
gl SRS
- Cs3Biglg o
IH ‘ FTO
|‘|| ‘u‘ | Il.ll
10 40 16.5 17.0
20/° 20/°

Figure 5.10: a: XRD pattern of samples with and without post-treatment compared to a theoretical Cs3Bi, g pattern.
b: (004) peak at 16.8°C of the XRD pattern for the two samples.
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5 Exploring bismuth-based perovskite absorbers with high sustainability

The incorporation of selenium by the presented selenium vapor was not feasible due to the
relatively low process temperature and short process time needed to prevent Cs3Bis Iy perovskite
decomposition. Thus, characterizing the observed films in solar cell devices is not considered
any further.

Summary and outlook of investigating bismuth-based perovskite absorbers

Cs3Bislg perovskite absorbers as a lead-alternative with no impact on the environment and
human health was investigated.

The gas quenching deposition method for Cs3Bi,lg films was successfully established. Further,
this method was adapted to alter the perovskite film morphology. By increasing the annealing
temperature, the perovskite grains were enlarged and higher crystallite ordering were observed.
These improved perovskite films were further incorporated solar cell devices. Characterized so-
lar cells yield solar cell characteristics which enhanced with improved perovskite morphology.
Nevertheless, the obtained solar cell efficiencies of 0.04 % in maximum are still low due to
suspected high exciton binding energies and high band-gap energies.

Based on the observed results, strategies to lower the band-gap energy by selenium or sulfur
incorporation were presented. Unfortunately, the desired doped materials could not be synthe-
sized.

Bismuth is a promising candidate for lead substitution in perovskite absorbers due to their
high environmental sustainability and non-toxicity. However, their application in solar cell
devices is challenging due to their high band-gap energy and resulting low power conversion
efficiency. However, application in other technologies like photodetectors, memory devices, or
photocatalysis should be considered as semiconductor properties were verified [15,259].
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6 Summary and Perspectives

Summary and Discussion

This work explores lead-alternative perovskite absorbers with the goal to improve solar cell
performance and environmental sustainability as well as reduce the impact on human health. The
suitability of two elements, tin and bismuth, was analyzed by preparation and characterization
of perovskite films and solar cells.

Tin was examined as a possible candidate to substitute lead due to its low impact on human
health and the environment. Two categories of tin-containing perovskite compositions, tin-lead
mixed and pure tin perovskite, were investigated. Tin-lead mixed perovskites generally achieve
higher solar cell performances and an improved ambient stability compared to pure tin ones.
However, the lead is only partially replaced in these absorbers.

For tin-lead mixed perovskite solar cells realizing PEDOT:PSS-alternative HTL and MA™-
free perovskite composition seems challenging [116]. At the same time, the literature widely
discusses the unfavorable hygroscopic, acidic PEDOT:PSS [127, 128], and thermally unstable
MA™ in the perovskite composition [120-126]. The commonly used PEDOT:PSS-alternatives
are not suitable for tin-containing perovskites. Inorganic oxide-based HTL insert oxygen va-
cancies [74, 173], and organic HTL normally contains dopants, which both damage the per-
ovskite [74, 174]. Further, perovskite coverage on the hydrophobic PTAA surface is also
challenging in general [177].

In this work, a strategy to replace PEDOT:PSS and implement a MA™-free perovskite absorber
for 1:1 tin-lead mixed perovskite solar cells was pursued. S10,-NP as a universal wetting agent
is therefore used to fully cover the PTAA surface with the perovskite. Comparable efficiencies of
13.0 % with PEDOT:PSS as HTL and 11.5 % with PTAA are obtained for a still MA*-containing
perovskite absorber. By targeted optimization of the FA™ and Cs™ ratio to replace the MA™ in
the tin-lead mixed perovskite composition, the PTAA/perovskite interface is adjusted and an
efficiency of 10 % at MPP for MA*-free and PEDOT:PSS-free tin-lead mixed perovskite solar
cells is realized.

Furthermore, the lead content is further reduced by studying pure lead-free FASnl3-based tin
perovskite solar cells.

The SnF, additive is commonly used in tin-containing perovskite absorbers to improve solar cell
performance. Here, the impact of the SnF; additive on the film formation and its distribution
in the perovskite film is thoroughly investigated. A preferable accumulation of the SnF; at
the PEDOT:PSS/perovskite interface was discovered by using ToF-SIMS measurements. An
ultrathin SnS interlayer is formed as a result of a reaction of the accumulated SnF; with the
underlying PEDOT:PSS, which has been verified the first time by combined detailed XPS and
HAXPES studies. As SnS is a p-type semiconductor, this interlayer is assumed to improve the
solar cell performance [211]. The new finding of the formed SnS interlayer could give a hint
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towards the reason why PEDOT:PSS as HTL and the SnF; additive are crucial components for
highly efficient Sn-based solar cells [9,80,96,99,196,197]. However, the hygroscopic and acidic
PEDOT:PSS [116,127-129] is commonly not favored as an HTL in lead perovskite solar cells.
As the efficiency of 2.5 % with optimized SnF, amount is expected to be limited by unfavorable
recombination and band mismatches [13,103], HTL and ETL interfacial engineering was per-
formed to optimize the solar cell device. Structural defects resulting from unfavorable perovskite
growth are common for tin perovskite absorbers due to their fast crystallization [13]. This is
generally addressed by applying challenging chemical engineering [80—84]. In this work, a
simple strategy was implemented to observe pinhole-free perovskite film growth by altering the
underlying HTL surface, covering it with an optimal amount of SiO,-NP. This reduces defect
states and thus non-radiative recombination in the perovskite film verified using comprehensive
PL measurements. The median solar cell performance improved from 3.0 to 4.0 %. Further-
more, the conduction-band-mismatch at the perovskite/ETL interface is assumed to limit the
Voc in tin perovskite solar cells [13,103]. Realizing Voc values over 600 mV is still challenging
for tin perovskite solar cells [103, 140]. Thus, aligning the conduction band to the perovskite
band and, in consequence, yielding higher Voc values, ETL with conduction bands of increased
energy are investigated in this work. The ETL interface was modified by using multiple Cgg
derivatives to optimize the band alignment and to passivate the perovskite defects. Substituting
the commonly used PCBM by ICBA and bis-PCBM with a LUMO of higher energy is as-
sumed to improve conduction-band alignment to the perovskite layer because of accomplished
increased Voc values. Further, improved perovskite defect passivation is observed with ICBA as
ETL. However, the reduced intrinsic electron mobility, especially of the bis-PCBM, is expected
to limit the solar cell efficiency increase. The overall interface engineering increases the solar
cell efficiency from 3.0 % to 5.6 % in the median, with nearly doubling the Vpoc to 650 mV for
the devices with Si0,-NP and ICBA. Nonetheless, the Voc losses are still high, considering that
the FASnI3 has band-gap energy of 1.4 eV. It is expected that recombination at interfaces and
in the bulk is still dominant. Thus, alternative charge layers with suitable band alignment and
sufficient intrinsic mobility should be explored. Further, a strategy to reduce the defect density
in the perovskite bulk is a part of further investigations in this work.

A higher crystalline ordering and thus reduced crystal defects acting as dark recombination
states are generally achieved by 2D/3D mixed perovskite absorbers, which improve the solar
cell performance [9,74,77,82-93,96,97,150,196,213,260-264]. Thus in this work, the impact
of different 2D PEA,Snl4 : 3D FASnl3 on the perovskite crystalline phase was unraveled by
XRD studies. The strongest phase texturing is observed for a 2D ratio of 7.5 % (compared to
total perovskite molarity). The strong crystal perovskite texturing indeed results in an improved
solar cell efficiency from 2.8 9% for the 3D perovskite to 4.3 % for the 2D/3D mixed perovskite
in the median with a slight increase of Voc from 350 to 420 mV. Replacing of PCBM by ICBA
resulted in a better band alignment and defect passivation. As a result, the efficiency improved
further to 5.2 %.

In summary, the optimization strategies lead to a solar cell performance of up to 6.6 % for the
FASnlI3-based perovskite solar cells in this work.

Realizing stable tin-containing perovskite solar cells is one of the main challenges as tin oxidizes
fast. Nevertheless, only a few reports have systematically explored the stability of tin-containing
perovskite absorbers to understand the dominant degradation mechanism. Especially, thermal
stress has not been investigated in detail so far to the best of my knowledge [140]. In this work, the

106



6 Summary and Perspectives

degradation processes in the ambient atmosphere (22+1°C, 30-45 rH%) and under thermal stress
(85°C, nitrogen atmosphere) for pure tin and tin-lead mixed perovskites were explored. Identical
solar cell stacks were chosen to achieve comparability (ITO/PEDOT:PSS/SiO,-NP/perovskite
/PCBM/BCP/Ag).

A high reactivity for tin-containing perovskite films in the ambient atmosphere was verified.
However, the efficiency losses of the solar cells are assumed to be dominated by charge and
electrode deterioration, rather than the perovskite itself due to material intermixing by ion
migration. Moreover, the sensitivity to oxygen and moisture is more critical for pure tin than
tin-lead mixed perovskite absorbers. Nevertheless, the high reactivity highlights the necessity
for oxygen- and moisture-free preparation and encapsulation, as well as for preparation materials
for tin-containing perovskite solar cells. The hygroscopic PEDOT:PSS as HTL used in this work,
seems to impact the stability negatively.

Aging by thermal stress (85°C) in an inert atmosphere was performed to achieve insights into
the thermal operation stability and to accelerate the degradation in inert condition. Even if
no degradation for tin-containing perovskite films was observed for six hours, their analogous
devices deteriorate fast by material intermixing due to assumed ion migration.

As for both stress conditions, material intermixing due to ion migration from the perovskite
seems to limit their stability, optimized device stacks should be explored in the future, preventing
ion migration. This work provides a first insight into the short-term stability of tin-containing
perovskites. However, further tests with additional stress parameters (light, electrical bias) and
prolonged, cycled tests should be performed to gain an overview of the dominant degradation
mechanism in tin-containing perovskite solar cells.

Based on investigating tin-containing perovskite solar cells, PEDOT:PSS as HTL seems to be
controversial. PEDOT:PSS should be avoided in terms of its negative impact on device stability.
It was also discovered that replacing PEDOT:PSS with other HTLs is not trivial, as shown for
the tin-lead mixed perovskite solar cells. Moreover, the interaction of the PEDOT:PSS with
the SnF, additive is crucial for the formation of the (beneficial) ultrathin SnS interlayer. Thus,
substituting PEDOT:PSS is not straightforward, even though it seems to be necessary for stable
devices.

As tin perovskite absorbers’ human health and environmental impact are controversially reported
[10, 11], a second substitution possibility for the lead was explored in this work. Bismuth
perovskite-like absorbers were studied as being a non-toxic and environmentally friendly material
example with high ambient stability.

A simple deposition method to yield dense and homogeneous Cs3Bislg films by gas quenching
was implemented. Further, the procedure was modified by its post-treatment temperature tuning
the film crystalline morphology. The deposited perovskite layers were incorporated into solar
cell devices with confirmed solar cell characteristics. The developed perovskite morphology
tuning improved solar cell performance.

As the high band-gap of 2.1eV for the Cs3Bislg is unfavorable for single-junction devices,
strategies to optimize the band-gap energy were explored. Theoretical calculations showed
promising reduced band-gap energies of 1.5eV (1.3eV) by applying a split anion approach
using sulfur (selenium) [136]. Unfortunately, the studied synthesis routes of these lower bang-
gap materials did not reveal the desired products.
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In this work, different strategies were examined to improve lead-alternative perovskite solar
cells. The main highlights are shortly summarized below.

Device and perovskite composition optimization accomplished MA*-free and PEDOT:PSS-
alternative tin-lead mixed perovskite solar cells with a 10 % efficiency. A new (additional)
unique mechanism of the commonly used SnF, was discovered by thoroughly investigating the
FASnI; perovskite film and its interfaces. A high solar cell efficiency of up to 6.6 % was achieved
for the FASnl3-based perovskite solar cells by developing perovskite interfaces and perovskite
crystal texturing. First stability analysis of tin-containing perovskite absorbers highlighted the
necessity of oxygen- and moisture-free preparation and operation, especially PEDOT:PSS was
verified to be detrimental. Further material intermixing by ion migration in and out of the
perovskite seems to harm the solar cell devices in an ambient atmosphere and under thermal
stress.

For the lead-alternative Bismuth, a deposition procedure for homogeneous and dense Cs3Bislog
perovskite deposition was implemented and solar cell characteristics were verified for these
perovskite films.

Conclusion

The studied lead-alternative perovskite absorbers demonstrate the compromise (up to now) made
between the impact on human health and the environment, and solar cell performance.
Tin-containing perovskite absorbers are highly promising as lead-alternatives due to their high
solar cell performances. However, for tin-lead mixed perovskite absorbers the lead content is
only reduced. Further, the impact of tin perovskites on human health and the environment is
controversially reported and has been poorly explored up to now, making their sustainability
uncertain.

On the other hand, the alternative bismuth-based perovskite absorbers are highly sustainable,
but achieve unsatisfying solar cell performance.

Nevertheless, tin-containing perovskite absorbers should be further investigated as these are
the most promising lead-alternative perovskite absorbers (up to now) regarding their solar cell
performances.

Tin-lead mixed perovskites combine the advantage of a decreased amount of lead and outstanding
low band-gap energies for perovskite absorbers. Thus these absorbers can be used in perovskite-
perovskite tandem devices with decreased lead content.

Tin-based perovskite solar cells are promising lead-free perovskite absorbers. As shown in
this work, they achieve promising solar cell efficiency and seem to be intrinsically stable (dark
storage in an inert atmosphere). Moreover, there has been an enormous progress in solar cell
efficiency in the last few years [100] with a perspective for further improvements.

The challenging high reactivity in the ambient atmosphere can be solved by preparing and
encapsulating tin-containing perovskite solar cells in an inert atmosphere.

Bismuth perovskite-like absorbers are promising as they are considered to have no impact on
human health and the environment, and achieve a high ambient stability. However, solar cell
performances still suffer from high exciton binding energies and high band-gap energies. Thus,
application in solar cell devices has less relevance. Applications in other technologies like
photodetectors, memory devices, or photocatalysis should be considered, too.

Outlook

108



6 Summary and Perspectives

The results of this work show that tin-containing perovskite absorbers are potential candi-
dates for lead-alternative perovskites. Significant improvements have been made in realizing
PEDOT:PSS-alternative and MA™-free tin-lead mixed perovskite solar cells with 10 % efficiency,
as well as using interfacial and perovskite engineering in tin perovskite solar cells accomplishing
an efficiency of up to 6.6 %. Nevertheless, commercializing this technology will require further
research and improvements in addition to this work.

As the main application for tin-lead mixed absorbers is assumed to be in tandem devices,
perovskite composition tuning should be further explored to observe suitable band-gap energies.
For tin perovskite solar cells, their PCE has to be further increased to be competitive in the solar
market. The main limitations are expected to be recombination losses and rapid tin oxidation.
Further, (long-term) stability tests need to be performed for tin-containing perovskite solar
cells to understand the dominant degradation mechanism and to suppress tin oxidation. Based
on the unraveled degradation mechanism, stable devices can be explored, including effective
encapsulation techniques.

Besides these optimization strategies, for overall commercialization in the future, tin perovskite’s
impact on human health and the environment needs to be analyzed to estimate its risk.

Further, modules fabrication procedures need to be investigated for these lead-alternative per-
ovskite absorbers. These would include large-area deposition and serial interconnection design.
The general and also in this work used deposition process, spin coating, and the anti-solvent
method cannot be scaled-up [265-267]. Thus, scaling-up deposition procedures, like blade-
and slot-die coating, should be explored simultaneously with the overall optimization of lead-
alternative perovskite solar cells on a small scale in order to solve challenges early and thus be
time-efficient [265-267].

When these requirements are fulfilled, I expect lead-alternative perovskite solar cells to play a
significant role in developing new, renewable energy sources.
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Appendix referring to chapter 3.1

In the following table all used chemicals and materials are summarized with their production

company and purity.

Table A.1: Overview of the used chemicals and materials with their relevant material properties.

chemical or material

purity

manufacturing company miscellaneous

Acetonitrile (ACN)
Ammonia

Anisole

BCP

bis-PCBM

Bil3

Csl

Dichlorobenzene (DCB)
DMF

DMSO

Ethanol (EtOH)
Formamidiniumiodide (FAI)
FTO deposited on glass
Gold

ICBA

Isopropanol

ITO deposited on glass
Pbl,

Leadthiocyanate (PbSCN)
PCBM
Phenethylammoniumiodide (PEAI)
PMMA

PTAA

99.8 %, anhydrous
dehydrated 99.7 %
99.95 %
>99.5 %
99.999 %
>99.999 %

99 %, anhydrous
99.8 %
>99.9 %
anhydrous'
anhydrous >99 %
15Q/o
99.99 %

99.9 %

99.5 %, anhydrous
12Q/o
>99.99 Y%
99.5 %

99 %

98 %

! water content <0.0003 %

Sigma Aldrich
VWR
Sigma Aldrich
Sigma Aldrich
Ossila
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
VWR
Sigma Aldrich
Sigma Aldrich
EVOCHEM
Sigma Aldrich
Sigma Aldrich
Visiontek
TCI
Sigma Aldrich

Solenne, Sigma Aldrich

Sigma Aldrich
Sigma Aldrich

25 %

400-450 nm
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MAI - GreatCell Solar -
PEDOT:PSS - Hereaus —
Titanium(IV)isopropoxide 99.999 % Sigma Aldrich -
Tetraelthylorthosilicate (TEOS) 99.999 % Sigma Aldrich -
Silver 99.99 % Chempur -
SnF, 99 % Sigma Aldrich -
Snl, 99.999 % Alfa Aesar -
Spiro-OMeTAD 99 % Sigma Aldrich -

Synthesis of SiO>-NP

Siliconoxid nanoparticles are synthesized via the Stober process [168]. Nanoparticles with a
diameter of 30 to 40 nm are synthesized from a stirring solution of 2.717 mL ethanol, 0.027 mL
water, 0.101 mL ammonia at 30°C by fast adding 0.114 mL TEOS [169]. Before usage the stock
suspension is generally diluted with ethanol to one third of the original concentration.

Appendix referring to chapter 4.1

Figure A.1: SEM top-view images of MA™*-free tin-lead mixed perovskite (FA¢.915Cso.085Sn0.5Pbo 513) films grown
on PEDOT:PSS (a) and PTAA (b).
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Figure A.2: XRD measurement of MA*-free tin-lead mixed perovskite (FAg.915Cs0.0855n0.5PbgsI3) films grown
on PEDOT:PSS and PTAA compared to XRD pattern of a cubic tin-lead mixed perovskite [184] and
Pbl, [185]. ITO reflexes are marked as *.

Figure A.3: SEM top-view images for analyzing the impact of Cs* amount on the perovskite morphology. a:
FA0.915Cs0.0855n0.5Pbg 513 and b: FA( ¢5Cs0.355n0.5Pbg 513 perovskite deposited on PTAA.
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Figure A.4: Solar cell performance of a tin-lead mixed perovskite solar cells simulating it in a perovskite-perovskite
tandem device. J(V)-curves of a tin-lead mixed perovskite solar cells measured without (green color)
and with (orange color) filtered light intensity by 1.77 nm band-edge filter. The band-edge filter simulate
asemitransparent top wide band-gap perovskite solar cell. The lighter colored curve displays the forward
bias scan direction, the darker one the reverse direction. Dashed curves are dark measurements, while
the solid lines represent measurements under illumination.
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Figure A.5: ToF-SIMS depth profiles of ITO/PEDOT:PSS/FASnl3 samples with different SnF, amounts (x = 0.00,
x =0.05, x = 0.10, x = 0.15, x = 0.20) modified from [198]. The layers (perovskite, PEDOT:PSS,
ITO) are marked for enhanced clarity. The maxima of the ions F~ and S~ corresponding to the SnF,
and PEDOT:PSS are highlighted by vertical lines. Measurements were performed in the delayed-
extraction-mode using Bi* ions as the analysis beam and Cs* for sputtering.
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Figure A.6: SEM images of analyzed ITO/PEDOT:PSS/FASnI3 samples by HAXPES and XPS taken from [198].
These were fabricated by a lower perovskite precursor solution (Cperovskite = 0.4M). a: Top-view image
of the sample without SnF, additive, b: Top-view image of the sample with SnF, additive. c: Cross-
section images of the sample with SnF, additive, illustrating the maximal perovskite thickness of

100 nm and significant thickness fluctuations.
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Figure A.7: Sulfur-2p core level fit of XPS data shown in figure 4.18. black: contribution of the PSS, blue: of the
PEDOT and red: of the formed SnS interlayer.
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Strohmeier equation for determining the 1.2 nm SnS interlayer thickness [206]:

Teoc A .psg NV :
SnS APEDOT:PSS {YPEDOT:PSS +1 (Al)

I

dsns = Asps sin® log
PEDOT.PSS Asns Nsns

with A the inelastic mean free path, 6 the electron take-off angle, N volume density, / intensity
ratio of photoelectron peaks.

Table A.2: Values for determining the SnS layer thickness of 1.2 nm with the strohmeier equation.

. density / molar mass/ N/ A/
material 3 2 3 1
gcm g mol mol cm nm
PEDOT:PSS (1:4.1) 1.44 [268] 171.52 0.0084 3.6 [202] 5.1
SnS 5.08 [211] 150.76 0.034  2.41[202] 9.1
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Figure A.8: Exemplary MPP tracking for two solar cells each with and without inserted NP in the device stack for
characterizing the performance stability.
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Figure A.9: Additional analysis of the NP solution concentration influencing the NP coverage density on the solar

cell performance.

Appendix referring to chapter 4.3

Figure A.10: SEM top-view image of a tin perovskite film degraded in ambient condition for 26 hours.
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Figure A.11: Tauc-plot of the as-grown FASnl3 perovskite film.
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Figure A.12: XRD pattern of tin perovskite absorbers stored in ambient conditions for 26 hours compared to a
FA,Snl¢ reference pattern [269].
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Figure A.13: Exemplary comparison of measured XRD of the tin perovskite solar cell stressed for 96.5 hours in
ambient conditions to possible degradation product patterns (SiO,, SnsOg, SnF,, Snly, SI, Sn,S3,

Agl, AgF,, Ag,03, Ag30, AgrO, SnO,, Sn30y4, Sny03, SnO, 1).
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Figure A.14: Impact of degradation after 40 hours in ambient condition of perovskite solar cells on ion distribution
throughout the full perovskite solar cell stack. Comparative ToF-SIMS depth profile of tin (a,b) and
tin-lead mixed (c,d) perovskite solar cells of fresh (a,c) and stressed (b,d) samples. In difference
to figure 4.44, here all relevant ions for displaying each layer in the solar cell stack are shown.
Measurements were performed in the spectrometry-mode using Biz* ions as the analysis beam and
Cs* for sputtering.
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solar cells of fresh (a,c) and stressed (b,d) samples. In difference to figure 4.51, here all relevant

ions for displaying each layer in the solar cell stack are shown. Measurements were performed in the
spectrometry-mode using Biz* ions as the analysis beam and Cs* for sputtering.
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Figure A.16: PL study of Cs3Biylg perovskite absorbers deposited on FTO/TiO, samples annealed at different
temperatures for 20 minutes.
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Figure A.17: Tauc-plot to illustrate the estimated band-gap energies for the Cs3Bislg perovskite films.
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Figure A.18: Extracted peaks for the measured XRD pattern of the perovskite film with added Bi(xt);. The
perovskite film here was fabricated in stoichiometric amounts of the precursor materials as suggested
by the reaction equation 5.2 (Bi(xt)3:Bil3:CsI 2:1:3). The observed peak list is compared to the
reference pattern of Cs3Bislg, Cs, Csl, SnO,, bismuthsulfide (Bi,S3) and I,. The two peaks at 23.8°
and 39.4°, which can not be assigned to the perovskite phase, are highlighted by vertical lines.
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Figure A.19: a: Uncalibrated XRF intensity, reflecting changes in the composition of selenized Cs3Bi,l9 perovskite
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post-treatment at 410°C for 20 minutes for the perovskite samples (top row) and the pristine FTO
substrates (bottom row).

T/°C

600

500

300

200

100

50 100 150 200
time / min

Figure A.20: Thermogravimetric analysis of a Cs3Biylg film for analyzing the decomposition temperature. Here
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shown are the mass loss in green and the temperature ramp in red during the measurement process.
The black arrow highlights the mass loss of the sample after 38 minutes of heating at a temperature of
340°C. This indicates the decomposition process of the Cs3Bily film starts at 340°C forming volatile
products leading to a lighter mass of the sample.
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