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Abstract

After only a few years of research, hybrid organic-inorganic metal-halide perovskite solar cells
(PSCs) achieve a record power conversion efficiency (PCE) of >25 %, which makes them
one of the most efficient photovoltaic technologies. Due to the outstanding optoelectronic
properties of the perovskite semiconductor and its low-cost fabrication by solution processing,
the absorber material is a promising candidate for next-generation photovoltaic applications
and industrial mass production. Nevertheless, the majority of PSCs reported in literature only
exhibits small lab scale (∼0.1 cm2) and is mainly fabricated by hardly scalable deposition
techniques. Thus, besides some other bottlenecks such as stability and toxicity, one of the major
challenges of the technology is upscaling the deposition of homogeneous perovskite layers to
large areas (≥100 cm2) and via industry-relevant processes to enable the commercialization
of PSCs. On this account, this thesis deals with the subject of solution processing of hybrid
perovskite layers by scalable and sustainable techniques in order to be applied in solar cells.

In solution processing of perovskite thin films, four main conversion methods are well known to
remove the solvent from the wet film, thereby converting it to a dry crystallized layer. In this the-
sis, a focus is set on the two methods of heat- and gas-assisted conversion since they are identified
as the methods exhibiting the largest upscaling potential. As starting point, the heat-assisted
conversion for MAPbI3 (MAPI) based solar cells processed via blade coating is analyzed. This
conversion method was found to be less suitable for upscaling perovskite deposition due to wet
film fluid dynamics and poor process controllability. Moreover, it is shown that utilizing a sur-
factant improves the perovskite morphology but also results in detrimental procedural effects.
However, gas-assisted conversion after blade coating via a static low-pressure gas system is
indicated as superior to control the MAPI perovskite morphology and for upscaling. In addition,
the perovskite morphology is optimized through a blade coated nanoparticle wetting agent and
composition engineering of the perovskite precursor solution. It is pointed out that a further
increase in PSC champion efficiency to up to ∼18 % on a standard device area (∼0.25 cm2) can
be achieved by layer thickness optimizations. By combining all engineering steps, the author
proves scalability to a substrate area of ∼80 cm2 and presents perovskite solar modules (PSMs)
with an aperture area of up to ∼50 cm2 reaching a PCE of ∼9 %.
Aside from that, the author investigates gas-assisted conversion for the scalable deposition of
suitable solvent systems to fabricate multi-cation (MC) perovskite layers, which are as per lit-
erature more stable. Thereby, this thesis shows the requirement of a moving high-pressure gas
system. Furthermore, the implementation of the green and sustainable perovskite precursor
solvent dimethyl sulfoxide is evaluated resulting in comparable PSC performances to the toxic
counterpart of ∼17 % on blade coated standard device area. Thus, it is highlighted that the use of
toxic solvents can be avoided. Additionally, gas-assisted conversion in combination with slot-die
coating is optimized which represents an even more industry-relevant deposition technique than
blade coating. By additive engineering and defect passivation strategies, PSCs with slot-die
coated perovskite and with PCEs of >17 % on standard device area are shown.
This thesis indicates that gas-assisted conversion is a promising method for upscaling solution
processing of hybrid perovskite by scalable and sustainable techniques for solar cell application.
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Kurzfassung

Nach nur wenigen Jahren Forschung erzielen Organisch-Inorganische Hybrid-Metallhalogenid
Perowskit-Solarzellen einen Rekordwirkungsgrad von >25 %, was sie zu einer der effizientes-
ten Photovoltaik-Technologien macht. Aufgrund der herausragenden optoelektronischen Eigen-
schaften des Perowskit-Halbleiters und dessen kostengünstigen Herstellung durch lösungsbasier-
te Verfahren verspricht das Absorbermaterial ein aussichtsreicher Kandidat für Photovoltaik-
Anwendungen der nächsten Generation und die großtechnische Massenproduktion zu sein.
Nichtsdestotrotz weist die Überzahl von den in der Literatur berichteten Perowskit-Solarzellen
nur kleinen Labormaßstab (∼0.1 cm2) auf und ist hauptsächlich mit Abscheidetechniken herge-
stellt, die kaum skalierbar sind. Daher ist die Aufskalierung der Abscheidung von homogenen
Perowskit-Schichten auf große Flächen (≥100 cm2) und mittels industrierelevanten Prozessen,
neben anderen Hindernissen wie Stabilität und Toxizität, einer der größten Herausforderungen
der Technologie, um die Kommerzialisierung von Perowskit-Solarzellen zu ermöglichen. Aus
diesem Grund befasst sich diese Dissertation mit dem Thema der lösungsbasierten Fertigung
von Hybrid-Perowskitschichten mithilfe skalierbarer und umweltverträglicher Verfahren für den
Einsatz in Solarzellen.

In der lösungsbasierten Fertigung von Perowskit-Dünnschichten sind vor allem vier Trocknungs-
methoden bekannt, um das Lösemittel aus dem Nassfilm zu entfernen, was dessen Konvertierung
zu einer trockenen kristallinen Schicht gleichkommt. In dieser Dissertation liegt der Fokus auf
zwei Konvertierungsmethoden, der hitze- und der gasgestützten Methode, da diese als die mit
dem größten Aufskalierungspotenzial identifiziert werden. Als Ausgangspunkt wird die hitze-
gestützte Konvertierung für Solarzellen basierend auf gerakeltem MAPbI3 (MAPI) untersucht.
Es lies sich feststellen, dass aufgrund des dynamischen Flüssigkeitsverhaltens im Nassfilm
und schlechter Prozessbeherrschbarkeit diese Konvertierungsmethode für die Aufskalierung der
Perowskit-Abscheidung weniger geeignet ist. Zudem wird gezeigt, dass die Nutzung eines Netz-
mittels die Perowskit-Morphologie verbessert, aber auch zu nachteiligen prozesstechnischen
Auswirkungen führt.
Die gasgestützte Konvertierungsmethode mittels eines stationären Niederdruck-Gassystems im
Anschluss an die Rakelbeschichtung stellt sich hingegen, für die Aufskalierung und um die
MAPI Perowskit-Morphologie zu kontrollieren, als überlegen dar. Darüber hinaus wird die
Perowskit-Morphologie mithilfe eines gerakelten Nanopartikel-Benetzungsmittels und der An-
passung der Komponenten in der Perowskit-Präkursorlösung optimiert. Es wird gezeigt, dass
mittels Schichtdickenoptimierungen eine weitere Verbesserung der Champion-Effizienz der
Perowskit-Solarzelle mit Standard-Bauteilfläche (∼0.25 cm2) bis ∼18 % erreicht werden kann.
Durch Kombination aller Entwicklungsschritte weist der Autor die Skalierbarkeit bis zu einer
Substratfläche von ∼80 cm2 nach und präsentiert Perowskit-Solarmodule mit einer Aperturflä-
che von bis zu ∼50 cm2 und einem erzielten Wirkungsgrad von ∼9 %.
Außerdem untersucht der Autor die gasgestützte Konvertierung für die skalierbare Abscheidung
von geeigneten Lösemittelsystemen, um Multi-Kationen-Perowskitschichten herzustellen, die
laut Literatur stabiler sind. Dabei zeigt diese Dissertation die Notwendigkeit eines sich bewe-
genden Hochdruck-Gassystems auf. Des Weiteren wird die Implementierung des grünen und um-
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Kurzfassung

weltverträglichen Perowskit-Präkursorlösemittels Dimethylsulfoxid evaluiert, welches auf gera-
kelter Standard-Bauteilfläche zum giftigen Pendant vergleichbare Perowskit-Solarzelleffizienzen
von ∼17 % liefert. Auf diese Weise wird deutlich gemacht, dass die Verwendung von giftigen
Lösemitteln vermeidbar ist. Zusätzlich wird die gasgestützte Konvertierung in Kombination mit
der Schlitzdüsenbeschichtung optimiert, die gegenüber der Rakelbeschichtung einer noch indus-
trierelevanteren Abscheidetechnik entspricht. Mittels Additiv-Entwicklung und Strategien zur
Defektpassivierung werden Perowskit-Solarzellen mit per Schlitzdüse beschichtetem Perowskit
und Wirkungsgraden von >17 % auf Standard-Bauteilfläche gezeigt.
Diese Dissertation zeigt auf, dass die gasgestützte Konvertierung eine erfolgversprechende
Methode für die Aufskalierung der lösungsbasierten Fertigung von Hybrid-Perowskit mithilfe
skalierbarer und umweltverträglicher Verfahren ist, um in Solarzellen Anwendung zu finden.
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1 Introduction and objective

1.1 Motivation

The global energy demand is expected to grow by ∼20 % to 25 % till 2040, not leveling off
before the mid-century [1] due to a population growth and economic development in developing
countries, while demand of developed countries will remain fairly unaltered [1,2]. Carbon based
fossil fuels such as coal, oil, and natural gas are covering the majority of humanity’s energy
demand today [1].

Disregarding from an inevitably depleting supply, burning these natural resources for generating
electricity and heating releases large quantities of carbon dioxide (CO2) and other greenhouse
gases into the atmosphere. These emissions lead to heat trapping in the atmosphere and
consequently to an increase of the overall average surface temperature of the earth [3], which
already has drastic and will increasingly have devastating consequences on wildlife, biodiversity,
ecosystems, habitats and, hence, humankind due to weather and climate extremes, rising sea
levels and environmental changes [4, 5]. Since pre-industrial times, earth’s surface temperature
has already increased by ∼1.0 °C [3]. Without ambitious climate policies for decarbonization
and against global warming earth’s temperature would increase by 3 °C to 5 °C above the pre-
industrial baseline by the end of the current century [4, 5]. Therefore, mankind must take steps
to reduce our carbon footprint and in the long term reach carbon neutrality.

Regarding Germany, in 2021 the First Senate of the Federal Constitutional Court held that the
provisions of the Federal Climate Change Act of the year 2019, governing national climate
targets and the annual emission amounts allowed until 2030, are incompatible with fundamental
rights insofar as they lack sufficient specifications for further emission reductions from 2031
onwards [6]. In all respects, this judgment represents a novelty.
In the 2015 Paris Climate Agreement, under the United Nations Framework Convention on
Climate Change, virtual all existing countries agreed to take action to limit global average
temperature rise to "well below 2 °C above pre-industrial levels" and that nations will pursue
"efforts to limit the temperature increase to 1.5 °C", "recognizing that this would significantly
reduce the risks and impacts of climate change" [7]. To accomplish this, a resolute focus on
the reduction of fossil fuel consumption is required imperatively like never before. For the
decarbonization of the world’s energy system, upscaling electricity from clean energy sources
will be crucial. Thus, renewable energy sources need to play a key role in the future to conserve
the planet and at the same time fulfill rising energy demands [3, 8].

Renewable energies such as wind energy, photovoltaic (PV), hydropower, geothermal energy and
biomass [3,8] are expected to surpass both coal and gas as global electricity generation capacity
in the 2030s [3]. Among the renewable energies, solar energy as the most abundantly available
and clean energy form will dominate the generation of electricity by 2050 [3, 9, 10] due to the
enormous amount of green and sustainable energy constantly striking planet earth without any
side effects such as the emission of greenhouse gases, and its continuously decreasing costs [11].
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1 Introduction and objective

Nowadays, (single- or polycrystalline) silicon (Si) based PV is with a share of ∼95 % of the
global annual PV production market-dominant, still outplaying thin film technologies [11].
Nevertheless, Si based PV is close to reach its theoretical efficiency limit under laboratory con-
ditions [12]. Furthermore, manufacturing Si based PV requires material- and energy-intensive
high-temperature processes, which shows their limited potential for further cost reduction [11].

Hybrid organic-inorganic metal-halide thin film perovskite solar cells (PSCs) with perovskite
crystals as the semiconducting absorber material [13] are expected to play a key role in the
future of PV. PSCs achieved major breakthroughs in somewhat more than 10 years [14, 15].
They reach a record power conversion efficiency (PCE) for opaque devices of 25.5 % fabricated
by nonscalable deposition techniques such as spin coating (SC) with small lab-scale active
area (𝐴act) values (∼0.1 cm2) [12, 16–18] as indicated in Figure 1.1a from originally 2.2 % in
2006 [19] and 3.8 % in 2009 [20] presented by Kojima et al. This makes perovskite PV to the
fastest-advancing solar technology to date.

(a) (b)
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Figure 1.1: Evolution of the PCEs of solar cells with perovskite absorbers fabricated by different main deposition
techniques: (a) Chronologically evolution of scalable deposition techniques in comparison to record
efficiencies fabricated by SC. (b) Overview of scalable deposition techniques over device aperture
area (𝐴ap). Data from [16,21–28]. Adapted with permission from [21,23]. © John Wiley and Sons.

Additional advantages of perovskite absorbers include the processing feasibility via solution,
which will lead to a most likely strong cost reduction of manufacturing [21]. Due to the fact
that they are more cost-efficient, PSCs might become a potential alternative to Si based PV.
Furthermore, the low processing temperatures of <150 °C during thin-film fabrication allow the
deposition on a multitude of various substrates such as flexible foils [29] via roll-to-roll (R2R)
coating [30, 31]. Moreover, PSCs are especially suitable for the use in tandem PV cells [32],
where a perovskite based cell is stacked for instance on top of a Si bottom cell [33], on a
PSC [34] or on other large-area deposited thin-film technologies such as copper indium gallium
diselenide (CIGS) in a two-terminal (2T) or four-terminal (4T) multi-junction configuration,
because the band gap of perovskite is naturally relatively wide and can be easily tuned by
variation of its compositions [35]. Thus, efficient harvesting of different shares of the sun
spectrum is enabled, surpassing the theoretical limits of a single-junction cell and outperforming
its PCE [16]. Hence, tandem technologies are expected to accelerate the transition of the PV
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technology into the generation of leading electricity source in the future [36].
Nevertheless, efficiencies of perovskite photovoltaic devices fabricated by scalable printing
techniques, for example blade coating (BC) or slot-die coating (SDC), via solution processing
still lag behind compared to cell performances prepared by nonscalable coating methods like
SC (Figure 1.1a) [37]. In addition, Figure 1.1b illustrates the fact that with increasing device
aperture area (𝐴ap) of record solar cells from small lab scale of areas between 1 mm2 and 1 cm2

to areas of perovskite solar modules (PSMs) of a few 100 cm2 PCE drops dramatically [38–43].
However, for long-term success of the perovskite technology a high-throughput deposition
especially on these industry-relevant areas is imperatively necessary, which makes upscaling
one of the main current research focuses of the technology.

In particular due to the impressive rise in PCE of PSCs and the potential low carbon footprint,
production costs as well as levelized cost of electricity (LCOE) [44], which is a measure of the
average net present cost of electricity generation by a technology over its lifetime [45], industry
already shows an lively and increasing interest in the perovskite technology. Worldwide more
and more established and start-up companies are working on upscaling and commercialization
of perovskite based PV or tandem PV, light-emitting diodes (LEDs) and displays, quantum dots,
sensors, photodetectors and other perovskite applications (Table 1.1) [46].

The continuously increasing number of companies of currently ∼25 shows the high potential of
a market entry of a perovskite product in the near future [48, 49]. Therefore, the United States
Department of Energy recently announced the Solar Energy Technologies Office Fiscal Year
2020 Perovskite Funding Program to support research and development in order to advance
perovskite PV devices, manufacturing and performance validation and selected 22 projects to
receive $40 million [50]. The author believes that it is desirable, if the European Union would
initiate a similar program.

Despite rapid progress of the PCE of solution processed PSCs, various scientific and techno-
logical challenges still exist to this day. This fact furthermore motivates and justifies additional
intense research efforts on the subject of solution processing perovskite absorbers. Here, one
needs to name for instance the ongoing discussion on which perovskite conversion method
exhibits the highest potential for upscaling, the acquirement of an improved procedural under-
standing about controlling the perovskite morphology or the technological demonstration of
upscaling the superior conversion method. The novel realization of fully green solvent systems
especially for the more stable multi-cation (MC) perovskite compounds and the implementation
and optimization of SDC as a scalable solution deposition technique, which is even closer to a
future industrial process than BC, are important proximate steps. Some of these challenges are
examined in more detail within this thesis.

1.2 Aim of this thesis

As demonstrated in the introductory comments, one of the main challenges of the perovskite
based PV is the currently still in general lower performance on large and application relevant
device areas, respectively. In this work a suitable perovskite conversion method is developed
and investigated via solution processing which allows the long-term transfer from unscalable
to scalable printing techniques in order to upscale the perovskite technology with its excellent
efficiencies on solar cell active areas of a few mm2 to relevant areas of several m2 without
loss of performance. Besides the independent application of large-area PSCs, the latter is
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Table 1.1: Overview of key companies worldwide in 2021 working on the commercialization of perovskite based
applications.

Company name Application Location

Oxford PV Ltd. Tandem PV UK/Germany
Helio Display Materials Ltd. LEDs/Displays UK
PeroLED Ltd. LEDs/Displays UK
Power Roll Ltd. Flexible PV UK
TubeSolar AG (with Ascent Solar Technologies Inc.) Flexible Tandem PV Germany
Saule SA Inkjet PV Poland
PEROVSKIA SA Printed PV Switzerland
Valais Perovskite Solar (VPS) SA Flexible PV Switzerland
Evolar AB Tandem PV Sweden
PeroSolar AG Flexible PV Turkey
BlueDot Photonics Inc. PV modules USA
Tandem PV Inc. Tandem PV USA
Solar-Tectic LLC Tandem PV USA
Swift Solar Inc. Flexible Tandem PV USA
CubicPV Inc. (fmr. Hunt Perovskite Technologies LLC) Tandem PV USA
Energy Materials Corp. (EMC) Flexible R2R PV USA
Microquanta Semiconductor Ltd. PV modules China
Wonder Solar Ltd. PV modules China
Wuxi Utmost Light Technology (UtmoLight) Ltd. PV modules China
PEROLED Ltd. Korea LEDs/Displays South Korea
Panasonic Corp. Printed PV Japan
Toshiba Corp. Flexible PV Japan
EneCoat Technologies Ltd. Flexible R2R PV Japan
Nanolumi Pte. Ltd. LEDs/Displays Singapore
P3C Technology and Solutions Ltd. Printed PV India
Greatcell Energy Ltd. PV modules Australia

Data from [46,47].

central primarily with regard to modules or tandem modules. The majority of scalable solution
deposition techniques utilized for thin film PV have already been established for instance in
longtime research on organic photovoltaic (OPV) [51]. Moreover, solution processing enables,
especially in the case of well-known R2R coating, the cost-efficient fabrication of thin films
with higher throughput [52] compared to vapor phase deposition techniques without the need for
expensive and complex vacuum systems [53]. Furthermore, for upscaling to mass production and
commercialization, stable perovskite compositions and appropriate handling of toxic precursor
solvents during perovskite solution processing are additional tasks that have to be tackled already
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during the initial development phase of PSCs. Consequently, the author focuses on these tasks
in this thesis.

In order to overcome the aforementioned challenges, the scientific aims of this thesis are formu-
lated as follows:

Aim 1: Identifying the most promising perovskite conversion methods for upscaling.

Aim 2: Understanding the heat-assisted perovskite conversion for MAPbI3 (MAPI) based
solar cells processed by scalable techniques.

Aim 3: Investigation of methods for controlling and optimizing MAPI perovskite morphol-
ogy (via gas-assisted conversion).

Aim 4: Demonstration of large-area perovskite solution processing and module fabrication.

Aim 5: Evaluation of scalable multi-cation (MC) perovskite deposition from a standard and
a green solvent system (via gas-assisted conversion).

Aim 6: Implementation and optimization of slot-die coating (SDC) for processing MC
perovskite (via gas-assisted conversion).

This thesis focuses on solution processing of hybrid perovskite by blade coating (BC) as an
example for a scalable printing technique and further down by SDC as more industry relevant
scalable deposition technique. Thereby, two perovskite conversion methods are investigated,
the heat- and the gas-assisted conversion. Furthermore, the focus lies on two perovskite types,
the standard MAPI and a multi-cation composition. Besides the scientific aims, a technological
implementation for a static low-pressure and a moving high-pressure gas system had to be
established for this thesis to enable the deposition of both perovskite types, respectively. The
utilized fabrication recipes are consecutively analyzed and optimized in the course of this thesis.

This thesis was realized at the Zentrum für Sonnenenergie- und Wasserstoff-Forschung Baden-
Württemberg (ZSW) in Stuttgart, Germany.

1.3 Outline of this thesis

This thesis is structured into seven chapters.

Firstly, Chapter 1 introduces the reader to the topic of the thesis and specifies objectives. The
chapter includes the motivation of this thesis (Section 1.1) and the definition of its scientific
aims (Section 1.2).

Chapter 2 describes the theoretical fundamentals of perovskite solar cells and modules which
are essential for understanding the investigations carried out in this thesis. Thereby, an overview
of the state of art is given. The subjects discussed in this chapter comprise the properties and
working principle of perovskite solar cells (Section 2.1) including photovoltaic device architec-
tures and current research challenges. Furthermore, the fundamentals of upscaling perovskite
solution processing are discussed (Section 2.2). This section implies an overview of scalable
deposition techniques, the basics in nucleation and crystal growth kinetics, and a discussion of
conversion methods of perovskite wet films and their potential for upscaling (Aim 1), followed
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by the illustration of fluid dynamics in heated wet films. Additionally, the theoretical background
of PSMs is presented (Section 2.3).

The experimental methods for preparation and characterization utilized for this thesis are de-
scribed in Chapter 3 including all preparation steps of perovskite solar cells and modules (Section
3.1) and characterization methods (Section 3.2).

The first main result part of this thesis Chapter 4 highlights the scientific Aim 2 of understanding
the heat-assisted perovskite conversion for MAPI based solar cells processed by scalable tech-
niques. For this purpose, the principles of heat-assisted perovskite conversion are investigated
without the use of a surfactant (Section 4.1). Subsequently, a study on the utilization of a
surfactant via heat-assisted conversion follows (Section 4.2). As a conclusion of these studies,
a different conversion method is suggested (Section 4.3).

In the following Chapter 5, methods for controlling and optimizing the MAPI perovskite mor-
phology are investigated via gas-assisted conversion (Aim 3) in order to scale up blade coated
MAPI based solar cells and modules. In doing so, this conversion method is developed at
first (Section 5.1) including the technological establishment of a static low-pressure gas sys-
tem. Afterward, the perovskite morphology processed with gas-assisted conversion is further
optimized (Section 5.2) with the aid of a blade coated nanoparticle wetting agent and precur-
sor solution composition engineering. In Section 5.3, the efficiency of solar cells is increased
by layer thickness optimizations of the absorber and the hole transport layer. Furthermore,
large-area perovskite solution processing and module fabrication is demonstrated (Aim 4) in the
subsequent Section 5.4. Section 5.5 concludes Chapter 5.

By means of the findings of the prior chapter, gas-assisted conversion can be transferred from its
use for depositing MAPI films to processing a different perovskite composition in Chapter 6. The
chapter depicts the evaluation of scalable perovskite deposition from suitable solvent systems for
multi-cation perovskite solar cells via blade coating (Section 6.1), firstly from a standard toxic
and secondly from a green solvent system (Aim 5) in Section 6.2. This evaluation is enabled by
the previous technological establishment of a moving high-pressure gas system. Subsequently,
results on the implementation and optimization of slot-die coating of multi-cation perovskite via
gas-assisted conversion are described (Aim 6) in Section 6.3. Finally, the potential for further
optimizations is discussed (Section 6.4). Section 6.5 concludes Chapter 6.

Chapter 7 concludes this thesis by summarizing the most relevant results (Section 7.1) and by
giving an outlook (Section 7.2).
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This chapter gives an overview on the specific fundamentals, theories, and recent research
progress related to the topics which regards this thesis. The chapter is divided into three sections
covering the properties of perovskite solar cells, discussing perovskite upscaling by solution
processing and introducing perovskite solar modules.

The first Section 2.1 explains the properties and working principle of perovskite solar cells.
After introducing hybrid perovskite as photovoltaic absorber and its properties (Subsection
2.1.1) a brief introduction on the working principle and characteristics of perovskite solar cells
is given (Subsection 2.1.2). Subsequently, device architectures of planar perovskite solar cells
are illustrated (Subsection 2.1.3). The section is finalized by a short overview on the current
research focus and challenges of the perovskite technology (Subsection 2.1.4).

The subsequent Section 2.2 focuses on the upscaling of perovskite solution processing. Thereby,
the first subsection summarizes scalable deposition techniques (Subsection 2.2.1), whereas the
second comments on the basics of nucleation and crystal growth kinetics (Subsection 2.2.2).
Furthermore, conversion methods of perovskite wet films are defined and their potential for
upscaling are discussed (Subsection 2.2.3). Finally, fluid dynamics in heated wet films are
shortly explained (Subsection 2.2.4).

Section 2.3 briefly introduces perovskite solar modules. Thereby, mainly the serial interconnec-
tion design is presented (Subsection 2.3.1). Additionally, a few details on the optimization of
the cell width of modules are given (Subsection 2.3.2).

2.1 Properties and working principle of perovskite solar cells

This section refers to the properties and working principle of perovskite solar cells. The following
subsections explain the crystallographic and optoelectronic properties of hybrid perovskite
utilized as photovoltaic absorber (Subsection 2.1.1), describe the working principle and current-
voltage characteristics (Subsection 2.1.2) and the architectural concept of planar perovskite solar
cells (Subsection 2.1.3), and present an overview on the current research focus and challenges
of perovskites, such as hysteresis, stability, toxicity or upscaling (Subsection 2.1.4).

2.1.1 Properties of hybrid perovskite as photovoltaic absorber

Perovskites are a material class with the crystal structure of the inorganic compound calcium
titanate (CaTiO3) which was discovered by the German mineralogist Gustav Rose in 1839 [54]
and named after the Russian mineralogist Lev Perovski. As a mineral it is called perovskite.
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2 Fundamentals of perovskite solar cells and modules

Crystallographic properties

Perovskites are described by the formula ABX3. In case of organic-inorganic hybrid perovskites,
A denotes a monovalent organic cation, B a divalent metal cation, and X a halide anion. The B
cations are coordinated with X anions forming BX6 octahedrons which are connected with each
other. Figure 2.1 visualizes the cubic perovskite crystal structure [55].

A+  : MA+, FA+, Cs+

B2+: Pb2+, Sn2+

X- : Cl-, Br-, I-

Figure 2.1: Schematic illustration of the unit cell of cubic perovskite crystal structure with a formula of ABX3.

In an organometal halide perovskite crystal, A is for instance a methylammonium (MA+),
formamidinium (FA+) or cesium (Cs+) ion, B a lead (Pb) or tin (Sn) cation and X a chloride (Cl– ),
bromide (Br– ) or iodide (I– ) ion as listed in Figure 2.1. The best known organic-inorganic halide
perovskite is methylammonium lead triiodide (MAPbI3), so-called MAPI [56]. Moreover,
perovskites with multiple anions, metals, and cations also referred to as multi-cation (MC)
perovskites are gaining increasing attention in the research community [57, 58].

One of the major advantages of perovskites is the possibility to integrate different cations
and anions in the ABX3 crystal structure which opens up the field of tunable semiconductor
properties such as the band gap energy (𝐸g) as mentioned further down.
The size and interaction of the A-site and BX6 octahedrons determine the structure of an ABX3
compound [59]. The empirical so-called tolerance factor (𝑡) introduced by Victor Goldschmidt
in 1926 [60] describes expectable crystal structure and contortion [59] of potential compounds:

𝑡 =
𝑅A + 𝑅X√

2 (𝑅B + 𝑅X)
(2.1)

where 𝑅A, 𝑅B, and 𝑅X are the effective ionic radii of the A, B, and X ion, respectively. An
ideal cubic perovskite structure is formed for 𝑡 = 1 [61]. The tolerance factor describes to what
extent the cation A can be integrated in the interstitial. For 0.81 < 𝑡 < 1.11, the formation of a
perovskite compound is expectable [61, 62]. For 0.9 < 𝑡 < 1.0, it presumably crystallizes in a
cubic structure. However, for 0.81 < 𝑡 < 0.9 the cubic structure might be distorted due to tilting
of the BX6 octahedrons leading to less symmetric tetragonal and orthorhombic phases [61,62].
If the cation A is too large (𝑡 ≫ 1), lower-dimensional 2D perovskite phases are formed instead
of a bulk 3D structure [61].
For more precise predictions, the additional octahedral factor (`), which is a measure of BX6
octahedral stability, can be utilized which is described as

8



2.1 Properties and working principle of perovskite solar cells

` =
𝑅B
𝑅X

(2.2)

and needs to fulfill the condition 0.44 < ` < 0.90 for the formation of a symmetrical octahedron
and of perovskite [61, 62].

The concept of 𝑡 and ` can be extended for perovskite materials with more complex compositions.
For instance, for a multi-cation perovskite with a composition AyA’1-yBX3 [63], the tolerance
factor can be determined as:

𝑡 =
y𝑅A + (1 − y)𝑅A’ + 𝑅X√

2 (𝑅B + 𝑅X)
. (2.3)

The formation of the three photoactive perovskite (black) phases, such as the cubic (𝛼-), tetrago-
nal (𝛽-) or orthorhombic (𝛾-) phase, as well as of photoinactive non-perovskite (yellow) phases,
like the hexagonal (𝛿-) phase, highly depends on the temperature. Phase transition tempera-
tures are contingent on the perovskite composition. The archetypal MAPbI3 composition shows
phase transitions at 165 K and 327 K. It generally crystallizes in a tetragonal crystal structure
at room temperature (RT) and the cubic phase is formed at a temperature of >327 K, while the
orthorhombic crystal phase is preferred at a temperature of <165 K [34, 64–67].

Optoelectronic properties

Besides the reason of easy processability, the metal organic perovskite compounds are utilized
in optoelectronic devices such as photovoltaic cells due to their outstanding optoelectronic
properties. The main features of a perovskite semiconductor such as MAPI are:

• A high absorption coefficient (𝛼) in the order of 104 to 105 cm−1 [68–71] which implicates
that an absorber thickness of 300 to 600 nm is enough to entirely absorb sun light with a
higher energy than 𝐸g [72].

• A low exciton binding energy (𝐸b) of <25 meV [73–76] which is smaller than the thermal
energy at RT and results in an instantaneous dissociation of the excitons in free charge
carriers.

• A long charge carrier lifetime (𝜏c) of >1 µs [77] which arise from a low perovskite
recombination rate and defect density.

• A high charge carrier mobility (`c) of 10 to 40 cm2 V−1 s−1 [78, 79].

• A long charge carrier diffusion length (𝐿c) of >1 µm [80,81], which is clearly longer than
the thin film absorption length. Similar charge carrier diffusion lengths for electrons and
holes indicate an ambipolar transport of charge carriers inside the absorber [80, 82–84].

• A tunable band gap energy 𝐸g [85, 86].

The band gap energy 𝐸g plays a central role in all optoelectronic applications. However, there
is an ongoing discussion in literature if metal organic perovskites are classified as direct or
indirect semiconductors. Generally, the majority of reports agree on the fact that a direct optical
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transition dominates the optical properties of the compound [70,87–91]. Nevertheless, there are
also reports discussing a second indirect band transition [87, 89, 92–95].

The band structure and, thus, the band gap primarily results from the properties of the BX6
octahedron whereas the band structure is only slightly altered by the A cation. Consequently,
the band gap of metal halide perovskites can be mainly adjusted by varying the B cation and X
anion [66, 96–98].
In order to increase 𝐸g, normally iodine (I) is partly or fully substituted by bromine (Br). Thus,
MAPI and methylammonium lead tribromide (MAPbBr3) exhibit a 𝐸g of ∼1.55 eV [70] and a
considerably higher 2.28 eV [99, 100], respectively. Consequently, a partly substitution allows
the variation of 𝐸g between the two values and thereby over the whole visible range of the sun
spectrum [85,100–102]. This fact is essential for any tandem application [34, 35, 103].
To reduce 𝐸g, typically the Pb is replaced by Sn reaching a 𝐸g of 1.3 eV for methylammonium
tin triiodide (MASnI3) perovskite [104].
Although the A cation has no direct influence on the band structure, it alters the band gap
indirectly. For instance, replacing MA+ by Cs+ ions leads to a change in lattice constant and,
hence, to a 𝐸g of 1.73 eV for cesium lead triiodide (CsPbI3) perovskite [105].

2.1.2 Working principle and characteristics of perovskite solar cells

In this subsection the working principle and characteristics of perovskite solar cells are discussed.
However, primary knowledge on the physics of a solar cell are presupposed. For further details,
the author recommends reference [106].

Working principle

Solar cells convert the energy of the incident light via chemical energy into electrical en-
ergy [106]. The fundamental processes in solar cells which occur during this conversion are:

(i) Absorption of incident photons by the active absorber,

(ii) creation of a bonded electron–hole pair (exciton),

(iii) dissociation of the exciton into free charge carriers,

(iv) spatial separation of the two types of charge carriers, and

(v) extraction of the two types of charge carriers via the selective contacts.

In contrast to a p-type–n-type (p-n) junction of Si solar cells [107, 108], PSCs are normally
produced in a p-type–intrinsic–n-type (p-i-n) heterojunction due to the excellent optoelectronic
properties of perovskite as explained in the previous Subsection 2.1.1. Figure 2.2 demonstrates
the band diagram and working principle of a PSC with selective contacts.

Compared to p-n solar cells, here, there is no doping of the absorber needed. For charge carrier
separation, the intrinsic undoped absorber is placed between an electron and a hole selective
charge transport layer (CTL) [109], respectively.
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Figure 2.2: Schematic illustration of a band diagram of p-i-n solar cells (a) in equilibrium in the absence of light
and bias voltage and (b) under illumination and at open circuit condition.

Transmission and thermalization together with radiative recombination losses of a solar cell
lead to a significantly decreased PCE compared to the thermodynamic limit of the conversion
process from radiation to electrical energy, the so-called Shockley–Queisser limit (SQL) [110].
Besides the incident spectrum, the maximum possible PCE is apparently primarily defined by
𝐸g of the absorber. For a Si or CIGS solar cell with a 𝐸g of ∼1.1 eV, which is the range of an
ideal 𝐸g of 1.1 to 1.4 eV, the theoretical efficiency limit under the AM1.5 global standard solar
spectrum (AM1.5G) is ∼32 %. For a PSC with a 𝐸g of 1.6 eV, it is ∼30 % [111].

Electrical equivalent circuit

In its simplest way, a solar cell is modeled by an electrical equivalent circuit composed of a
single-diode in parallel with a direct current (𝐼) source, which is the photogenerated current,
in short photocurrent (𝐼ph), under sunlight illumination. Moreover, a shunt resistance (𝑅sh)
and a series resistance (𝑅s) are added (Figure 2.3). They represent any leakage current due
to imperfections caused by pinholes in the absorber leading to direct contact between the two
electrodes, and the electrical resistance of the solar cell due to charge transport and injection,
respectively [112,113].
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Figure 2.3: Electrical equivalent circuit of a solar cell based on a single-diode model.

The current 𝐼 produced by this circuit, which is equivalent to the current produced by the solar
cell, is estimated by means of 𝐼ph, the dark current of a diode (𝐼d), which is calculated by the
Shockley diode equation, and the shunt current (𝐼sh) determined by Ohm’s law [113,114]. Thus,
the relation between the current 𝐼 and the voltage (𝑉) is given by

𝐼 (𝑉) = −𝐼ph + 𝐼d + 𝐼sh = −𝐼ph + 𝐼0

[
exp

(
𝑞(𝑉 − 𝐼 (𝑉)𝑅s)

𝑛𝑘B𝑇a

)
− 1

]
+ 𝑉 − 𝐼 (𝑉)𝑅s

𝑅sh
(2.4)

where 𝐼0 is the dark saturation current, 𝑛 is the diode ideality factor, 𝑞 is the electron charge, 𝑘B
is the Boltzmann constant and 𝑇a is the absolute temperature of the solar cell.

The two-diode model can result in a more accurate description of experimental data as it includes
the recombination mechanisms of the charge carriers as well [106, 115].

Current-voltage characteristic

The performance of a solar cell is determined from its current–voltage dependency (𝐼𝑉) charac-
teristics. The power conversion efficiency (PCE), the most important characteristic to describe
the performance of a solar cell, can be represented as

PCE =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛

=
𝐼𝑀𝑃𝑃 · 𝑉𝑀𝑃𝑃

𝑃𝑖𝑛

=
𝐼SC · 𝑉OC · FF

𝑃𝑖𝑛

(2.5)

where 𝑃𝑚𝑎𝑥 is the maximum generated electrical power output and 𝑃𝑖𝑛 is the incident radiative
power [114]. Under standard test conditions, an irradiation of power of 1000 W m−2 with an
AM1.5G spectrum at 25 °C [116] is considered as the incident power.

Both 𝑅sh and 𝑅s significantly influence the FF of a solar cell. To maximize FF, 𝑅sh and 𝑅s
should be high and low, respectively.

2.1.3 Device architectures of planar perovskite solar cells

In a planar perovskite photovoltaic device architecture, the perovskite absorber can be placed
in two configurations between the two CTLs, the electron selective CTL also called electron
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transport layer (ETL) and the hole selective CTL also called hole transport layer (HTL), as
illustrated in Figure 2.4.
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Figure 2.4: Schematic illustration of different device architectures of planar perovskite solar cells in (a) standard
or n-i-p and (b) inverted or p-i-n configuration with light incident from the glass side.

To enable light transport into the solar cell a transparent front electrode also called transparent
conductive oxide (TCO), for instance indium tin oxide (ITO) or fluorine-doped tin oxide (FTO),
is utilized.
Depending on the polarity of the selective CTL facing the incident light, one refers to the
standard (n-type–intrinsic–p-type (n-i-p)) or the inverted (p-i-n) configuration as displayed in
Figure 2.4a and Figure 2.4b, respectively. This thesis focuses on the p-i-n configuration.

Figure 2.5 gives an overview of materials [117–121], namely perovskite compositions, electron
transport materials (ETMs), hole transport materials (HTMs), TCOs and metals which are
commonly utilized in PSCs as absorber, ETLs, HTLs, front and rear electrodes, respectively. In
addition, their energy levels are indicated.
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2 Fundamentals of perovskite solar cells and modules

Figure 2.5: Schematic energy level diagram with valence band maxima and conduction band minima of typical
ETMs (purple) and HTMs (blue) for PSCs as well as transparent front electrodes (light gray), such as
FTO and ITO, and metal rear electrodes (gray), like gold (Au), silver (Ag) and copper (Cu), compared
to the absorber, the archetypal MAPI and double-cation perovskite (FACsPbIBr) (brown). Materials
framed in black are utilized in this thesis. Data from [39,117,118,120,122–125].

The function of the selective CTLs is mainly the charge carrier separation via spatial selectivity
as mentioned in Subsection 2.1.2. According to that, the energy levels have to be selected in
such a way that one type of charge carrier passes the material and is transported to the particular
electrode. Hence for ETLs, the energy of the conduction band minimum needs to be lower
than the one of the perovskite absorber. Furthermore, the energy of the valence band maximum
should be also lower than the one of the perovskite to effectively inhibit the transport of holes.
For HTLs, the opposite is valid.

In addition to the electrical properties of the selective CTLs, the optical transmittance (𝑇) of
the CTL facing the incident light is critical for solar cell performance and should be as high as
possible in order to hinder parasitic absorption since PSCs are normally based on a superstrate
concept where the transparent substrate is responsible for light incoupling.

2.1.4 Current research focus and challenges

As for every new technology, there are challenges of perovskite solar cells [38, 126–130] as
well which have to be addressed before a commercial application. Thus, to the four biggest
challenges is shortly responded below.
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2.1 Properties and working principle of perovskite solar cells

Hysteresis

One challenge with regard to the comparability and reproducibility of perovskite solar cells is
the so-called hysteresis behavior of the current density–voltage dependency (𝐽𝑉) scan. Already
in early stages of PSC research, it was reported that measurement parameters have a tremendous
impact on the determination of the 𝐽𝑉 curve and therefore on the extracted characteristic
photovoltaic device parameters [131,132]. In doing so, scan direction and scan speed [133–137],
or preconditioning by voltage bias or illumination [133,138] as well as device temperature [139]
influence the resulting shape of the 𝐽𝑉 curve. The forward (fwd) scan direction indicates the
𝑉 = 0 V → 𝑉 = 𝑉OC scan (referred to as "up" measurement) and reverse (rvs) scan direction the
one in opposite direction (referred to as "down" measurement).
Since the discovery of the effect, there is a continuing tremendous effort to explain the origin of
the hysteresis but it is not fully clarified till this day. Several studies show that the underlying
mechanism causing hysteresis is mainly the migration of ions, such as MA+ and I– ions, and their
vacancies in the perovskite crystal structure [140–143]. The ion movement caused by the built-
in electrical field at the interfaces of the perovskite absorber and the charge selective contacts,
the HTL and ETL, results in an accumulation of ionic charges at the interface. Therefore,
an internal electric field is created which is reverse to the built-in electrical field [143, 144]
reducing the photocurrent extractable from the solar cell [134]. In the extreme case, this can
lead to a complete compensation of the built-in field [145, 146]. By changing the applied
voltage (𝑉), the built-in electrical field and the accumulation of charge carriers can be increased
or compensated. Since ion migration occurs in larger timescales than the electron and hole
transport of milliseconds to seconds due to their relatively large masses which are similar
timescales than the 𝐽𝑉 measurements [134, 147], scan speed and bias preconditioning have an
influence on the 𝐽𝑉 characteristics.

Strategies to reduce hysteresis are primarily based on the optimization of the charge carrier
extraction at the interfaces of the absorber. The accurate choice of the CTLs has a significant
influence on reducing hysteresis [133, 148–151]. Furthermore, perovskite morphology might
have an impact as well [152–154].

For better comparability, continuous load of the solar cell at its maximum power point (MPP)
also called MPP tracking is typically performed to determine a meaningful value for the PCE.

For more details on hysteresis, the author recommends references [140,155,156].

Stability

Clearly, the major challenge for commercialization of PSCs is their long-term stability [120,
157–159] in order to reach a lifetime guarantee of at least 20 years and thereby to be able
to compete with Si solar cells. Besides degradation due to thermal stress [160–163] and
thermal cycling [164], PSCs can degrade in the presence of light, in particular ultraviolet (UV)
radiation [71, 165–169], oxygen (O2) especially in combination with UV radiation [170–173],
water (H2O) and thereby moisture as well [174–177]. These degradation mechanisms can
be mainly ascribed to the intrinsic absorber material instability but also to the instability of
CTLs [178–180] and device contacts [181, 182].

Thermal instability at elevated temperatures is associated with the low crystallization tempera-
tures of metal organic perovskites. In order to increase thermal stability of the perovskite, the
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2 Fundamentals of perovskite solar cells and modules

organic cation, normally MA+, is partly or fully replaced by Cs+ and/or FA+ ions [162,183–185]
which in addition hinders light-induced halide segregation [186,187].

The UV degradation is mostly prominent in PSCs with photocatalytic metal oxides such as
titanium oxide (TiO2) [169,188,189] and arises from the light-induced desorption of O2 adsorbed
at the surface [158,167,188]. Replacing TiO2 by other oxides such as tin oxide (SnO2) or nickel
oxide (NiO) can help to improve device stability [169, 188,190,191].

The main reason for degradation in presence of O2 in conjunction with light are the small
chemical reaction kinetics of the decomposition reaction [167,171]. Under the same conditions,
perovskites with FA+ degrade less compared to MA+ due to a lower deprotonation probability
of the FA+ cations [171].

Moisture sensitivity of perovskite is mainly due to the intrinsic properties of the metal organic
perovskite material such as good solubility in H2O as well as the hygroscopic nature of the amine
group of the organic salt [159]. In addition to encapsulation of devices which also prevents O2
contact [192–195], the development of 2D perovskite layers on top of a 3D perovskite [196–201]
or utilizing hydrophobic layers in the device architecture [202, 203] are successful strategies to
reduce moisture sensitivity.

Despite all degradation pathways, standardized industrial certification tests [204] for thin film
solar modules, including damp heat tests, have been already passed by PSCs [193, 205–207].
To reach long-term PSC stability and elongated application periods, not only the perovskite
absorber but all layers in the device stack need to fulfill the stability requirements.

Toxicity

Another challenge of PSCs is their toxicity. At this point, one can divide between the toxic
Pb [208, 209], which is the integral component of most hybrid perovskites in the case of highly
efficient PSCs, and the perovskite solution processing via toxic solvents [210–212] such as the
most commonly used dimethylformamide (DMF).

Concerning the former challenge, there are contradictory assumptions on the hazard of Pb
containing PSCs [209, 213–215]. While some studies emphasize the toxicity of Pb [208, 216],
the expected processed amount of Pb during manufacturing and the amount which might be
released from a PSC even for a complete failure of an encapsulation ending up in the soil
is relatively small [213, 214]. Nevertheless, the use of heavy metal fractions in electronic
devices is critical due to their confirmed toxicity and is restricted by the European Union
since 2011, however the PV sector is excluded so far [217]. The toxicity is intensified by the
excellent aqueous solubility of the utilized lead salts as mentioned above. Various approaches
to fabricate Pb-free alternatives have been pursued [218–221] such as Sn-based perovskite
compounds [222–224] but generally with a clear reduction in PCE of solar cells [225, 226] and
as well implicating chemical instabilities [227] and health risks [209]. Besides replacing Pb,
research further concentrates on concepts to hinder the elution of Pb during application via
suitable encapsulation strategies [28, 228, 229].
Despite the use of Pb, life cycle assessments (LCAs) show that PSCs represent the potentially
most environmentally friendly technology compared to established PV technologies [210, 212]
in case their lifetime can be significantly enhanced, and Pb only plays a minor role [230,231]. In
addition, potential recycling of Pb has been demonstrated [232,233]. Moreover, the technology
promises energy payback times (EPBTs) of clearly <1 year [212, 234].
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2.2 Upscaling of perovskite solution processing

In the author’s opinion, the second concern of toxic solvents is the larger issue which hin-
ders paving the way for commercialization. Furthermore, low toxicity solvent systems could
end up in a remarkably more cost-effective option in the intermediate and longer term as
potential alternate solvent production routes develop [235] due to less required safety pre-
cautions. Alternative industry-friendly solvent systems for processing the perovskite absorber
are investigated [236–238] but reach lower maximum PCE compared to their toxic counter-
parts [236, 239, 240]. Section 6.2 deals with the subject of replacing toxic solvent systems by a
green alternative for a multi-cation perovskite composition.
Solution-free fabrication processes such as vacuum deposition via for instance thermal evapo-
ration might be an option as alternative to solution processing [241].

Upscaling

Despite the astonishing achievements in depositing perovskite on small lab scale, large-scale
PSCs to date still lag behind the established photovoltaic technologies [16, 242]. As mentioned
in Section 1.1, for practical applicability and industrial relevance of perovskite based materials
in solar cells upscalability of the technology is particularly required concerning on the one hand
upscaling of areas and on the other hand of operational throughput. Currently, all presented
PCEs >23 % are based on perovskite absorber layers deposited by SC as illustrated in Figure
1.1a. However, by means of SC homogeneous perovskite film areas of only a few cm2 can be
deposited. Especially the antisolvent-assisted perovskite conversion method typically utilized
with SC is hardly scalable (see Subsection 2.2.3). Another challenge is the fabrication of
perovskite under ambient conditions due to the above described instability against H2O and O2.
The main focus in upscaling the perovskite technology lies generally on solution processing
due to the in principle perspectively low manufacturing and LCOE [243]. Thereby, promising
results on areas >50 cm2 have already been reported in particular with the scalable deposition
techniques of BC and SDC [21] as presented in Figure 1.1b. Thereby, R2R production is
the goal aimed for in the long run [244–247]. The to date highest PCE of 17.9 % on the
largest designated illumination area of a rigid PSM of ∼800 cm2 has been achieved in 2020
by the Japanese company Panasonic via inkjet printing [12, 242]. Furthermore in 2021, the
Japanese company Toshiba claimed a PCE of 15.1 % on a flexible PSM active area (𝐴act) of
∼700 cm2 through one-step meniscus coating [248] as illustrated in Figure 1.1b. However,
solution processing are linked to certain hurdles such as the high complexity of a homogeneous
drying, nucleation and crystallization of the wet film on large areas [21] which is the major
aim of this thesis. Besides solution processing, scalable vapor phase deposition techniques are
currently starting to prosper [53, 191, 241, 249].

2.2 Upscaling of perovskite solution processing

The following section refers to the fundamentals of upscaling perovskite solution processing by
scalable deposition techniques, which are presented firstly (Subsection 2.2.1). After covering
the basics on nucleation and crystal growth kinetics (Subsection 2.2.2), the four typical con-
version methods of perovskite wet films, namely antisolvent-, vacuum-, heat-, and gas-assisted
conversion, are specified and their potential for upscaling is briefly discussed (Subsection 2.2.3).
Additionally, fluid dynamics in heated wet films including the Rayleigh–Bénard and Marangoni
convection are noted (Subsection 2.2.4).
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2 Fundamentals of perovskite solar cells and modules

2.2.1 Scalable deposition techniques

The for this thesis main scalable deposition techniques for solution processing of perovskite,
blade coating [250, 251] and slot-die coating [252], are presented in the following. Further
solution processing techniques for perovskite [21, 22, 24, 40, 58, 253–256] are spray coating
(SPC) [257–259], inkjet [260–262], and for PSCs unusual gravure printing [263, 264]. Screen
printing is typically not used to deposit perovskite but to fabricate charge transport or contact
layers in PSCs [265–270].

Besides solution processing of perovskite, vapor phase deposition techniques under vacuum con-
ditions, which are scalable as well, such as sequential evaporation [22] or co-evaporation [241]
are by now well-established to deposit perovskite films. Furthermore, a combination of vapor
phase deposition and solution processing has been reported [271].

Blade coating

Blade coating (BC), also called knife coating or doctor blading, is a robust single directional
meniscus coating technique with low investment cost, is highly adjustable and suitable not only
for rigid substrates but also for flexible ones. In order to deposit a wet thin film, a fixed quantity
of ink, here of the perovskite precursor solution, is applied in front of the blade forming a liquid
meniscus between the blade and the substrate. The blade is then moved forward relative to the
substrate to spread a homogeneous wet thin film on the substrate as illustrated in Figure 2.6. For
this purpose, either the blade or the substrate is moved. D-bar coating is similar to blade coating
at which a cylindrical bar is utilized instead of the blade where the liquid solution is directly
loaded onto [21, 40, 51].

substrate

coating plate

meniscus

blade
ink

vBC

Figure 2.6: Schematic illustration of blade coating (BC).

The wet film thickness (𝑑wet) of the deposited thin film depends, besides the meniscus itself,
generally on several factors including the concentration of the precursor ink, the gap height
between blade and substrate, and the blade coating velocity (𝑣BC) at which the blade moves
relative the substrate [272]. Further factors influencing 𝑑wet are the quantity of the applied ink
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2.2 Upscaling of perovskite solution processing

volume, the dynamic viscosity ([) of the ink, the blade geometry, and the substrate wettability.
For blade coating, the ink waste is substantially reduced compared to the lab-scale spin coating.
The coating technique can not only been used in a sheet-to-sheet (S2S) but also in a R2R setup,
in which the blade is stationary and a flexible substrate on a roller is in motion [40, 51].

For blade coating of wet films with the heat-assisted perovskite conversion (see Subsection
2.2.3) at a processing temperature of 145 °C and utilizing MAPI precursors in DMF, Deng et
al. derived a relationship of the perovskite dry film thickness (𝑑) as a function of blade coating
velocity 𝑣BC. The relationship is presented in Figure 2.7a. It describes an evaporation (Figure
2.7b) and the Landau–Levich regime [273] (Figure 2.7c) during processing with the aid of
experimental observations and measurements [274].

(a) (b) (c)

Figure 2.7: (a) Thickness of a MAPI film as a function of coating speed when the substrate is heated at 145 °C.
Linear fitting determines the evaporation and the Landau–Levich regimes. (b) Evaporation regime and
(c) Landau–Levich regime in more detail. Adapted with permission from [253]. © Springer Nature.

When coating speed or 𝑣BC is low, coating falls in the evaporation regime where solution coating
and crystallization occur simultaneously. At a high coating speed, 𝑑wet increases in the Landau–
Levich regime where crystallization occurs after the wet thin film formation [253,275,276]. This
increase is caused by the fact that the liquid film is being dragged out by viscous forces and then
by drying [277]. By contrast, 𝑑wet decreases with an increase in 𝑣BC in the evaporation regime
because of mass-transport effects due to convection at the moving contact line and Marangoni
effect (see Subsection 2.2.4) [273,277]. Solids concentrate near the contact line owing to solvent
evaporation at the meniscus surface [253,275].

Slot-die coating

Slot-die coating (SDC) is similar to blade coating but is a pre-metered scalable meniscus
deposition technique in particular for R2R processes as it offers continuous ink supply. The
microfluidic slot-die head, which are two metal plates forming a thin slit on the bottom side, is
placed at a fixed gap height over the substrate. In the slot-die head, an ink reservoir is integrated
which is connected to a solution pumping system that supplies ink at a certain rate as illustrated
in Figure 2.8. Consequently, the setup requires larger quantities of ink compared to blade coating
in order to fill the ink reservoir and the supply pipe but the deposition technique itself induces
low ink waste [21, 40, 51, 253].
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Figure 2.8: Schematic illustration of slot-die coating (SDC).

During deposition, the solution forms an up- and downstream meniscus between the dies of
the head and the substrate. For a defect-free thin film, it is necessary to generate a stable
coating bead [278]. Parameters defining 𝑑wet are the gap height between the slot-die head and
the substrate, the slot-die coating velocity (𝑣SD) and the ink pump rate (𝑄𝑖𝑛𝑘 ) of the solution
[21,40,51,253]. In addition, the coating bead, meniscus and the thickness and uniformity of the
resulting film are dependent on the layout and geometry of the slot-die head [279]. Furthermore,
the slot-die head can be held at elevated temperatures to alter the dynamic viscosity of the ink
and solute solubility in the solution [21]. For R2R application, the head is usually positioned
horizontally on a roller, whereas for S2S systems the head is commonly positioned vertically
over the substrate [22].

2.2.2 Nucleation and crystal growth kinetics

For solution processing of hybrid perovskite thin films, the perovskite formation is a transition
from the precursor solution state to a solid film state. During this transition process, the
drying kinetics significantly influence the nucleation, intermediate (solvate) state, and crystal
growth [280] which consequently affects the resulting perovskite solid film morphology.

In general, the crystal growth is dependent on two mechanisms:

i) Diffusion controlled growth, when the concentration of growth species decreases below
the minimum critical concentration necessary for nucleation, crystal growth continues but
nucleation stops, and

ii) surface reaction controlled growth, when growth species diffusion from the bulk to the
growth surface is sufficiently rapid.

Hybrid perovskite precursor solutions exhibit intrinsically low heterogeneous nucleation rates
[281]. The nanocrystal nucleation and growth kinetics of perovskite and its intermediate agrees
with the classical diffusion controlled or so-called self-seeding crystal growth model [275,280–
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284], the LaMer model [285], which describes the precursor solution concentration change as a
function of time and is illustrated in Figure 2.9a.

It divides the crystal growth into three distinct regions or phases:

i) initial increase in solution concentration due to solvent evaporation,

ii) formation of nuclei in the solution as the growth species concentration exceeds the mini-
mum supersaturation limit (𝐶*

min), and

iii) subsequent crystal growth by the control of growth species diffusion and a reduction in
solution concentration.

(a) (b)
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Figure 2.9: Nucleation and growth models describing the correlation between precursor solution concentration
and nucleation density: (a) Classical LaMer curve for homogeneous nucleation and (b) nucleation and
growth rates as a function of the supersaturation degree [247,280–282,286].

Each phase is indicated with the help of the two green lines in Figure 2.9a. In the first phase (i),
as solvent evaporates, the curve of concentration 𝐶 crosses the solute solubility limit (𝐶s) and
approaches supersaturation. In the second phase (ii), the solution reaches 𝐶*

min overcoming
the energy barrier for nucleation and nucleation begins to precipitate. The ensuing nucleation
density is proportional to the area under the curve enclosed between 𝐶*

min and the maximum
supersaturation limit (𝐶*

max). The formed nuclei grow with continuous supply of solute by
diffusion. As the crystal nucleation and growth proceed, the solute is continuously consumed,
which in turn suppresses the nucleation rate. In the third phase (iii), the concentration curve
moves below the supersaturation minimum and the precipitation of solute material brings about
a further decrease in the solution concentration. Since the solution is still supersaturated but
below 𝐶*

min (𝐶*
min > 𝐶 > 𝐶s), only crystal growth occurs [247, 275,281,286,287].

Based on the Weimarn theory [288], the competition between both nucleation and growth kinetics
is a function of the degree of supersaturation in the solution and broadly dictates the density of
nucleation sites formed. Consequently, it largely determines the resulting average dimensions
of crystal clusters. The rates of nucleation and crystal growth are polynomial functions of the
supersaturation degree [289].
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The crystal cluster nucleation rate is described as

𝑉1 = 𝑘𝐴 exp
(
−Δ𝐺∗

𝑘B𝑇a

)
(2.6)

where 𝑘B is the Boltzmann constant, 𝑘 is a constant, 𝐴 is a complicated function of the molecular-
level diffusion-kinetics parameters, 𝑇a is the absolute temperature, and Δ𝐺∗ is the critical free
energy of nucleation. For a crystal cluster with spherical shape, Δ𝐺∗ can be expressed as

Δ𝐺∗ =
16𝜋𝛾2Ω3

3𝑘B2𝑇a2𝜎S2 (2.7)

where 𝛾 is the surface free energy of the critical crystal cluster, Ω is the molecular volume of the
perovskite crystal, and 𝜎S is the degree of supersaturation of the perovskite precursor solution.
Based on Equation 2.6 and 2.7, the nucleation rate 𝑉1 exhibits an exponential growth rate as the
degree of supersaturation increases, that is

𝑉1 ∝ exp
(
− 1
𝜎S2

)
.

According to Burton–Cabrera–Frank theory [290], the crystal growth rate 𝑉2 can also be corre-
lated with the degree of supersaturation 𝜎S as follows

𝑉2 = 𝐴1𝜎S
2 tanh

(
𝐵1
𝜎S

)
(2.8)

where 𝐴1 and 𝐵1 are complex temperature-dependent constants. 𝑉2 as a function of 𝜎S can be
described as parabolic growth (𝑉2 ∝ 𝜎S

2) when 𝜎S is low and as linear growth (𝑉2 ∝ 𝜎S) when
𝜎S is high [291]. In comparison with crystal growth rate 𝑉2, the nucleation rate 𝑉1 is relatively
more sensitive to 𝜎S owing to the exponential relationship. The number of crystal clusters per
unit area 𝑁 can be expressed as

𝑁 = 1.1
(
𝑉1
𝑉2

) 1
2

(2.9)

which is inversely proportional to the average cluster size. The dependence of nucleation rate𝑉1,
growth rate 𝑉2, and cluster size on the degree of supersaturation is schematically illustrated in
Figure 2.9b.

Hence, the time span of the second phase of the LaMer model can be adjusted by controlling
the dynamic process of wet film drying, largely determining the final perovskite film morphol-
ogy [275,286,292]. For heat- (see Subsection 2.2.3 and Chapter 4) but primarily for gas-assisted
perovskite conversion (see Subsection 2.2.3 and Chapter 5 and 6), an acceleration of the evap-
oration rate of the solvent molecules and higher degree of supersaturation occurs compared to
a diffusion controlled growth, for instance in the case of natural drying, leading to a higher nu-
cleation rate (Equation 2.6 and 2.7). Eventually, this leads to an increased density of nucleation
sites (Equation 2.9) and therefore results in a dense and compact perovskite film morphology
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consisting of crystal grains with relatively small size in comparison to heat-assisted conversion
as illustrated in Figure 2.9a.
In summary, with increasing perovskite supersaturation of the wet film the size of crystal grains
will decrease as well as grain growth time will be shortened [280,283,286,291].

The author emphasizes that with the same precursor solution formulation the solvent removal
rate is in general faster in the case of spin coating (nucleation in seconds) contrary to the ones
of scalable meniscus coating (solvent removal in a few tens of seconds), for instance when using
blade or SDC, because generated 𝑑wet is normally smaller for SC. Consequently, the lateral
diffusion of the solute has sufficient time to occur for BC or SDC [275,280,286].

For more information on the classical theories of nanocrystal nucleation and growth, the author
recommends reference [293].

2.2.3 Conversion methods of perovskite wet films and their potential

In order to increase solution concentration and reach supersaturation, the solution solvent needs
to be evaporated and removed from the wet film, respectively. The kinetics of this drying
process of the perovskite precursor wet film, which is in principle independent of the coating
method, affect nucleation and crystal growth as explained in the previous Subsection 2.2.2.
Therefore, the choice of the method to evaporate the perovskite precursor solution solvent
is of great importance. Literature specifies four main methods to generate supersaturation
state [40, 58, 283, 286, 294], also called quenching methods, which are illustrated in Figure
2.10. They are hereinafter referred to as perovskite conversion methods: (i) antisolvent- (Figure
2.10a), (ii) vacuum- (Figure 2.10b), (iii) heat- (Figure 2.10c), and (iv) gas-assisted (Figure 2.10d)
conversion method.

In the following, the four perovskite conversion methods are shortly explained and their potential
for upscaling is discussed.

Antisolvent-assisted conversion

In the case of antisolvent-assisted conversion (Figure 2.10a) or also called solvent extraction
introduced in 2014 [295], an orthogonal solvent with a low perovskite solubility, which is
miscible with the precursor solvent, is applied on the wet film [296, 297]. This solvent extracts
the perovskite precursor solvent of the wet film enabling the state of supersaturation in the
remaining film. Thereby, nucleation and crystal growth are decoupled with the formation of
an intermediate phase. The method is implemented primarily in spin coating by dripping the
antisolvent onto a spinning substrate covered with the wet film in order to remove the antisolvent
together with the extracted precursor solvent molecules [40,286]. The antisolvent has been also
applied by spray coating (SPC) [298].

Antisolvent quantity, type, dripping point, and its application rate have to be taken in con-
sideration in order to control the quality of the perovskite morphology. In fact, solubility of
the organic precursors in the antisolvent and its miscibility with the host perovskite solution
solvents are the two key factors to control crystallization and therefore the resulting perovskite
morphology [296].
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(c) (d)

(a) (b)

Figure 2.10: Schematic illustration of typical perovskite conversion methods: (a) antisolvent-, (b) vacuum-,
(c) heat-, and (d) gas-assisted perovskite conversion. Adapted with permission from [40]. © Springer
Nature.

Antisolvent dripping combined with spin coating is easy to use and is a RT process but is
neither scalable nor can it be readily transferred to scalable printing techniques since as the size
of the substrate increases the centrifugal force increases, inducing that the antisolvent might
evaporate before reaching the edge of the large-area substrate or spread heterogeneously [299].
Thus, it is limited with respect to the film area for practical applications [286]. To tackle
this limitation, antisolvent immersion has been developed [300–304]. To avoid drying of the
printed wet film before immersing it into the antisolvent bath, either ultrafast transfer or a
wide processing window is important. Antisolvent immersion has been combined with blade
coating [303, 305, 306], while blade coating the antisolvent on top of the wet film has only
been presented in one single case [307]. Furthermore, antisolvent immersion has also been
implemented together with SDC [308, 309] and gravure printing the perovskite precursor wet
films [264].

Antisolvent immersion imposes no limit to substrate size and could be combined with scalable
R2R printing techniques [264] but the major technical concern imposed by the recirculation
of a large antisolvent bath for continuous high-throughput production hindered the author from
utilization of this conversion method in this thesis.

Vacuum-assisted conversion

Vacuum-assisted conversion (Figure 2.10b) is based on changes in pressure (𝑝) to remove the per-
ovskite precursor solvent out of the wet film and reach supersaturation initiating nucleation [286].
The vacuum degree and its duration are the two determinative parameters that should be taken
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into account [310]. From 2015 on, a vacuum-assisted thermal annealing process via spin coat-
ing [311, 312] and later via inkjet printing [313] was reported. Thenceforward, several more
studies on true vacuum quenching in early stages primarily for perovskite deposition by spin
coating followed [310, 314–317]. Furthermore, vacuum-assisted conversion is by now applied
in a one- or two-step process together with scalable printing techniques such as blade [318–328],
slot-die [329, 330] and spray coating [331], and inkjet printing [332–334].

Similar to antisolvent immersion, one advantage of the method is that precursor solution depo-
sition and crystallization can be effectively decoupled [286].

Vacuum-assisted conversion is feasible with flexible substrates [323, 335, 336] and is a RT
process but requires normally expensive equipment such as the vacuum chamber and pumps.
Furthermore, the possibility of a fast and abrupt quenching to reach the state of supersaturation in
the wet film via vacuum in a R2R system is hardly imaginable since different pressure conditions
in contiguous sectors of the vacuum chamber need to be accomplished. This is in the author’s
opinion difficult to realize. Consequently, the method is rather advanced and unfortunately
complicated to scale. For that reasons, the author decided to omit this perovskite conversion
method in this thesis.

Heat-assisted conversion

The heat-assisted conversion (Figure 2.10c), also called hot-casting [337, 338], is a straight-
forward method to promote solvent removal from a wet film and induce rapid supersaturation,
thus, simultaneously with solution deposition. It can be easily carried out by coating the pre-
cursor solution on a substrate preheated to temperatures of ∼80 to 150 °C. The strategy has
been applied to deposit perovskite thin films by various printing techniques such as spin coat-
ing [339] and scalable deposition methods like blade [274, 340–352] or meniscus [353–355],
slot-die [240, 356–361], spray [362–365], and dip coating [366], and inkjet printing [367].

Comprehensive in-situ investigations on the structural evolution and crystal growth mechanism
have been conducted [348, 349, 357]. It was found that the participation of intermediate phases
plays a key role in heat-assisted conversion. In case of a slow solvent removal at RT, indirect
crystallization occurs from the precursor solution to perovskite via intermediate phases resulting
in an inferior perovskite layer with a dendritic crystal morphology. In contrast, high substrate
temperatures ensure fast solvent removal resulting in direct crystallization by skipping the
formation of intermediate phases. As a result, dense perovskite films are obtained [286].

Controlling the crystallization dynamics during heat-assisted conversion at high deposition tem-
peratures approaching or exceeding the boiling point (BP) of the precursor solvent might be
challenging due the fact that solute migration and aggregation associated with solution convec-
tion is extremely sensitive to the coating temperature [286]. This is presented in Subsection
2.2.4 in more detail. Consequently, experienced operation are commonly required to reach re-
producible perovskite layers with dense and uniform morphology over large areas. Furthermore,
drying and nucleation or crystal growth take place simultaneously with solution deposition
which might represent a further challenge complicating the film morphology control [286].

The heat-assisted conversion method is easy to implement and to use and is highly scalable.
It normally requires no additional processing equipment. Nevertheless, the method is limited
to rigid substrates if high temperatures >140 °C are necessary which might be most likely not
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2 Fundamentals of perovskite solar cells and modules

compatible with flexible substrates. Due to the advantages of this conversion method, the author
studied the principle in detail in this thesis (see Chapter 4).

Gas-assisted conversion

Gas-assisted conversion (Figure 2.10d) relies on convection forces to quickly drive out the
precursor solution solvent from the wet film [338, 368]. In this process, the gas flow rate (𝑄)
and its temperature are two crucial parameters. In addition, the solvent composition has to
be considered as well [286]. Since early 2014, the gas-assisted conversion method has been
utilized via spin coating [369–372]. Similar to antisolvent-assisted conversion, the timing of
applying the gas should be carefully optimized depending on the material composition and
solvent systems [286]. Later, gas quenching was developed for depositing perovskite films in
a one- or two-step process by scalable printing techniques such as blade [272, 373–380], slot-
die [25,245,357,381–383], D-bar coating [384–387] and so-called air-blading [388]. Moreover,
first results on applying gas quenching to fabricate flexible PSCs and PSMs by blade coating
have been presented as well [375, 389, 390].

The decoupling of the precursor solution coating, the drying inducing the nucleation, and the
crystallization, respectively, is central for this conversion method which might ensure high
controllability and reproducibility [286].

Gas-assisted conversion requires merely inexpensive additional equipment, is fully scalable and
can be utilized at RT and for rigid as well as flexible substrates [391]. Consequently, from the
author’s point of view, gas-assisted conversion offers the highest potential of the four concepts
for upscaling PSCs (see Chapter 5 and 6).

The author notes that combinations of two perovskite conversion methods are possible such
as gas- together with heat-assisted conversion [392] or gas- together with vacuum-assisted
conversion [310, 393]. For more information on all perovskite conversion methods, the author
recommends reference [286].

Based on the discussions in the Subsection 2.2.3, the author identified heat- and gas-assisted
conversion as the most promising perovskite conversion methods for upscaling PSCs, hence,
these are utilized in this thesis.

2.2.4 Fluid dynamics in heated wet films

Since heat-assisted perovskite conversion is utilized in Chapter 4 of this thesis, a short intro-
duction to fluid dynamics in heated wet films is given in the following. The solute dissolved
in solution is redistributed during the drying process in the form of self-diffusion and solution
flows, which impacts on the final film uniformity [275]. In general, cellular motion in a fluid may
occur due to two distinct effects, the Rayleigh–Bénard and the Marangoni convection, which are
central for this thesis. Here, the author briefly introduces the two types of convection.

Rayleigh–Bénard convection

If the substrate is heated from below, which is the case for heat-assisted perovskite conversion,
the liquid density (𝜌) near the heated substrate decreases and an upward buoyancy force emerges.
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2.2 Upscaling of perovskite solution processing

This leads to the initiation of a circulating flow, if the buoyancy can overcome the damping liquid
viscous force. To evaluate the flow stability, the dimensionless Rayleigh number (𝑅𝑎), the ratio
of buoyancy force to viscous force, is utilized [347,394] as follows

𝑅𝑎 =
𝑔𝛽Δ𝑇𝑑wet

3

𝜗𝛼T
(2.10)

where 𝑔 is the gravitation acceleration, 𝛽 is the liquid thermal expansion coefficient, 𝜗 is the
kinematic viscosity, 𝛼T is the thermal diffusivity, 𝑑wet is the wet film thickness, and Δ𝑇 is the
temperature difference between the heated plate and the film surface [347,394].

In the Rayleigh–Bénard convection [395,396], the density generally changes in the direction of
𝑔, if the film experiences a temperature gradient in the same direction [394]. If 𝑅𝑎 is larger than
a critical value, so that the fluid becomes unstable, so-called Bénard convection cells such as
circulating rolls [396] may form.

Marangoni convection

In addition, such Bénard cells may form in an evaporating liquid film, independently of the
buoyancy-driven convection described above. In an evaporating film, the local surface tem-
perature and solution concentration may change giving rise to a so-called Marangoni convec-
tion which is the flow due to a gradient of surface tension induced by a temperature gradi-
ent [275, 276, 347, 351, 394, 397]. The dimensionless Marangoni number (𝑀𝑎), comparing the
surface tension forces to the viscous forces, is used to determine the possibility of occurrence
of Marangoni motion described as

𝑀𝑎 = − 𝜕𝜎

𝜕𝑇S

(
𝑑wetΔ𝑇

[𝛼T

)
(2.11)

where 𝜎 is the surface tension, 𝑇S is the local surface temperature, and [ is the dynamic viscosity
of the liquid solution. If the critical 𝑅𝑎 for a thin film of 1108 is exceeded, the Bénard cells are
driven by density gradients or Rayleigh–Bénard convection, whereas exceeding the critical 𝑀𝑎

of 80 indicates that the cells are formed by surface tension effects [398, 399].
The simultaneous and reinforcing action of both driving forces is possible.

However, for thin films encountered in layers of solar cells, 𝑅𝑎, calculated based on the physical
properties of perovskite precursor solutions [400] and typical 𝑑wet of microns, is <1 and thus
very small [347,351,394]. However, 𝑀𝑎 is much larger. Therefore, the large perovskite domains
or islands observed in this thesis (see Section 4.1) and in other studies [340,342,344,401] might
be due to the formation of Bénard cells induced by Marangoni motion [347] in contrast to
assumptions of some reports [342, 401].

Surfactant have an important role in overcoming the Landau–Levich problem [402] which
prevents the formation of a homogeneous film [253] described in Subsection 2.2.1. Figure 2.11
illustrates the process.
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2 Fundamentals of perovskite solar cells and modules

(a) (b)

Figure 2.11: Schematic illustration of fluid dynamics during drying of a heated perovskite precursor solution wet
film (a) without and (b) with a surfactant. Adapted with permission from [253]. © Springer Nature.
See also [274,275,357].

During drying, microscale fluid flows toward perovskite islands and the surface tension increases
owing to evaporation of the solvent. When using a surfactant [274, 403] in the perovskite
precursor solution (see Section 4.2), surface tension can be decreased and thereby the original
flow is counteracted by a Marangoni flow driven by a surfactant-induced surface tension gradient
diminishing the possibility of occurrence of Bénard cells and suppressing the island pattern [253,
274].

For further information on Marangoni convection the author recommends reference [404].

2.3 Perovskite solar modules

Besides small-scale PSCs, first prototype perovskite solar modules (PSMs) are demonstrated as
well in this thesis. This section shortly explains the fundamentals of PSMs. The section com-
prises two main topics, the serial interconnection design (Subsection 2.3.1) and the optimization
of the cell width of modules (Subsection 2.3.2).

2.3.1 Serial interconnection design

The PSMs fabricated in this thesis base upon the monolithic serial interconnection [299,405,406]
which is well-known from other thin film solar modules [407]. For the purpose of realizing a
serial interconnection of individual subcells, specific patterning lines are inserted in the solar
cell architecture already during deposition of the individual functional layers of the solar cell.
Figure 2.12 illustrates the concept of the monolithic serial interconnection.
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2.3 Perovskite solar modules

Figure 2.12: Schematic illustration of the monolithic serial interconnection of PSMs. Adapted with permission
from [253]. © Springer Nature.

By means of patterning 1 (P1) lines, the front electrode is separated into subcells. Afterward,
all functional layers are deposited except for the back electrode. Via patterning 2 (P2) lines to
remove all layers except for the front electrode, and the deposition of the back electrode, the
serial interconnection between the subcells is established. To prevent short-circuiting of the
subcells, finally patterning 3 (P3) lines are applied after depositing the back electrode. By this
means, the active area 𝐴act of a subcell in the module is defined in one direction by the sector
between the P3 and P1 line, whereas the area between P1 and P3 is not contributing to 𝐼ph
generation and specifies consequently the so-called dead area (𝐴d) [40, 55, 253].

With regard to thin film solar cells, the described concept is required because of the relatively
low conductivity of the TCOs which hinders an efficient charge carrier transport and therefore
make large-area subcells less reasonable [408]. For the fabrication of PSMs in this thesis, P1
and P2 lines were produced by laser ablation, whereas P3 lines were mechanically scribed. More
details are given in Subsection 3.1.6.

2.3.2 Optimization of cell width

By optimizing the cell and patterning width, the geometric fill factor (GFF) of a subcell and
thereby of a module can be increased. The GFF is defined by the ratio of the active area 𝐴act
and the total aperture area 𝐴ap of a subcell and a module [253], respectively, expressed as

GFF =
𝐴act
𝐴ap

=
𝐴act

𝐴act + 𝐴d
(2.12)
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2 Fundamentals of perovskite solar cells and modules

where 𝐴ap is defined as the sum of 𝐴act and the dead area 𝐴d.

However, this concept apparently works only if one can assume, disregarding the front and back
electrode, a negligible lateral conductivity of the functional layers which is, however, the case
for PSCs.
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3 Experimental methods for preparation and
characterization

This chapter describes the experimental methods for preparation and characterization utilized
in this thesis.

The first Section 3.1 of this chapter describes the preparation methods which are utilized to
fabricate the PSCs and PSMs including each layer. It is divided into several subsections that
cover the general solar cell layout (Subsection 3.1.1), the preparation of the substrates (Subsection
3.1.2), the deposition of the charge selective layers (Subsection 3.1.3) and the deposition of the
perovskite absorber (Subsection 3.1.4) and the opaque contact (Subsection 3.1.5). Furthermore,
the preparation of the monolithic interconnection of the PSMs is described (Subsection 3.1.6).

The second Section 3.2 introduces the analytical methods that are utilized for the evalua-
tion of the electrical performance of the solar cells (Subsection 3.2.1) and for the optical and
crystallographic (Subsection 3.2.2), the morphological (Subsection 3.2.3) and the surface char-
acterization (Subsection 3.2.4) of thin films.

3.1 Preparation of perovskite solar cells and modules

This section covers the preparation methods to fabricate efficient PSCs and PSMs via scalable
solution processing by blade coating (BC) or slot-die coating (SDC), spin coating (SC) and
physical vapor deposition (PVD). Moreover, laser and mechanical patterning of the PSMs are
described.

All chemicals were used as received without further purification.

3.1.1 General solar cell layout

Figure 3.1 illustrates the preparation sequence and deposition methods for the PSCs.
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Figure 3.1: Preparation sequence and deposition methods for fabrication of PSCs (physical vapor deposition (PVD),
spin coating (SC), blade coating (BC), slot-die coating (SDC)) in (a) cross-sectional and (b) top-view
configuration.

3.1.2 Preparation of substrates

Cells

For the case of heat-assisted and its combination with gas-assisted perovskite conversion (Fig-
ure 5.4), substrates with dimensions of 3 × 3 cm2 were utilized.

Typically, soda lime float glass substrates coated with ITO1 as TCO with dimensions of
3 × 6 cm2 (Figure 3.2) were patterned by pulsed laser (wavelength (_)=1064 nm) ablation to
define the cell area in one direction. The substrates were cleaned by blowing with nitrogen (N2).
The substrates were treated with argon (Ar) plasma for 120 s at 30 W (0.38 mbar)2 for the case
of MAPI perovskite and at 100 W for the case of multi-cation perovskite.

1 150 nm, sheet resistance (𝑅sq) <15Ω□, VisionTek Systems
2 Pico Plasma Cleaner, Diener electronic
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Figure 3.2: Schematic top-view illustration of substrate dimensions typically used in this thesis. A dummy glass
is placed behind the substrate in BC direction (dark green). Usually, the two further down located
15 × 15 mm2 substrates (yellow) are selected and utilized for measuring the corresponding PSCs due
to the fact of an undesirable solution deposition and backflow region (red) at the beginning and end
of the substrate, respectively. Two PSCs (light green) are located on each 15 × 15 mm2 substrate (see
Figure 3.1b).

For the case of slot-die coating perovskite substrates with dimensions of 3 × 9 cm2 were utilized.

Modules

Soda lime float glass substrates coated with ITO3 (3 × 6, 5 × 8 and 9 × 9 cm2) were P1 pat-
terned (see Subsection 3.1.6) and subsequently etched with hydrochloric acid (HCl). Thereby,
19 mm, 29 mm and 62 mm long cells of the modules with 3 × 3, 5 × 5 and 9 × 9 cm2 substrates,
respectively, were accomplished. After etching, the substrates were sequentially cleaned in an
ultrasonic (US) bath of acetone, isopropanol (IPA), H2O4 and IPA for 10 min each.

3.1.3 Deposition of charge carrier selective layers

Hole transport layers (HTLs)

The conductive polymer (PEDOT:PSS) layer was deposited either via spin or via blade coating.
For spin coating in a spin coater5 in a flowbox in a cleanroom under ambient conditions6 by
static droplet deposition on the ITO substrates via a three-step recipe comprising 500 rpm for
3 s, 4000 rpm for 55 s, and 1000 rpm for 3 s, a solution of PEDOT:PSS7 was utilized. A volume
of 400 to 500 µL was applied for each substrate.
For blade coating on the ITO substrates a solution of PEDOT:PSS8 was utilized. The sub-
strate and blade coater plate temperatures were 70 °C (3 × 3 cm2: 60 to 70 °C). A solution
volume of 10 µL (3 × 3 cm2: 15 to 60 µL) was utilized. The blade coating velocity (𝑣BC) was
5 mm s−1 (3 × 3 cm2: 5 to 15 mm s−1), and the gap height was adjusted to 80 µm (3 × 3 cm2: 80

3 150 nm, 𝑅sq <15Ω□, VisionTek Systems
4 deionized
5 WS-650-23B, Laurell
6 19 °C to 22 °C, 30 % to 50 % relative humidity (RH)
7 CLEVIOS P VP.Al 4083, Heraeus
8 CLEVIOS P VP.Al 4083, Heraeus (3 × 3 cm2: 4083 or 1:1 (vol:vol) 4083:H2O or 1:3 (vol:vol) 4083:IPA)
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3 Experimental methods for preparation and characterization

to 400 µm). Subsequently, the PEDOT:PSS layer was annealed at 120 °C (3 × 3 cm2: 120 to
140 °C) for 10 min (3 × 3 cm2: 5 to 10 min).

Poly(triaryl amine) (PTAA) was deposited on the ITO substrates by blade coating a solution of
PTAA9 in dichlorobenzene (DCB)10 with a concentration of normally 5 mg mL−1. The substrate
and blade coater plate temperatures were 50 °C. A solution volume of 15 µL (17 µL: SDC) was
utilized. The blade coating velocity 𝑣BC was 15 mm s−1, and the gap height was adjusted to
80 µm. Subsequently, the PTAA layer was annealed at 100 °C for 10 min.

Subsequently to the PTAA layer, a NP wetting agent was deposited on top [409] by blade coating
10 µL (12 µL: SDC) of a normally 0.9 wt% dispersion of silicon oxide nanoparticles (SiO2 NPs)
in ethanol at a 𝑣BC of 5 mm s−1, 80 µm gap, and at RT. The SiO2 NPs were dried at 100 °C for
10 min.

The SiO2 NPs were synthesized following Bogush et al. [410] using fixed amounts of 2.717 mL
of ethanol11, 101 µL of ammonia12, 114 µL of tetraethyl orthosilicate (TEOS)13, and 27 µL of
H2O14 [411]. After stirring at 30 °C for 3 h, the weight concentration of the stock dispersion
was 1.2 wt% in ethanol with an approximate NP diameter of 20 nm to 30 nm. For a desired
concentration, the NP stock dispersion was freshly diluted with ethanol. The stock solution was
renewed regularly due to possible agglomeration of NPs forming clusters during storage, which
might impair the wetting properties. For more details see Subsection 5.2.1.

For blade coating PEDOT:PSS, PTAA and the SiO2 NPs, a commercial height adjustable blade15

on a blade coater16 was utilized in a flowbox in a cleanroom under ambient conditions17 (inside
a N2-filled glovebox: SDC study, Section 6.3).

After the deposition of the NPs, the substrates were transferred into a N2-filled glovebox (already
in glovebox: SDC study, Section 6.3).

Electron transport layers (ETLs)

After depositing the perovskite layer, the 3 × 6 cm2 (3 × 9 cm2: SDC) substrates were transferred
out of the glovebox and were cut in pieces of 15 × 15 mm2.

Spin coating the ETLs consisting of C61 fullerene derivate (PCBM) and bathocuproine (BCP)
was performed in a spin coater18 inside a N2-filled glovebox.

A 40 mg mL−1 concentrated PCBM19 solution in DCB20 was spin coated by static droplet deposi-
tion with a two-step recipe compromising 1000 rpm for 35 s (30 s: MC) and 4000 rpm (2000 rpm:
MC) for 5 s. The solution was kept stirring at 60 °C during processing and was applied hot. A

9 17 800 g mol−1, EM Index
10 anhydrous, 99 %, Sigma-Aldrich
11 99.5 %, Sigma-Aldrich or anhydrous, VWR
12 99.9 %, Roth
13 98 %, Sigma-Aldrich
14 deionized
15 ZUA 2000 Universal Film Applicator, Zehntner Testing Instruments
16 ZAA 2300 Automatic Film Applicator, Zehntner Testing Instruments
17 19 °C to 22 °C, 30 % to 50 % relative humidity (RH)
18 WS-650-23B, Laurell: MAPI; MB-SC-200, MBraun: Multi-cation
19 99 %, Solenne BV; >99 %, Sigma-Aldrich or >99 %, Ossila: SDC study (Section 6.3)
20 anhydrous, 99 %, Sigma-Aldrich
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3.1 Preparation of perovskite solar cells and modules

volume of 30 µL (50 µL: SDC study, Section 6.3) was utilized for each substrate.
For the SDC study (Section 6.3), the solution was filtered before use.

Afterward, 40 µL of a 1 mg mL−1 concentrated BCP21 solution in ethanol22 was spin coated by
static droplet deposition (dynamically: MC) on top of PCBM at 3000 rpm for 34 s.

3.1.4 Deposition of perovskite absorber

Two different perovskite absorber were utilized in this thesis, namely the MAPbI3 (MAPI) and the
multi-cation (MC) perovskite absorber. Both, heat- and gas-assisted perovskite conversion were
performed in the case of the MAPI absorber, whereas for the MC absorber only a gas-assisted
recipe was applied.

MAPbI3 (MAPI) perovskite

For blade coating via heat-assisted conversion, a normally 46 wt% perovskite precursor solution
with lead acetate trihydrate (PbAc2 trihydrate)23 mixed with methylammonium iodide (MAI)24

in a molar ratio of 1:3 was utilized. The precursor mixture was dissolved in dimethylformamide
(DMF)25. The solution was stirred at 60 °C to 80 °C for 15 min to 240 min. Normally, the
solution was not filtered.

Blade coating was conducted via a blade coater26 and a commercial height adjustable blade27

inside a N2-filled glovebox. The substrate and blade coater plate temperature were varied
between 25 °C and 145 °C (processing temperature). The gap height was fixed at 60 µm, 𝑣BC
between 10 mm s−1 and 50 mm s−1, and a volume of 20 µL of the precursor solution (RT or
60 °C) was applied. Afterward, the substrates were transferred to a hot plate and were annealed
at 90 °C to 100 °C for 10 min inside the glovebox [412].

For more details see Section 4.1.

For utilization of the amphiphilic surfactant L– α-phosphatidylcholine (LP), LP28 of a con-
centration of 0.2 mg mL−1 to 0.8 mg mL−1 was added in the preliminary prepared perovskite
precursor solution. LP can also be dissolved in DMF at first by stirring the solution at RT for
50 min [412].

For more details see Section 4.2.

In the case of gas stream-assisted blade coating, a normally 44 wt% perovskite precursor solution
with lead acetate (PbAc2)29 mixed with methylammonium iodide (MAI)30 in a molar ratio of
1:3 was utilized. Usually, 5 % molar ratio of the lead (Pb) source in the precursor materials was

21 99.99 %, sublimed grade, Sigma-Aldrich
22 anhydrous, VWR
23 99.999 % trace metals basis, Sigma-Aldrich
24 >99.99 %, Dyesol
25 anhydrous, 99.8 %, Sigma-Aldrich
26 TFC200 Thin Film Coater, Automatic Research
27 ZUA 2000 Universal Film Applicator, Zehntner Testing Instruments
28 egg yolk, ≥99 %, Sigma-Aldrich
29 dry, >98.0 %, TCI
30 >99.99 %, Dyesol or >99 %, Greatcell Solar Materials
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3 Experimental methods for preparation and characterization

replaced by lead chloride (PbCl2)31 to avoid void formation in the resulting perovskite layer (see
Subsection 5.2.2). The precursor mixture was dissolved in dimethylformamide (DMF)32. After
stirring the solution at 60 °C for 90 min, the solution was cooled to RT and was utilized after
∼3 h.

Blade coating was conducted via a blade coater33 and a commercial height adjustable blade34

inside a N2-filled glovebox. The substrate and blade coater plate temperature were kept at
40 ± 5 °C. The gap height was fixed at 100 µm, 𝑣BC between 10 mm s−1 and 20 mm s−1, and
the volume between 15 µL and 20 µL of the precursor solution (RT) was applied. After the
deposition and a delay time of 20 s, the wet film was dried on the blade coater plate by a laminar
N2 gas stream changing its color to brown in less than 1 min. The gas stream (𝑝=4.5 bar,
𝑄=20 L min−1) was generated by a slot-die35 with a width of 88 mm and a slit width of 150 µm.
The distance from the outlet of the slot-die to the blade coater plate was 1.2 cm and ∼4 cm to
5 cm to the substrate. The resulting N2 gas flow velocity (𝑣) over the substrate was 3 m s−1 to
4 m s−1 measured by a flow meter. Afterward, the substrates were transferred to a hot plate and
were annealed at 100 °C for 10 min inside the glovebox [409].

For more details see Subsection 5.1.1.

Multi-cation (MC) perovskite

A multi-cation (double-cation) FA0.83Cs0.17Pb(I0.87Br0.13)3 perovskite was utilized in a concen-
tration of 0.93 mol L−1. The precursor materials lead iodide (PbI2)36, cesium iodide (CsI)37,
lead bromide (PbBr2)38 and formamidinium iodide (FAI)39 were dissolved in a DMF40 and
dimethyl sulfoxide (DMSO)41 mixture of 4:1 (vol:vol) ratio or solely in DMSO. After stirring
at 70 °C for 15 min, the solutions were cooled down to RT, filtered and utilized after ∼2 to 3 h.

The multi-cation perovskite recipe is based on the gas-assisted perovskite conversion. Depositing
the perovskite layer was performed via a blade coater42 and a commercial height adjustable
blade43 inside a N2-filled glovebox equipped with a pressure relief valve. The substrates are
taped on the blade coater plate at the shorter edges during gas stream-assisted drying. The
substrate and plate temperatures were kept at 40 ± 5 °C. The gap height was fixed at 100 µm
and 𝑣BC values were fixed at 18 mm s−1 and 7.5 mm s−1 for the DMF:DMSO and DMSO recipe,
respectively. A volume of 15 µL of each precursor solution (RT) was applied. After a delay time
until the first color change and of ∼35 s for the DMF:DMSO and DMSO recipe, respectively,
the wet film was dried by a laminar N2 gas stream changing its color to brown. During the
delay time, the blade was removed from the blade coater plate and a gas knife was installed.

31 98 %, Sigma-Aldrich
32 anhydrous, 99.8 %, Sigma-Aldrich
33 TFC200 Thin Film Coater, Automatic Research
34 ZUA 2000 Universal Film Applicator, Zehntner Testing Instruments
35 SC 80, Automatic Research
36 >99.99 %, TCI
37 >99.9995 %, Sigma-Aldrich
38 for perovskite precursor, TCI
39 anhydrous, >99 %, Sigma-Aldrich
40 anhydrous, 99.8 %, Sigma-Aldrich
41 anhydrous, ≥99.9 %, Sigma-Aldrich
42 TFC200 Thin Film Coater, Automatic Research
43 ZUA 2000 Universal Film Applicator, Zehntner Testing Instruments
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3.1 Preparation of perovskite solar cells and modules

The gas stream (𝑝=2.0 bar, 𝑄=100 L min−1, single inlet) was generated by a stainless steel air
knife44 with a width of 152 mm and a slit width of 50 µm mounted to a sled moving over the
substrate at gas knife velocity (𝑣GK) values of 9 mm s−1 and 3.5 mm s−1 for the DMF:DMSO and
DMSO recipe, respectively. The stream direction was 45° to the substrate surface in the blade
coating direction and contrary to it for the DMF:DMSO and DMSO recipe, respectively. The
distance from the gas knife outlet to the blade coater plate was ∼4 mm. The resulting N2 gas
flow velocity 𝑣 was 30 m s−1 to 35 m s−1 measured by a flow meter. Subsequently, the substrates
were transferred to a hot plate and were annealed at 100 °C or 150 °C for 10 min inside the
glovebox [413].

For more details see Subsection 6.1.1.

For slot-die coating the multi-cation (double-cation) FA0.83Cs0.17Pb(I0.87Br0.13)3 perovskite with
gas-assisted conversion, a precursor solution with a concentration of 0.93 mol L−1 was utilized.
The four precursor materials PbI2

45, CsI46, PbBr2
47, FAI48 were dissolved in a mixture of DMF49

and DMSO50 in 4:1 (vol:vol) ratio. After stirring at 70 °C for 15 min, the solution was cooled
down to RT and filtered.

Depositing the perovskite wet film was performed via a slot-die head51 mounted to a sled on a
blade coater52 inside a N2-filled glovebox equipped with a pressure relief valve. The slot-die
included only one shim without a meniscus guide, with a thickness of 100 µm and a coating
width of 3 cm. The substrates are taped on the blade coater plate at the shorter edges during gas
stream-assisted drying.
For the SDC reference process, the following process parameters are utilized: The substrate
and plate temperatures were kept at 40 ± 5 °C. The gap height was fixed at 101.6 µm and 𝑣SD
at 20 mm s−1. The precursor solution (RT) was applied with a 𝑄𝑖𝑛𝑘 of 0.20 mL min−1. After
a delay time of ∼35 s, the wet film was dried by a laminar N2 gas stream changing its color to
brown. During the delay time, the sled with the slot-die was removed from the blade coater
plate and a gas knife was installed. The gas stream (𝑝=2.0 bar, 𝑄=100 L min−1, single inlet)
was generated by a stainless steel air knife53 with a width of 152 mm and a slit width of 50 µm
mounted to a sled moving over the substrate at 𝑣GK of 5 mm s−1. The stream direction was 45° to
the substrate surface in the slot-die coating direction. The distance from the gas knife outlet to
the blade coater plate was ∼4 mm. The resulting N2 gas flow velocity 𝑣 was 30 m s−1 to 35 m s−1

measured by a flow meter. Subsequently, the substrates were transferred to a hot plate and were
normally annealed at 130 °C for 30 min inside the glovebox [414].

For additive engineering with formamidinium chloride (FACl) (Section 6.3), firstly the precursor
solution concentration was changed to 1.10 mol L−1 in a DMF:DMSO mixture in 4:1 (vol:vol)
ratio. Secondly, FACl54 was dissolved in a DMF:DMSO mixture in 4:1 (vol:vol) ratio and in
a concentration of 50 mg mL−1. Each solution was stirred at 70 °C for 15 min. Thirdly, the

44 Exair Super Air Knife, Eputec Drucklufttechnik
45 >99.99 %, TCI
46 99.999 % trace metals basis, Sigma-Aldrich
47 for perovskite precursor, TCI
48 anhydrous, >98 %, Sigma-Aldrich (product from Greatcell Solar)
49 anhydrous, 99.8 %, Sigma-Aldrich
50 anhydrous, ≥99.9 %, Sigma-Aldrich
51 SC 80, Automatic Research
52 ZAA 2300 Automatic Film Applicator, Zehntner Testing Instruments
53 Exair Super Air Knife, Eputec Drucklufttechnik
54 >97 %, Sigma-Aldrich
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3 Experimental methods for preparation and characterization

FACl solution was added to the perovskite precursor solution resulting in a final concentration
of 0.93 mol L−1 and in different FACl concentrations (3, 5 and 8 mol %) in the final solution.
Furthermore, the solution was filtered before use.
For blade coating FACl containing precursor solutions (see Figure 6.13), a blade coater55 was
utilized (inside a N2-filled glovebox). The values of delay time, 𝑣BC and 𝑣GK were fixed
at ∼35 s, 15 mm s−1 and 5 mm s−1, respectively. The substrates were annealed at 100 °C for
30 min [415]. All other parameters for blade coating multi-cation perovskite DMF:DMSO
mixtures are described above.

In the case of the additional defect passivation layer (Section 6.3), the stream direction after
slot-die coating was 90° to the substrate surface.
Spin coating phenethylammonium iodide (PEAI) was performed in a spin coater56 inside a
N2-filled glovebox. A 1 mg mL−1 concentrated PEAI57 in IPA58 was spin coated dynamically
on top of the double-cation perovskite at 5000 rpm for 35 s. A volume of 50 µL was utilized for
each substrate [414].

For more details see Section 6.3 and reference [414].

3.1.5 Deposition of opaque contact

To finalize the PSCs, a ∼120 nm thick Ag electrode was thermally evaporated by PVD under
high vacuum conditions (<10 × 10−6 mbar) through a metal aperture mask defining a device
𝐴act of 0.24 cm2 of two cells on each 15 × 15 mm2 sample.

In the case of the PSMs, a ∼120 nm thick Ag electrode was deposited by PVD exclusive of
the cleaned exposed ITO areas, thereby filling the P2 trenches and thus connecting the module
subcells (see Subsection 3.1.6).

3.1.6 Monolithic interconnection of solar modules

To fabricate PSMs with monolithic interconnected cells three patterning steps, namely P1, P2
and P3, were performed.

Patterning 1 (P1)

The ITO substrates were laser (_=1064 nm) patterned with parallel P1 lines with 5 mm spacing.
The P1 line is ∼140 µm wide.

Patterning 2 (P2)

After the deposition of all solution-processed layers, P2 lines were laser (_=1064 nm) patterned
to expose the ITO layer next to the P1 line in a distance of ∼100 µm. The P2 line is ∼50 µm
wide. Afterwards, Ag was evaporated (see Subsection 3.1.5).
55 ZAA 2300 Automatic Film Applicator, Zehntner Testing Instruments
56 MB-SC-200, MBraun
57 98 %, Sigma-Aldrich
58 anhydrous, 99.5 %, Sigma-Aldrich
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3.2 Characterization methods

Patterning 3 (P3)

After the Ag evaporation, the monolithic interconnection was finalized by the P3 line which was
mechanically scribed in a distance of ∼100 µm next to the P2 line removing all layers except the
ITO layer. The P3 line is ∼60 µm wide.

The lateral extension of the dead area width from the P1 to P3 line is ∼425 µm resulting in a
module geometric fill factor (GFF) of approximately 92 %. 𝐴ap of the modules with 3 × 3 cm2,
5 × 5 cm2 and 9 × 9 cm2 substrate size is 3.80 cm2, 11.60 cm2 and 49.60 cm2, respectively.
Figure 3.3 illustrates the module dimensions on a 5 × 5 cm2 substrate.

29
 m

m

4.58 mm 0.42 mm

Figure 3.3: Schematic top-view illustration of module dimensions on a 5 × 5 cm2 substrate.

3.2 Characterization methods

This study comprises a variety of analytical methods for characterization of the electrical, optical
and crystallographic, morphological and surface properties of thin films and complete PSCs and
PSMs. The corresponding experimental setups and measurement parameters are described in
the following subsections.

3.2.1 Electrical characterization

For the characterization of the photovoltaic device performance and the spectral response of the
solar cells and modules, 𝐼𝑉 measurements and EQE analysis, respectively, were conducted.

Current density–voltage dependency

Current density–voltage dependency (𝐽𝑉) measurements to determine the performance of pho-
tovoltaic devices including modules (Subsection 2.1.2) were performed with a source meter59 at
a scan speed of 0.28 V s−1 in ambient air under illumination of standard test conditions by a class
AAA solar simulator60, which was calibrated by means of a Si cell to 1000 W m−2 (AM1.5G). In
the case of single cells, devices were measured from −0.2 V to 1.5 V (fwd) and vice versa (rvs).
The devices were annealed at 90 °C for 10 s to 20 s (30 s to 60 s: MC) and cooled to RT right
59 2400, Keithley
60 WXS-90S-L2 Super Solar Simulator, Wacom
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3 Experimental methods for preparation and characterization

before measuring. No light soaking or biasing was applied to the devices before recording the
𝐼𝑉 characteristics. The PSCs were kept at 25.0 °C during the measurements.

For the SDC study (Section 6.3), 𝐼𝑉 characteristics were recorded by an automated measurement
system with four source measure units61 including an in-house LabView program implemented
by Moritz Schultes where eight cells can be analyzed simultaneously. The devices were annealed
at 90 °C for 30 s to 60 s and cooled to RT right before measuring.

External quantum efficiency (EQE)

External quantum efficiency (EQE) data was determined with an EQE system62 without voltage-
and with or without light-bias (corresponding to ∼0.25 sun) in the spectral range from 300 nm
to ∼900 nm. The setup was calibrated with a standardized Si photodiode (300 nm to 1100 nm)
prior to the measurements. The measurement spot size was 0.05 cm2.

The EQE is the ratio of the photogenerated electrons in a solar cell at short circuit condition to
the number of incident photons at a specific wavelength.
Therefore, the integration of EQE is utilized to calculate the short circuit current density (𝐽SC),
as follows

𝐽SC = 𝑞

∞∫
0

EQE(_)ΦAM1.5G(_) 𝑑_ (3.1)

where 𝑞 is the electron charge, ΦAM1.5G is the wavelength-dependent photon flux of the solar
spectrum (AM1.5G) per unit area at wavelength _.

𝐸g was estimated from EQE spectra to be ∼1.59 eV in the case of gas stream-assisted blade
coated MAPI (5 % PbCl2) and ∼1.62 eV in the case of multi-cation perovskite.

3.2.2 Optical and crystallographic characterization

This subsection covers the experimental techniques for optical and crystallographic charac-
terization of thin films, such as UV/Vis spectroscopy to determine transmittance and XRD,
respectively.

UV/Vis spectroscopy

Ultraviolet to visible (UV/Vis) spectroscopy data including transmittance (𝑇) spectra were
measured with a spectrophotometer63. The incidence of light was normally from the glass side.

The absorptance (𝐴) spectra were calculated by using determined signals as follows

𝐴 = 1 − 𝑇 − 𝑅 (3.2)

61 X200, Ossila
62 PVE300, Bentham
63 Lambda 900, PerkinElmer
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3.2 Characterization methods

where 𝑇 and 𝑅 are the measured transmittance and reflectance signals, respectively. Signals
were measured without integrating sphere, thus scattering was neglected. The incidence of light
was from the sample side.

X-ray diffraction (XRD) and Grazing incidence x-ray diffraction (GIXRD)

X-ray diffraction (XRD) data (2\ scan, typically 5° to 70°) was collected via a diffractometer64

in Bragg-Brentano geometry with a Cu K-α radiation source (_=1.5406 Å). The acceleration
voltage and current were set to 40 V and 40 µA, respectively.
Grazing incidence x-ray diffraction (GIXRD) data (2° to 31°) was collected at an angle of
incidence (𝜔) of 0.15° with the same voltage and current parameters. Measurements were
carried out by Julia Zillner.

3.2.3 Morphological characterization

This subsection covers the experimental techniques for the characterization of thin film morphol-
ogy. Herein the most important analysis techniques are scanning electron microscopy (SEM)
and confocal laser scanning microscopy (CLSM).

Scanning electron microscopy (SEM)

A scanning electron microscope65 was used at normally 5 kV to obtain top-view and cross-section
scanning electron microscopy (SEM) images utilizing an in-lens detector. Measurements were
carried out by Tina Wahl, Daniela Müller and Jonas Hanisch.

Confocal laser scanning microscopy (CLSM)

Confocal laser scanning microscopy (CLSM) images were taken with a color 3D confocal laser
scanning microscope66. The software for image and root-mean-square (RMS) roughness (𝑅q)
data processing of the surface of thin films and their thicknesses was VK Analyzer from Keyence.
𝑅q indicates the root mean square of the height of each point in the range of image and is described
as

𝑅q =

√√√
1
𝑁

𝑁∑︁
𝑛=1

𝑍𝑛
2 (3.3)

where 𝑍𝑛 is the height of each point on the height of the reference surface and 𝑛 is the number
of pixels in the range of image. The entire image file was set as specified measurement range.

The thickness of perovskite thin films was determined via step height line scan measurements.

64 Empyrean, Panalytical
65 XL30 Sirion FEG, FEI or Gemini 2 Crossbeam 550, Zeiss
66 VK-9710, Keyence
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3 Experimental methods for preparation and characterization

3.2.4 Surface characterization

To characterize the thin film surface amongst others TOF-SIMS and XPS measurements were
carried out.

Time-of-flight secondary ion mass spectroscopy (TOF-SIMS)

The time-of-flight secondary ion mass spectroscopy (TOF-SIMS) depth profiles were measured
with a TOF-SIMS setup67. Pulsed primary ions from a 30 keV Bi+ liquid-metal ion gun were
used as an analytical source, and a 1 keV Cs+ source was utilized as a sputtering ion source.
TOF-SIMS depth analysis was performed on a 50 × 50 µm2 area in the so-called spectrometry
mode inside a 200 × 200 µm2 sputtering crater.

For the 2D surface images, the Bi+ liquid-metal ion gun was used in the so-called fast imaging
mode on a 20 × 20 µm2 area.

3D tomography was performed on a 20 × 20 µm2 analysis area in the so-called delayed extraction
mode but additionally with the Cs+ sputter source (1 keV, 200 × 200 µm2). The depth of the 3D
cube is approximately 360 nm. Measurements were carried out by Jonas Hanisch.

X-ray photoelectron spectroscopy (XPS)

The samples were fixed by two Cu clamps on a rotatable sample holder and were brought into a
vacuum chamber68. A magnesium (Mg) source69 generates x-ray with an energy of 1253.6 eV.
A detector70 selects the emitted electrons. Single spectra were recorded in Fixed Analyzer
Transmission mode. All measured curves were fitted by the program Unifit to determine exact
binding of each single component. Measurements were carried out by Wolfram Hempel.

Crystal grain size measurements

The evaluation of the SEM images and measurement of the crystal grain size distribution
were performed via the program ImageJ [416]. The area of each crystal grain was manually
marked (see Figure C.2) and was determined by means of the program. The crystal grain
diameter was estimated by assuming circular grains as follows

𝑑grain =

√︂
4𝐴grain

𝜋
(3.4)

where 𝐴grain is the crystal grain area.

67 TOF-SIMS 5, IONTOF
68 LHS-10, Leybold Heraeus
69 PS XR-20, SPECS
70 PHOIBOS100 MCD5, SPECS
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4 Understanding the heat-assisted perovskite
conversion for MAPI based solar cells processed by
blade coating

The first main chapter of this study describes the development and understanding of the heat-
assisted perovskite conversion for blade coated MAPI based perovskite solar cells (PSCs). The
chapter is divided into two result sections, which discuss principle investigations on heat-assisted
perovskite conversion without and with the utilization of a surfactant in the precursor solution,
respectively. The chapter is finalized with a short conclusion.

The first Section 4.1 discusses the principle investigations on heat-assisted perovskite conversion.
Thereby, it focuses on the conversion without the use of a surfactant. A morphological study
on perovskite films via altering the perovskite processing temperature is presented (Subsection
4.1.1). Subsequently, the effects of perovskite processing temperatures on PCE of PSCs are
shortly discussed (Subsection 4.1.2).

Secondly in Section 4.2, heat-assisted perovskite conversion with the use of a surfactant in the
perovskite precursor solution is evaluated. The first subsection describes the improvement of
the perovskite morphology by surfactant utilization (Subsection 4.2.1). The second subsection
includes the description of detrimental consequences of the surfactant (Subsection 4.2.2).

The subsequent Section 4.3 concludes Chapter 4 on understanding the heat-assisted perovskite
conversion for blade coated MAPI based perovskite solar cells. It summarizes main disadvan-
tages of the heat-assisted perovskite conversion with or without the use of a surfactant and gives
reasons for changing the conversion method in the two subsequent main Chapters 5 and 6 of this
thesis.

4.1 Principle investigations on heat-assisted perovskite conversion

The following section includes the principle investigations on heat-assisted perovskite conversion
from a PbAc2 based precursor solution in inert N2 atmosphere. The aim of the section is to
study the influence of processing temperature on the perovskite morphology (Subsection 4.1.1)
and its consequent effect on the PCE of PSCs (Subsection 4.1.2). Thereby, no surfactant was
utilized in the precursor solution, which is in contrast to Section 4.2, where a surfactant is used.

4.1.1 Morphological study of perovskite processing temperature

At first, the author investigated heat-assisted perovskite conversion, since it represents the
most easily realizable conversion method and might be scalable as discussed in Subsection
2.2.3. Furthermore, blade coating (BC) (Subsection 2.2.1) was utilized as scalable deposition
technique.
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4 Understanding the heat-assisted perovskite conversion for MAPI based solar cells processed by blade coating

SEM top-view images of annealed MAPI perovskite layers blade coated on top of PEDOT:PSS at
different substrate and blade coater plate temperatures during wet film deposition, respectively,
which are referred to as the processing temperature hereinafter, are presented in Figure 4.1.

(d) (e)

(a) (b) (c)

(f)

25 °C 60 °C

20 µm

80 °C

100 °C 120 °C 135 °C

20 µm 20 µm

20 µm 20 µm 20 µm

Figure 4.1: SEM top-view images of annealed perovskite layer blade coated on top of PEDOT:PSS at different
processing temperature: (a) 25 °C, (b) 60 °C, (c) 80 °C, (d) 100 °C, (e) 120 °C, (f) 135 °C.

Figure 4.1a-c reveal inhomogeneous perovskite layers with distance between the perovskite grain
clusters especially for the case of 25 °C (Figure 4.1a). This fact is coherent with nucleation and
crystal growth kinetics introduced in Subsection 2.2.2: After blade coating at 25 °C, the deposited
film is still wet when starting the annealing step at 90 °C. Therefore, the degree of supersaturation
𝜎S is too low in this case to reach a high density of nucleation sites. A diffusion controlled growth
is predominant which leads to inhomogeneous films. With increasing processing temperature
the density of nucleation sites can be increased (Figure 4.1a-c). At a processing temperature
of ≥80 °C (Figure 4.1c-f), the wet film already fully nucleates on the blade coater plate. This
fact might be caused by the BP of 153 °C of pure DMF (see Section 6.2) used here drastically
increasing 𝜎S when the processing temperature is ≥80 °C.
However, the images in Figure 4.1d-f clearly indicate different perovskite morphology with
varying sizes of Bénard convection cells. These convection cells are based on the Rayleigh–
Bénard convection introduced in Subsection 2.2.4. The convection cell size increases with higher
processing temperatures [412]. Literature reports similar investigations [344,347,397,401].

Since the convection cells are large enough, they are not only observed in SEM images but can
be also investigated in simple CLSM measurements as illustrated in Figure 4.2 for annealed
perovskite layer blade coated on top of PEDOT:PSS at processing temperatures of 100 °C,
120 °C and 135 °C.
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(a) (b) (c)
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Figure 4.2: CLSM top-view images of annealed perovskite layer blade coated on top of PEDOT:PSS at different
processing temperature: (a) 100 °C, (b) 120 °C, (c) 135 °C.

Here, roughness differences are exhibited more clearly than in SEM images (Figure 4.1).
Thereby, nucleation sites in the center of the perovskite crystal grain clusters and trenches
between adjacent clusters, in the following referred to as islands, are visible. Furthermore, the
size of convection cells and perovskite islands, respectively, increases with processing tempera-
ture as already illustrated in Figure 4.1.

To investigate the root-mean-square (RMS) roughness (𝑅q) of the resulting perovskite layer, the
author conducted CLSM top-view height images on the samples in Figure 4.2 and measured 𝑅q
as shown in Figure 4.3.
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Figure 4.3: CLSM top-view height images and 𝑅q analysis of annealed perovskite layer blade coated on top of
PEDOT:PSS at different processing temperature: (a) 100 °C, (b) 120 °C, (c) 135 °C.

The 𝑅q analysis reveals a decrease in 𝑅q from 286 nm to 145 nm and 117 nm with increasing the
processing temperature from 100 °C to 120 °C and 135 °C, respectively. However, Figure 4.3c
illustrates that the height difference between a nucleation site in the center of the convection
cell (red) and a trench surrounding the island (blue) is ∼800 nm even in the case of 135 °C. It
seems that the trenches are as deep as reaching the subjacent PEDOT:PSS layer. The roughness
difference is caused by the circulating convection rolls of the fluid [396] as mentioned in Subsec-
tion 2.2.4. Via heat-assisted perovskite conversion it is challenging to achieve smooth perovskite
surfaces but normally no formation of voids towards the HTL is involved (see Subsection 5.2.2)
due to a bottom-up wet film drying [377]. The mentioned drawbacks represent intrinsic chal-
lenges of the heat-assisted perovskite conversion leading to detrimental consequences for device
performance as shortly discussed in the following Subsection 4.1.2.
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4 Understanding the heat-assisted perovskite conversion for MAPI based solar cells processed by blade coating

The author emphasizes that, besides the morphological study of the perovskite processing
temperature which was the focus of Subsection 4.1.1, the perovskite crystal structure of the
presented absorber films has been confirmed via XRD measurements, but are omitted here.

4.1.2 Effect of perovskite processing temperature on PCE

To investigate the effect of the perovskite processing temperature and the resulting perovskite
morphology described in Subsection 4.1.1 on device performance the author utilized blade coated
perovskite layers processed by heat-assisted conversion at different temperatures in PSCs. The
𝐽𝑉 curves of these MAPI based solar cells with PEDOT:PSS as HTM measured in fwd scan
direction are illustrated in Figure 4.4.
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Figure 4.4: 𝐽𝑉 curves of MAPI based PSCs (without BCP) blade coated on top of PEDOT:PSS at different
processing temperatures without surfactant measured in fwd scan direction.

From Figure 4.4, one can clearly see that photovoltaic devices processed at low processing
temperatures, such as 60 °C and 100 °C are short-circuited and deliver almost no 𝐼ph due to
an inhomogeneous absorber layer as illustrated in Figure 4.1. However, solar cells with a
higher processing temperature like 120 °C and 135 °C disclose a diode behavior generating
𝐼ph. Nevertheless, devices still exhibit low 𝑅sh values for a device blade coated at a processing
temperature of 120 °C or 135 °C which is highly likely caused by the shunt pathways through the
perovskite layer via the trenches surrounding the perovskite islands indicated in Figure 4.3b, d.
These PCE dependencies are completely consistent with corresponding perovskite morphology
depending on the processing temperature discussed in Subsection 4.1.1.
Consequently, the author decided to choose processing temperatures ≥120 °C for heat-assisted
perovskite conversion. This fact is accordant to reports in literature choosing temperatures of
120 °C to 150 °C [274, 340, 342,344–352].
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4.2 Heat-assisted perovskite conversion with surfactant

4.2 Heat-assisted perovskite conversion with surfactant

This section is devoted to the heat-assisted perovskite conversion with the utilization of a
surfactant in the precursor solution to improve the perovskite morphology (Subsection 4.2.1),
which is in contrast to Section 4.1, where a surfactant was omitted. Furthermore, the detrimental
consequences of the surfactant are discussed (Subsection 4.2.2).

4.2.1 Improved perovskite morphology by surfactant utilization

Deng et al. introduced the utilization of very small amounts of amphiphilic surfactants such
as L– α-phosphatidylcholine (LP) in the perovskite precursor solution altering fluid drying
dynamics and wetting behavior on the subjacent layer to improve the perovskite layer morphology
originally for heat-assisted conversion [274]. The molecular structure of LP is illustrated in
Figure 4.5.
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Figure 4.5: Molecular structure of the amphiphilic surfactant L– α-phosphatidylcholine (LP) utilized in this work.
The composition of palmitic, oleic, linoleic and stearic acid will vary due to the natural nature [274].

The molecule structure exhibits a polar phosphate group with a choline headgroup and two non-
polar long fatty acid tails. Consequently, the molecule exhibits a hydrophilic and lipophilic (hy-
drophobic) functional groups, thus, is amphiphilic. Therefore, the phospholipid can act as a sur-
factant due to its self-assembling on the surface of a solution with the hydrophobic group pointing
to air to reduce the surface tension 𝜎 of the solution as mentioned in Subsection 2.2.4 [274].
Furthermore, the molecule is capable of passivating charge traps or ionic defects due to its
amphoteric (zwitterionic) character which implies the existence of negatively charged and posi-
tively charged components, the phosphate and quaternary ammonium component in the choline
group [417], respectively, as illustrated in Figure 4.5.

Figure 4.6 presents SEM 30° tilted cross-section images of annealed perovskite layer blade
coated on top of PEDOT:PSS without and with 0.2 mg mL−1 LP surfactant in the perovskite
precursor solution.
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Figure 4.6: SEM 30° tilted cross-section images of annealed perovskite layer blade coated on top of PEDOT:PSS
at a processing temperature of 135 °C (a, c) without and (b, d) with 0.2 mg mL−1 surfactant.

Without the surfactant, clear trenches are observed as indicated by Figure 4.6a and c. However,
when utilizing 0.2 mg mL−1 LP surfactant the appearance of trenches is dramatically reduced.
Furthermore, the nucleation sites (Figure 4.6c) indicated by the already discussed height differ-
ences (Figure 4.3) are not visible in the case of the sample including the surfactant (Figure 4.6b,
d). Additionally, with the surfactant the mean crystal grain cluster diameter seems to increase
although the processing temperature of both samples is the same, namely 135 °C. The mor-
phological study of perovskite processing temperature has already been discussed in Subsection
4.1.1. Moreover, the images indicate that one island is not one single perovskite crystal grain
but a cluster of many grains [412]. The findings when utilizing the LP surfactant observed by
the author are similar to the ones reported by Deng et al. [274].

To further investigate the perovskite surface roughness of absorber layers with the addition of LP,
the author conducted CLSM top-view height images and measured 𝑅q of annealed perovskite
layers blade coated on top of PEDOT:PSS at a processing temperature of 135 °C of two samples
one with LP and one without the surfactant. Figure 4.7 presents the corresponding analysis.
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Figure 4.7: CLSM top-view height images and 𝑅q analysis of annealed perovskite layer blade coated on top of
PEDOT:PSS at a processing temperature of 135 °C (a) without and (b) with 0.2 mg mL−1 surfactant.

Figure 4.7 indicates a dramatic decrease in 𝑅q from 115 nm to 48 nm of the perovskite surface
when utilizing the surfactant. Furthermore, the depth of trenches surrounding the perovskite
crystal clusters or convection cells are decreased as well as assumed from SEM images in Figure
4.6. Moreover, utilization of surfactant increases the island diameter and therefore decreases
the total area of trenches as mentioned before. Nevertheless, the trenches are not fully avoided
as illustrated in Figure 4.7b.

The author studied the effect of LP surfactant utilization in the precursor solution not only by a
morphological SEM study which has been already presented in literature [274] and roughness
analysis but also, for the first time, by elemental analysis via TOF-SIMS measurements. Figure
4.8 presents TOF-SIMS top-view images for MA+ and Pb of annealed perovskite layer blade
coated on top of PEDOT:PSS without and with 0.2 mg mL−1 LP surfactant in the perovskite
precursor solution.

As illustrated in Figure 4.8a and c, the islands or perovskite grain clusters are clearly visible in the
measurements of MA+ and Pb. Consequently, that means that the elemental contribution is not
homogeneous in the first nanometers of the perovskite surface and the components Pb (Figure
4.8c) but especially MA+ (Figure 4.8a) are reduced at the trenches. The width of trenches of
MA+ of ∼1 µm is larger than for Pb (<1 µm). Furthermore, Pb is slightly accumulated at the
nucleation site while MA+ is depleted.
However, when using the LP surfactant in the precursor solution, not only the perovskite mor-
phology is improved as indicated in Figure 4.6 and 4.7 but also the elemental components of the
absorber layer MA+ and Pb are more homogeneously distributed in the perovskite surface (Fig-
ure 4.8b, d). No elemental accumulation or depletion are observed at potential trenches and
nucleation cites in this case [412].
The findings from the morphological study indicate that they are directly linked to the elemental
study due to the intrinsic mechanism of the Rayleigh–Bénard convection (Subsection 2.2.4). Due
to the convection and its facile removal, the volatile MA+ leaves the wet film during heat-assisted
perovskite conversion predominantly at the area where a trench stays behind after annealing.
Furthermore, it might pull some Pb with it out of the wet film during drying explaining the
depletion of Pb at the trenches. In conclusion, the LP surfactant hinders the Rayleigh–Bénard
convection leading to a more homogeneous elemental distribution of the perovskite absorber
layer.
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Figure 4.8: TOF-SIMS top-view images of annealed perovskite layer blade coated on top of PEDOT:PSS at a
processing temperature of 135 °C (a, c) without and (b, d) with 0.2 mg mL−1 surfactant: (a-b) MA+

and (c-d) Pb signals.

4.2.2 Detrimental consequences of surfactant

As the author presents in this subsection, the surfactant LP not only improves the perovskite
morphology, surface roughness and elemental distribution as shown before, however, it causes
detrimental consequences as well. The findings on these consequences are, to the best of the
author’s knowledge, not yet reported in literature. It should be noted that the layers subsequent
to the absorber in literature reports are typically deposited via vacuum deposition, when utilizing
LP as a surfactant in the perovskite precursor solution [274, 344, 350, 352, 375, 389, 418, 419].
Hence, the option of full solution processing of the device stack is excluded.

However, since the thesis focuses on solution processing the goal was to deposit the ETL layer
on top of perovskite from solution as well. The SEM 30° tilted cross-section images in Figure
4.9 indicate the challenge with depositing the ETL, such as PCBM in a nonpolar solvent like CB
or DCB, hindering an unproblematic continuation of the device stack by solution processing as
discovered by the author.
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(a) (b) (c)

10 µm 20 µm 50 µm

Figure 4.9: SEM 30° tilted cross-section images of PCBM spin coated on annealed perovskite layer blade coated
on top of PEDOT:PSS at a processing temperature of (a) 120 °C and (b-c) 135 °C (a) without and (b-c)
with 0.2 mg mL−1 surfactant and (c) with 4 s plasma (Ar, 20 W) treatment on perovskite.

When utilizing no surfactant in the precursor solution, the deposition of the ETM PCBM on
the annealed perovskite is accomplished without any issue as illustrated in Figure 4.9a. Despite
the fact that the PCBM layer in this case is slightly too thin in order to completely cover the
perovskite surface roughness with a 𝑅q of ∼150 nm (Figure 4.3b), the PCBM solution is wetting
the absorber perfectly. However, when using 0.2 mg mL−1 LP surfactant in the precursor solution
this not the case as illustrated in Figure 4.9b. The PCBM solution is drastically dewetting on the
absorber surface leading to an completely uncontinuous or inhomogeneous layer. The author
assumes that the reason for that is the irregular adsorption of the surfactant predominantly at the
perovskite surface, as discussed further down, due to Rayleigh–Bénard convection (Subsection
2.2.4) right before complete drying of the wet film. Due to its amphiphilic nature and the polar
phosphate and choline groups in the molecular structure (Figure 4.5) the surfactant prevents
sufficient wetting of the PCBM solution based on a nonpolar solvent.

To address and overcome this challenge, the author investigated a short, low-energy and precisely
adjusted additional Ar plasma treatment of the perovskite absorber surface as explained in more
detail further down in order to fragment the LP molecules at the surface after finalizing the
perovskite layer, which hinder excellent wetting. Figure 4.9c illustrates that after the additional
plasma treatment on the perovskite fabricated by a precursor solution including the surfactant
the PCBM layer is, however, fully wetting the surface and a homogeneously covered ETL is
accomplished [412].

In order to verify the existence of the surfactant molecules in the perovskite layer after annealing,
the author conducted TOF-SIMS measurements of the distribution of the PO3

– fragment, since
it corresponds to a functional group of the LP molecule structure as illustrated in Figure 4.5.
The top-view images of annealed perovskite layer blade coated on top of PEDOT:PSS at a
processing temperature of 135 °C with different amounts of LP surfactant in the perovskite
precursor solution are presented in Figure 4.10.
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Figure 4.10: TOF-SIMS top-view images of annealed perovskite layer blade coated on top of PEDOT:PSS at
a processing temperature of 135 °C with (a) 0.2 mg mL−1 and (b) 0.8 mg mL−1 surfactant: PO3

–

fragment signal, which correspond to the functional group (phosphate) of the LP molecule (Figure
4.5).

The sample with four times higher surfactant content (Figure 4.10b) compared to the reference
sample indicated in Figure 4.10a exhibits a slightly brighter appearance which means that a
higher intensity of PO3

– is quantified at the perovskite surface.

Figure A.1 illustrates corresponding TOF-SIMS top-view images of spin coated perovskite layer
with different concentrations of LP surfactant of 0.0 mg mL−1, 0.2 mg mL−1 and 0.8 mg mL−1 in
the precursor solution on top of PEDOT:PSS similarly proving again that the surfactant molecule
can be detected by the identification of PO3

– [412]. It seems, that the PO3
– signal and, thus, the

surfactant molecule is slightly more homogeneously distributed on a spin coated (Figure A.1b)
than on a blade coated perovskite surface (Figure 4.10a).

Additionally, to verify the exact location of the surfactant molecules in the perovskite layer after
annealing and to investigate the influence of the short plasma treatment on the perovskite film,
TOF-SIMS depth profiles through samples of annealed perovskite layer blade coated on top of
Glass/ITO/PEDOT:PSS at a processing temperature of 135 °C with surfactant in the precursor
solution are analyzed. Furthermore, the author investigated a 10 s plasma treatment on the
perovskite to possibly remove the surfactant molecules (Figure 4.11) as mentioned before.
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Figure 4.11: TOF-SIMS depth profiles through samples of annealed perovskite layer blade coated on top of Glass/
ITO/PEDOT:PSS at a processing temperature of 135 °C with and without 10 s plasma (Ar, 20 W)
on perovskite with 0.8 mg mL−1 surfactant. All components in (b) correspond to the functional
groups (phosphate, fatty acid tails) of the LP molecule (Figure 4.5).

Figure 4.11 indicates where the surfactant or rather three main functional groups of the LP
surfactant (Figure 4.5) are located in the perovskite layer after annealing. In Figure 4.11a,
no difference in intensity of the signals of samples without and with 10 s plasma treatment on
perovskite are found. Furthermore, the slight intensity increase of PO3

– at the ITO/PEDOT:PSS
interface is caused by the PEDOT:PSS layer itself which is most likely caused by impurities in
the PEDOT:PSS remaining in the material and aqueous solution, respectively, after its chemical
synthesis [420, 421]. Moreover, the intensity of I– is constant through the perovskite absorber
layer.
When zooming in on the first 20 s sputter time (Figure 4.11b), one can see that, interestingly, the
surfactant is predominately located at the very top surface of the perovskite layer as indicated
by the decreasing signal over sputtering time of C16H31O2

– and C18H33O2
– which corresponds

to the palmitic and oleic fatty acid tails (Figure 4.5) and PO3
– , respectively, which was already

used as surfactant indication in TOF-SIMS top-view measurements presented in Figure 4.10.
The application of the short plasma treatment on the perovskite leads to a fragmentation mainly
of the fatty acid tails as illustrated by the black arrow, however, PO3

– is not fragmented (Figure
4.11b). This fact is consistent because the fatty acid groups exhibit long, hydrophobic carbon
chains which can be more easily fragmented via the plasma treatment than the small phosphate
group.
The fragmentation of the irregularly arranged LP molecules and the activation of the perovskite
surface by the plasma leads to the improved wetting properties of the PCBM in a nonpolar solvent
on the perovskite layer comprising the LP surfactant in the precursor solution as mentioned
before (Figure 4.9c) [412].

It should be noted that the location of the LP surfactant in the annealed perovskite thin film
might be dependent on the perovskite conversion method utilized for wet film drying. Since
fluid dynamics in heated wet films (Subsection 2.2.4) play a key role mainly in heat-assisted
perovskite conversion, it is highly likely that the LP molecules do not adsorb at the perovskite
surface but at a different location in the perovskite absorber layer in the case of gas-assisted
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perovskite conversion which is applied in Chapter 5 and 6. Thus, the detrimental procedural
effects of the surfactant mentioned before might be avoided by using the gas-assisted instead of
the heat-assisted perovskite conversion.

TOF-SIMS depth profiles in Figure A.2 verify the existence of surfactant in corresponding spin
coated perovskite layer on top of Glass/ITO/PEDOT:PSS by investigating samples with and
without surfactant in the precursor solution and without plasma treatment on the perovskite. As
mentioned before, the PO3

– increase at the interface toward the ITO for the sample without
the LP surfactant (Figure A.2a) is caused by residuals in the PEDOT:PSS after synthesis. The
increase of PO3

– mainly at the perovskite surface in the sample with surfactant (Figure A.2a)
is directly related to the surfactant itself. In Figure A.2b, this increase is depicted more clearly
via the black arrow. A similar increase is visible for the fatty acid tails when utilizing the
surfactant (Figure A.2b) as indicated by the second black arrow [412].

To study the effect of the surfactant and the plasma treatment on photovoltaic device perfor-
mance, the author utilized perovskite layers with different concentrations of LP surfactant in
the perovskite precursor solution (0.0 mg mL−1, 0.2 mg mL−1 and 0.8 mg mL−1), plasma dura-
tion (0 s, 2 s and 10 s) and different perovskite deposition technique (SC, BC) as illustrated by
𝐽𝑉 curves measured in fwd scan direction in Figure 4.12.
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Figure 4.12: 𝐽𝑉 curves of MAPI based PSCs measured in fwd scan direction (a) spin coated (solvent vapor
annealing) with different concentrations of surfactant and plasma (Ar, 20 W) duration and (b) spin or
blade coated (processing temperature of 135 °C) on top of PEDOT:PSS with 0.2 mg mL−1 surfactant
with different plasma duration on perovskite.

Figure 4.12a illustrates the dependency of plasma treatment and device performance of spin
coated PSCs. The green, orange and blue 𝐽𝑉 curves represent the LP surfactant concentration
in the precursor solution of 0.0 mg mL−1, 0.2 mg mL−1 and 0.8 mg mL−1, respectively. The
reference device without surfactant and plasma treatment showed the highest performance.
When treating the reference perovskite by a plasma over a period of 2 s, the 𝐽SC drops by merely
∼2.5 mA cm−2 and 𝑉OC values stay constant at ∼1.0 V. This implies that a plasma treatment
on the perovskite surface can detrimentally affect the interface to the ETL and therefore device
efficiency. This can be explained by volatile MA+ ions leaving the film via the plasma treatment
as presented by XPS measurements further down (Figure 4.13a).
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When comparing to the reference sample, a surfactant content of 0.2 mg mL−1 is only slightly
detrimental for the 𝐽SC. However, using a high surfactant content (0.8 mg mL−1) leads to a huge
decrease of 𝐽SC of >5 mA cm−2.
While 10 s of plasma treatment decreases the 𝑉OC dramatically in the case of 0.2 mg mL−1

surfactant, the same treatment, however, increases the 𝑉OC in the case of the higher surfactant
content (0.8 mg mL−1) as indicated by the blue and orange arrows. Nevertheless, this is consistent
with the degree of fragmentation of surfactant molecules measured by TOF-SIMS depth profiles
as already mentioned before (Figure 4.11).
Summing up, the plasma treatment duration and surfactant concentration are mainly related
to the resulting 𝑉OC and 𝐽SC, respectively. A high surfactant content and a too long plasma
treatment, especially for the case of low surfactant concentration, is detrimental for solar cell
device performance. In addition, the optimum plasma treatment duration is closely correlated
to the surfactant concentration [412].

As presented in Figure 4.12b (0.2 mg mL−1 LP surfactant), in general lower 𝑅sh values are
observed for PSCs with blade coated perovskite compared to ones with spin coated films
due to the shunt pathways intrinsically generated by the heat-assisted perovskite conversion as
mentioned before. Furthermore, a 10 s plasma treatment of the perovskite surface reduces the
𝑉OC less drastically in the case of BC compared to the spin coated counterpart.
The reason for that might be the higher resulting concentration of surfactant located at the
perovskite surface for a blade coated sample as revealed by comparing the PO3

– fragment signal
intensity in Figure 4.10a (BC) with the one in Figure A.1b (SC), although the same surfactant
content in the perovskite precursor solution of 0.2 mg mL−1 was utilized in both cases. This
higher resulting concentration protects the blade coated perovskite surface against the plasma
more effectively [412].

Via heat-assisted perovskite conversion, a maximum PCE of 10.9 % and 10.8 % in fwd and rvs
scan direction, respectively, on an 𝐴act of 0.24 cm2 of blade coated MAPI PSCs with a processing
temperature of 135 °C, 0.2 mg mL−1 LP surfactant in the perovskite precursor solution and 2 s
plasma treatment on perovskite was reached (not shown), which is comparable to results of their
spin coated counterparts. The reasons for the in general low performance are (i) mainly the low
𝑉OC and partly the 𝐽SC values caused by the HTM PEDOT:PSS (see Subsection 5.1.2), (ii) the
𝑉OC decrease due to the use of the surfactant and the plasma treatment on the perovskite
surface (Figure 4.12a) and (iii) a low FF caused by the discussed decreased 𝑅sh (Figure 4.4)
which results from the blade coating deposition technique in combination with the heat-assisted
conversion method itself (Figure 4.12b).

To gain a deeper insight into the effects of the surfactant at the perovskite surface, XPS mea-
surements are conducted. The main XPS spectra with photoelectrons of N 1s and Pb 4f are
illustrated in Figure 4.13.
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Figure 4.13: XPS spectra of annealed perovskite layer spin coated on top of Glass/ITO/PEDOT:PSS (a) without
and (b) with 0.8 mg mL−1 surfactant and (c) without and (d) with 10 s plasma (Ar, 20 W) treatment
on the perovskite: Photoelectrons of (a-b) N 1s and (c-d) Pb 4f. Figure A.3 shows corresponding
photoelectrons of I 3d.

Figure 4.13 illustrates two main findings:

(i) Especially for the case with surfactant a decrease of a methylammonium compound
through the plasma treatment, here labeled as CH3NH3X, implied by the nitrogen N peak
at a binding energy of 402.9 eV (Figure 4.13b) is reduced in contrast to the sample without
surfactant (Figure 4.13a). This indicates that the surfactant can protect the release of
methylammonium from the perovskite surface during a too long plasma treatment [412]
which was already assumed in the paragraph discussing Figure 4.12.

(ii) The portion of lead oxide (PbO2) at a binding energy of 137.2 eV is missing in the
case of perovskite including the surfactant (Figure 4.13c, d) which might imply that the
surfactant can protect the PbI3 group against oxidation to PbO. Furthermore, the PbO2
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peak intensity is increased by a negligible absolute value of 1.3 % after a plasma treatment
of 10 s (Figure 4.13d).

The theory of bullet point (ii) is corroborated by the author through storing samples without
and with surfactant in the perovskite precursor solution under ambient conditions (19 °C to
22 °C, 30 % to 50 % RH) over a period of 3 days (not shown). The samples without surfactant
turned yellow indicating a decomposition of MAPI, however, the samples with LP did not. This
stabilization ability is an interesting and promising feature of the surfactant which has been
proven for the first time after it has been only assumed in literature [417]. Since stability of
PSCs is not the main focus of this thesis, this feature was not investigated further but it should
be studied in more detail in future.

Figure A.3 shows corresponding photoelectrons of I 3d without and with surfactant for the cases
without (Figure A.3a) and with plasma (Figure A.3b). Since the binding energy in the case of
I 3d is in general relatively higher compared to N 1s (Figure 4.13a, b) or Pb 4f (Figure 4.13c, d),
the kinetic energy of the photoelectrons must be lower which means that the I2 results relate to
the very top surface of the perovskite layer. The measurements indicate no major shift of the
elemental iodine I2 peak at a binding energy of 619.9 eV between the samples without and with
surfactant which implies that the I content is not influenced by the addition of the surfactant.
When comparing the intensities and areas of the peaks of samples without and with plasma
treatment, one cannot make a statement about the theory, if some I might leave the film due to
the plasma treatment.

Additionally, the author tested the scalability of the heat-assisted perovskite conversion as
illustrated by the photographical image of annealed MAPI fabricated by blade coating on
PEDOT:PSS on 9 × 9 cm2 substrates (Figure A.4). The author notes that drying features of the
perovskite surface are visible which might be caused by a not perfectly homogeneous temperature
distribution of the blade coater plate and consequently above the wet film during the quenching
process. Moreover, it was found that it is not trivial to reach smooth perovskite surfaces via
heat-assisted perovskite conversion due to a bottom-up wet film drying [377]. Due to the
same reason, normally no formation of voids towards the HTL is observed for this perovskite
conversion method [377] which typically would be indicated by a gray and milky appearance of
the samples when observed from their backside through glass (see Subsection 5.2.2).

Due to the mentioned challenges complicating the solution processing and its upscaling by
scalable techniques the heat-assisted perovskite conversion is not further utilized in this thesis.

4.3 Conclusion

Chapter 4 depicted the development and understanding of the heat-assisted perovskite conversion
for MAPI (PbAc2) based solar cells processed by blade coating.

The results of the morphological study disclosed that the most continuous and homogeneous
perovskite thin films are achieved by choosing high processing temperatures ≥120 °C. PCE
values of PSCs directly correlate to the perovskite morphology.
The author observed that the perovskite morphology is hardly controllable via heat-assisted
conversion since wet film deposition, drying and nucleation plus even crystallization occur nearly
simultaneously due to the high processing temperature which is on the other hand required to
achieve the most continuous and homogeneous perovskite layers. Consequently due to their
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temporally coupling, it is challenging to control each of the processes by itself. However, the
ability for controlling each process is the key to manipulate and optimize the resulting perovskite
morphology.
Additionally, the high processing temperatures result in fluid dynamics in the heated wet film
such as Rayleigh–Bénard convection leading to convection cells which generate trenches in the
annealed perovskite films encircling these cells. Hence, 𝑅sh of PSCs is decreased and the risk
of short-circuited devices is tremendously increased [412].
To address this problem, the author utilized the surfactant LP presented in literature [274]
to hinder the solution convection. Applying the surfactant helps to improve the perovskite
morphology, however, the trenches in the annealed thin film could not be completely avoided
which leads to decreased device performance.
Furthermore, detrimental consequences of the surfactant were observed such as its adsorption at
the perovskite surface which was verified by TOF-SIMS investigations hindering a continuation
of the device stack by solution processing due to dewetting of the ETL solution. Thus, the
author developed an additional plasma treatment on the annealed perovskite surface to remove
the surfactant in order to enable wetting during the subsequent PCBM deposition via solution
processing. This plasma step, however, detrimentally influences device performance as well.
Nevertheless, XPS measurements indicated that the surfactant added in the precursor solution
and adsorbing at the surface of the annealed perovskite layer hinders the formation of PbO2.
This fact might be an indication for a possibly increased perovskite stability when adding
the surfactant [412]. The author suggests to investigate this feature of the surfactant and its
hydrophobic behavior [417] in more detail in future.
A test of upscaling substrate sizes to 9 × 9 cm2 revealed inhomogeneous perovskite layers with
drying features and increased surface roughness caused intrinsically by the process of heat-
assisted perovskite conversion.
In addition, the studies in Chapter 4 indicated that it is challenging to achieve smooth perovskite
surfaces via heat-assisted perovskite conversion but normally involving no formation of voids
towards the HTL due to a bottom-up wet film drying [377]. In contrast, Subsection 5.2.2
discusses the contrary observation for gas-assisted perovskite conversion since the wet film dries
top-down leading to highly smooth perovskite surfaces, however, void formation at the HTL/
perovskite is highly likely and needs to be addressed.

In summary, Chapter 4 highlighted that solely heat-assisted perovskite conversion seems less
suitable for solution processing of hybrid perovskite thin films with well defined morphology
and appears to be strongly limited for upscaling MAPI based PSCs by scalable techniques.
Consequently, a different conversion method is required to control the perovskite morphology
and in order to upscale solution processing of hybrid perovskite by scalable techniques.

Therefore, the following Chapter 5 focuses on controlling the perovskite morphology for up-
scaling blade coated MAPI based solar cells and modules applying gas-assisted perovskite
conversion whereby perovskite morphology can be controlled via decoupling of wet film de-
position, drying and nucleation or crystallization, respectively. Hence, this will require the
establishment of a static low-pressure gas system.
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blade coated MAPI based solar cells and modules

The second main chapter of this study depicts the control of the perovskite morphology for
upscaling blade coated MAPI based solar cells and modules by gas-assisted perovskite conver-
sion. It comprises four result sections, which discuss the development of gas-assisted perovskite
conversion, further optimizations of the perovskite morphology, layer thickness optimization
to improve device efficiency, and large-area deposition for module fabrication. The chapter is
finalized with a short conclusion.

The first Section 5.1 covers the general development of gas-assisted perovskite conversion.
Thereby, the establishment of a static low-pressure gas system is presented (Subsection 5.1.1).
Furthermore, the hole transport material (HTM) is replaced to improve𝑉OC of PSCs (Subsection
5.1.2).

Secondly, the perovskite morphology is optimized with gas-assisted conversion in Section 5.2.
Herein, one subsection describes blade coated nanoparticles (NPs) to achieve efficient wetting
on the new hydrophobic hole transport layer (Subsection 5.2.1). For controlling the perovskite
layer formation, composition engineering of the precursor solution is investigated (Subsection
5.2.2).

The subsequent Section 5.3 evaluates layer thickness optimization to increase device efficiency.
Here, improvements in 𝐽SC by modifying the absorber thickness (Subsection 5.3.1) and in FF
by optimizing the HTL thickness (Subsection 5.3.2), respectively, are presented.

To test the upscalability of blade coated MAPI perovskite films, large-area deposition (Subsection
5.4.1) and their utilization in solar modules (Subsection 5.4.2) are examined in Section 5.4.

Section 5.5 concludes Chapter 5. It summarizes the quintessences of using a static low-pressure
gas system in this chapter and discusses the needs of a moving high-pressure gas system in
Chapter 6.

5.1 Development of gas-assisted perovskite conversion

This section is devoted to the development of gas-assisted perovskite conversion. The aim of
the section is a successive advancement of the MAPI (PbAc2) based solar cells by changing the
conversion method of heat- (Chapter 4) to the here established gas-assisted perovskite conver-
sion (Subsection 5.1.1) and by replacement of the hole transport material (HTM) (Subsection
5.1.2).
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5.1.1 Establishment of static low-pressure gas system

For deposition of the PbAc2 based MAPI perovskite layers, the author established and utilized a
static low-pressure gas system in this thesis which enabled gas stream-assisted blade coating in
a N2-filled glovebox [409]. This procedure can be divided in three steps:

Step 1: Ink deposition via blade coating,

Step 2: gas stream-assisted drying of the wet film, and

Step 3: thermal annealing of the dry film.

Figure 5.1 displays a schematic illustration of the drying process (Step 2) representing the
quenching inducing crystal nucleation.

Dried film

Blade
Blade co

atin
g dire

cti
on

Substr
ate

N2 gas stream

Gas slot-diePrecursor
wet film

40 °C

vBC

v

Figure 5.1: Schematic illustration of low-pressure N2 gas stream-assisted drying with a static gas system utilized
for fabrication of MAPI based perovskite layers.

The applied 𝑣BC is in the Landau–Levich regime (Figure 2.7) where a wet film forms after the
blade has passed [274,276,389]. After blade coating (Step 1), the wet film is dried by a laminar
N2 gas stream similarly to examples reported in literature [280,374,388]. The wet film is dried
for a period of 3 min (Step 2) to guarantee that it is completely dry before being subsequently
converted to the perovskite crystal structure by thermal annealing (Step 3), even though no
in-situ drying measurements [280, 349, 422–424] are used here to confirm this.

The gas system is installed statically and a substrate temperature normally close to RT (40 °C)
is applied as described further down, which is tremendously lower compared to the substrate
temperatures utilized in the case of heat-assisted conversion in Chapter 4. Details on the
procedure are given in Subsection 3.1.4.

To investigate the differences on perovskite layer morphology for both methods, heat- and gas-
assisted conversion, the author compared top-view CLSM images of annealed absorber films
with and without applying a gas stream and at different processing temperatures as illustrated in
Figure 5.2.
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Figure 5.2: CLSM top-view height images and 𝑅q analysis of annealed perovskite layer blade coated on top of
PEDOT:PSS (a-c) without and (d-f) with 𝑄=40 L min−1 N2 stream at different processing temperature
with 0.2 mg mL−1 surfactant: (a, d) 40 °C, (b, e) 60 °C, (c, f) 135 °C.

The additional gas stream enables a more homogeneous perovskite layer morphology and tremen-
dously decreased RMS roughness 𝑅q (Figure 5.3) of the film surface compared to the utilization
of pure heat for conversion (Chapter 4). Furthermore, the formation of convection cells via fluid
dynamics in heated wet films (Subsection 2.2.4) is completely avoided here (Figure 5.2f).
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Figure 5.3: 𝑅q analysis of CLSM top-view height images (Figure 5.2 and Figure B.1) of annealed perovskite
layer blade coated on top of PEDOT:PSS without and with 𝑄=40 L min−1 N2 stream as a function of
processing temperature with 0.2 mg mL−1 surfactant.
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5 Controlling perovskite morphology for upscaling blade coated MAPI based solar cells and modules

Figure 5.4 presents box charts of PCE, FF, 𝑉OC and corresponding 𝐽𝑉 curves of PSCs for the
case of 50 °C processing temperature, as example for a low-temperature fabrication, without and
with N2 stream with 𝑄 of 40 L min−1.
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Figure 5.4: Box chart of (a) PCE, (b) FF and (c) 𝑉OC of MAPI perovskite based PSCs blade coated on top of
PEDOT:PSS without and with 𝑄=40 L min−1 N2 stream at a processing temperature of 50 °C with
0.2 mg mL−1 surfactant. (d) 𝐽𝑉 curves of corresponding representative devices measured in fwd and
rvs scan directions.

The perovskite morphology (Figure 4.1) and 𝑅q (Figure 5.3) resulting from the corresponding
conversion method is directly related to device performance.
In general, utilizing the N2 stream enables four matters of fact compared to the heat-assisted
perovskite conversion (Chapter 4): (i) dramatic decrease of the perovskite surface rough-
ness, (ii) drastic decrease of the processing temperature as illustrated in Figure 5.3, (iii) avoiding
the formation of drying features (see Figure 5.21) and (iv) smaller mean perovskite crystal grain
sizes.
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5.1 Development of gas-assisted perovskite conversion

For the case of heat-assisted perovskite conversion, solution deposition, drying with nucleation
and crystallization happens at the same time and in less than seconds. Thus, controlling the
perovskite conversion and the resulting layer morphology is tremendously challenging [422] as
discussed in Chapter 4.
However, gas-assisted conversion allows the decoupling of the three processes which makes this
method an extremely appropriate one to control each individual step and therefore the resulting
perovskite morphology [286].

The different stages of fabrication of the perovskite film after each step of perovskite precursor
solution blade coating, gas stream-assisted drying, and thermal annealing are displayed in
Figure 5.5 [409].

(a) (b) (c) (d)

Figure 5.5: Photographical image of perovskite film on scarified and engraved 3 × 6 cm2 substrates at different
stages of fabrication viewed from top side: (a) Glass/ITO/HTL substrate, (b) perovskite precursor wet
film after blade coating on named stack, (c) solid dried perovskite precursor film after gas stream-
assisted drying (𝑄=20 L/min), and (d) fully annealed and converted perovskite film after thermal
annealing.

The author emphasizes that the processing temperature during perovskite conversion was
strongly decreased from >120 °C in the case of heat-assisted conversion (Chapter 4) to near
RT in case of the ecologically friendly and low-energy gas-assisted conversion.

Consequently for the mentioned results of investigation, gas-assisted conversion at low temper-
atures, where drying and crystallization are decoupled, has in the author’s opinion the higher
potential to be utilized for upscaling solution processing of PSCs compared to heat-assisted
conversion.

In Chapter 5, a pure DMF precursor solution is chosen due to the fact that a lower mass transfer
coefficient (𝛽i) of the gas and slower gas flow velocity (𝑣) are required to dry the wet film
compared to a solvent with an even lower vapor pressure (𝑝oi) than DMF like DMSO or a
solution mixture of both [280, 423]. The value of 𝑣 of the N2 gas flow over the substrate was
3 m s−1 to 4 m s−1 measured by a flow meter. This is by a factor of 10 lower compared to the
velocity which is applied in Chapter 6.

Moreover, the author selected a PbAc2-based perovskite precursor solution since nucleation
arises faster compared to a PbI2-based one [423] due to the available extra MA+ and therefore
facile removal of methylammonium acetate (MAAc) (Equation 5.1) [425,426] at low temperature
near 60 °C [427] as discussed in further detail in Subsection 5.2.2 [409].

PbAc2 + 3 MAI −−−→ MAPbI3 + 2 MAAc↑ (5.1)
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5 Controlling perovskite morphology for upscaling blade coated MAPI based solar cells and modules

Hence, it is unessential that the gas system is moving over the wet film surface during gas
stream-assisted drying and therefore exhibits low pressure and can be installed statically. In
contrast to that, Chapter 6 deals with the utilization of solvent mixtures and amongst others PbI2
as Pb source and their consequences on the requirement of a moving high-pressure gas system.

5.1.2 Improvement in V OC by replacement of HTM

Typically, poly(triaryl amine) (PTAA) is replacing the widely used PEDOT:PSS as HTM [428–
430] in planar p-i-n PSCs because of its efficient carrier transport properties [431–433]. PSCs
with PTAA mostly benefit from boosted 𝑉OC [431, 434, 435] because of a proper energy level
alignment in contrast to PEDOT:PSS likely due to a work function reduction as a consequence of
its chemical reaction with perovskite at the interface [436]. 𝑉OC values of PSCs with PTAA and
MAPI of up to 1.26 V were reached [435]. Moreover, PSCs with PEDOT:PSS as HTM exhibit
poorer stability compared to ones with PTAA [437] which might be attributed to the acidity and
hygroscopicity of PEDOT:PSS [436] detrimentally affecting the perovskite film [409].

To increase the 𝑉OC, the author examined and compared both HTMs in gas stream-assisted
blade coated MAPI based PSCs (Figure 5.6). Corresponding 𝐽𝑉 characteristics are presented
in Figure 5.6d.

The results indicate that the 𝑉OC is increased by ∼100 mV when utilizing PTAA instead of
PEDOT:PSS (Figure 5.6b). Additionally, 𝐽SC is slightly increased by ∼1 mA cm−2 (Figure
5.6c). Furthermore, the hysteresis seems to be decreased for the case of PTAA.

However, PTAA is a nonpolar polymer with a low surface energy and thus is highly hydrophobic,
which leads to severe dewetting of the subsequently deposited perovskite precursor solutions
containing polar solvents, such as DMF or DMF/DMSO mixtures [372, 437–439]. This is the
case even on small lab-scale substrates, but especially when upscaling 𝐴act of PSCs or their
substrate size. This led to a higher number of short-circuited devices with PTAA in the author’s
experiments because of pinholes in the perovskite layer [409].

Several techniques exist to enhance the PTAA surface energy and improve the perovskite pre-
cursor solution wetting, from which the following three are the most established ones:

• Solvent prewetting where the perovskite precursor solution containing solvent is applied
prior to perovskite deposition [433,434],

• oxygen or ultraviolet–ozone (UVO) plasma treatment of the PTAA [440,441], and

• addition of surfactants to the perovskite precursor solution, such as LP [274], which is
utilized in Section 4.2.

Rather than utilizing a surfactant in the precursor solution, another unusual option is adding a
second HTM in the PTAA such as m-MTDATA [442,443].

However, the disadvantages of each method are clear:

Solvent prewetting is mainly applied for spin coating and is hardly applicable for blade coating
of larger PTAA-covered substrates (≥30 × 30 mm2) due to solvent shrinking leaving uncovered
areas behind after precursor solution deposition [409].
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Figure 5.6: Box chart of (a) PCE, (b) 𝑉OC and (c) 𝐽SC of MAPI perovskite based PSCs (40 wt% precursor solution
without LP) blade coated on PEDOT:PSS or PTAA as HTM (without SiO2 NPs: see Subsection
5.2.1). Short-circuited devices are omitted (see Subsection 5.2.1). (d) 𝐽𝑉 curves of corresponding
representative devices measured in fwd and rvs scan directions.

The effect of the plasma treatment is critically affected by its power and duration, can easily
damage the HTL and alter its optoelectronic properties or work functions consequently reducing
device performance mainly due to a reduced 𝑉OC [440, 441].

Amphiphilic surfactants can passivate defects [417] but might change the perovskite crystal-
lization and adsorb predominantly at the surface of the perovskite layer [412, 417] hindering
an unproblematic continuation of the device stack by solution processing since dewetting of
the ETM in a nonpolar solvent occurs [412] as presented earlier (Subsection 4.2.2). Therefore,
vacuum deposition of the subsequent layers seems to be mandatory [274,344,350,352,375,389]
and the option of full solution processing is excluded.

These major bottlenecks limit the development of low-temperature inverted planar PSCs and
modules and their upscaling via solution-based processing by scalable printing techniques like
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5 Controlling perovskite morphology for upscaling blade coated MAPI based solar cells and modules

blade coating [409]. For this purpose, a different nondestructive surface modification procedure
for nonwetting HTLs, such as PTAA, is developed and applied in this thesis.

To enhance the surface energy of PTAA and thus improve the perovskite precursor solution
wetting on the nonwetting material, a universal nanoparticle (NP) wetting agent is developed in
this thesis [411]. The transfer of this NP wetting agent concept deposited via spin coating to
a deposition via a scalable printing technique and the p-i-n configuration with PTAA instead
of the n-i-p architecture as presented in this reference is described in the following Subsection
5.2.1.

5.2 Optimizations of perovskite morphology with gas-assisted
conversion

This section comprises the morphology optimizations of the MAPI perovskite thin film using
the gas-assisted conversion. Thereby, one study addresses the efficient wetting of the precursor
solution on the newly used hydrophobic HTL PTAA via blade coated NPs (Subsection 5.2.1).
The second study is devoted to the perovskite layer formation control by composition engineering
of the precursor solution via lead chloride (PbCl2) (Subsection 5.2.2).

The nanoparticle (NP) wetting agent used in the following sections is based on collaborative
findings of M. Schultes (ZSW) and amongst others (N. Giesbrecht, E. Ahlswede, P. Docampo,
T. Bein, and M. Powalla) the author of this thesis acting as coauthor in the corresponding
peer-reviewed paper [411]. All the following studies on blade coated NPs, optimizations of the
perovskite morphology and layer thicknesses together with solar cell and module fabrication
represent original work of the author of this thesis. Further information and additional highlights
of the research are published in the corresponding first author peer-reviewed paper [409].
T. Wahl, M. Schultes, J. Hanisch, J. Zillner, E. Ahlswede, and M. Powalla act as coauthors of
the paper, who conducted SEM images, published the initial NP paper, carried out TOF-SIMS
and SEM measurements, performed UV/Vis measurements, supervised the work, and acted as
adviser of the work, respectively. All authors discussed the results and commented on the
manuscript.

5.2.1 Blade coated NPs for efficient wetting on hydrophobic HTL

In the initial paper, NPs were described as a universal wetting agent for depositing perovskite
precursor solution on nonwetting materials [411]. Thereby, nonconductive metal oxide NPs, like
aluminium oxide (Al2O3) or silicon oxide (SiO2), were utilized between the perovskite and the
hydrophobic layer. The oxide NPs exhibit a high surface energy due to their large surface area
to volume ratio. Hence, the NPs increase the surface energy of the interface and act as capillary
features leading to a precursor solution wetting angle decline. This allows perovskite precursor
solutions to be perfectly spread over various hydrophobic films. In particular, 20 nm-sized
SiO2 NPs showed superb wetting and photovoltaic performance [411,444].

Following the Young’s theory, the liquid droplet contact angle directly relates to the surface
energy of the subjacent material [445]. Thus, it indicates the surface wettability by the perovskite
precursor solution. Consequently, the degree of NP surface coverage and the particle size have
the strongest influence on wettability. Moritz Schultes (ZSW) investigated the contact angle
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under three main aspects: (i) The number of NPs distributed at the interface, (ii) the NP size
or diameter, and (iii) the type of NP material. For further information on how NPs improve the
wetting the author recommends references [35, 411].
Moreover, You et al. presented a similar study applying Al2O3 NPs even on PTAA [446]. This
study revealed the proof of concept that oxide NPs can improve wetting of the precursor solution
on PTAA [446, 447]. Nevertheless, all layers of the presented devices in these studies were
deposited mainly in the n-i-p device architecture [411, 444] and merely by hardly scalable spin
coating [446,447] without a full investigation on a scalable printing technique [409].

In order to deposit as many layers in the device stack as possible by a scalable printing technique,
our universal NP wetting agent concept [411] is transferred from spin to blade coating and to
inverted PSCs with PTAA as HTL in this subsection.

The NPs blade coated between the hydrophobic PTAA and the perovskite layer enhance the
PTAA surface energy, similarly to the case when they are spin coated, and thereby improve
wetting and homogeneous spreading of the perovskite precursor solution on the HTL [409].

An exemplary schematic illustration and a corresponding SEM cross-section image in Figure
5.7 demonstrate the inverted planar device architecture on glass in principle consisting ITO/
PTAA/SiO2 NPs/MAPI perovskite/PCBM/BCP/Ag [409].

(a)

PCBM
BCP
Ag

SiO2 NPs

MAPI

ITO
PTAA

(b)

Glass 200 nm

Figure 5.7: (a) Schematic illustration of the inverted device stack with SiO2 NPs at the PTAA/perovskite interface
and (b) SEM cross-section image of a typical opaque PSC with blade coated PTAA, NPs and MAPI
perovskite layer (5 % molar ratio PbCl2 of the Pb source in the perovskite precursor solution: see
Subsection 5.2.2). The NPs are marked in orange.

Alcohol is utilized for dispersing the nonconductive SiO2 NPs, since it represents an orthogonal
solvent for PTAA and is not damaging the HTL when blade coating the NPs on top. Due
to the fact that NP size and material type is left constant here, the wetting of the perovskite
precursor solution on PTAA is mainly improved when a critical degree of SiO2 NP coverage is
exceeded. The concentration resulting in optimal wetting properties is identified for the case
of blade coating here. The box chart of 𝑉OC values of PSCs with SiO2 NP ethanol dispersions
in concentrations ranging from 0.1 wt% to 1.2 wt% blade coated at the PTAA/perovskite are
presented in Figure 5.8 [409].
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Figure 5.8: Box chart of 𝑉OC values of PSCs with blade coated SiO2 NPs in different concentrated dispersions in
ethanol. Shown values were measured in fwd and rvs scan directions.

With increasing the NP concentration, the number of short-circuited devices decreases. This
fact arises from an improved wetting of the perovskite precursor solution on PTAA and therefore
avoiding pinholes in the perovskite layer (Figure B.2). When choosing 0.9 wt%, the number of
short-circuited devices decreased from over 50 % to <10 % of total devices per batch [409].

SEM top-view images in Figure 5.9 demonstrate the degree of SiO2 NP coverage on top of
PTAA. The NPs exhibit a diameter of 20 nm to 30 nm and do not fully cover the PTAA even
for the case of 1.2 wt%. Therefore, no continuous insulating layer is inserted in the device
stack [409]. In that case, series resistance (𝑅s) would drastically increase resulting in decreased
device performance as our findings for spin coating the NPs indicate [411].

(a) (b) (c)

0.4 wt% 0.9 wt% 1.2 wt%

1 µm 1 µm1 µm

Figure 5.9: SEM top-view images of degrees of SiO2 NP coverage when blade coating NPs from a (a) 0.4 wt%,
(b) 0.9 wt%, and (c) 1.2 wt% solution in ethanol on top of blade coated PTAA.

When using a NP concentration >0.4 wt%, the coverage of NPs is adequate in order to achieve
sufficient wetting of the perovskite precursor solution causing no short-circuited devices. In
addition, the process window to achieve similar device performance is relatively broad (Figure
5.8). The author decided to continue device fabrication with 0.9 wt% NP dispersions as he
observed the most effective wetting and no loss in device performance.
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Results of spectral transmittance (𝑇) measurements of pristine ITO, ITO/PTAA, and ITO/PTAA/
SiO2 NPs presented in Figure 5.10 indicate that the SiO2 NPs cause no parasitic absorption when
added in a device stack [409].
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Figure 5.10: Spectral transmittance 𝑇 of ITO, ITO/PTAA, and ITO/PTAA/SiO2 NPs (0.9 wt%) as a function of
wavelength _.

Furthermore, the incorporation of the SiO2 NPs in the device stack results in similar crystallinity
and peak position when comparing both XRD pattern of samples with and without NPs as
illustrated in Figure 5.11.
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Figure 5.11: XRD patterns of tetragonal crystal structure of annealed perovskite films (5 % molar ratio PbCl2 of
the Pb source in the perovskite precursor solution: see Subsection 5.2.2) on top of ITO/PTAA with
and without SiO2 NPs (0.9 wt%).
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This confirms no influence of the blade coated NP wetting agent on perovskite crystalliza-
tion [409]. Consequently, the blade coated NP wetting agent is utilized in all further studies to
improve the wetting of the perovskite precursor solution on the hydrophobic HTL PTAA.

Besides improving the wetting on PTAA via blade coated NPs, the perovskite morphology can
be optimized by controlling the perovskite layer formation via composition engineering of the
perovskite precursor solution [409]. This study is presented in the following Subsection 5.2.2.

5.2.2 Controlling perovskite layer formation by composition engineering of
precursor solution

When using a pure PbAc2/MAI precursor solution, the author observed flat surfaces, but there
are voids in the perovskite layer toward the HTL interface as illustrated in Figure 5.12a, d, g, if
𝑑wet is increased beyond a certain thickness, which correlates to a resulting dry layer thickness
of ∼250 nm to 300 nm.

Utilizing chlorine (Cl) is known to be beneficial for improving the perovskite morphology [425,
448]. Hence, the author investigated the effect of blending small amounts of PbCl2 in the
perovskite precursor solution to control the perovskite layer formation and morphology and to
achieve void-free layers by gas stream-assisted blade coating [409].

(a) (b) (c)

(f)

(g) (h) (i)

(e)(d)

0 % 10 % 20 %

400 nm 400 nm

400 nm400 nm

1 µm 1 µm 1 µm

400 nm

400 nm

Figure 5.12: SEM cross-section images of annealed perovskite layer on top of blade coated PTAA/SiO2 NPs with
different amounts of PbCl2 in the perovskite precursor solution: (a) 0 %, (b) 10 %, and (c) 20 % molar
ratio of the lead source. (d and g, e and h, and f and i) Corresponding 30° tilted images.

By replacing at least 5 % (molar ratio) of the lead source in the precursor solution with PbCl2, the
perovskite film morphology is improved by changing the crystallization dynamics, as explained
further down, and no voids appear. Consequently, the author accomplished homogeneous,
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5.2 Optimizations of perovskite morphology with gas-assisted conversion

dense, and compact perovskite layers as presented in Figure 5.12b, e, h. This investigation
is also reported by Lee et al. for gas stream-assisted SDC of PbCl2-blended lead acetate
trihydrate (PbAc2 trihydrate)-based perovskite solutions [448]. Furthermore, when utilizing
PbCl2, the mean perovskite grain size increases from ∼300 nm up to 1 `m and >1 `m in
the case of 0 %, 10 % and 20 % PbCl2, respectively [409]. This effect is well-known from
literature for Cl– containing precursor additives, such as PbCl2 [425] and methylammonium
chloride (MACl) [449].

Using a PbCl2 molar ratio of 10 % or 20 % increases 𝑅q of the perovskite surface from
∼30 nm (0 % PbCl2) to ∼70 nm and 80 nm, respectively. A rougher perovskite layer is not
generally detrimental to device performance as shown later, as long as the subsequent PCBM
layer can cover it completely. The appearance of this change in 𝑅q is consistent with literature
reports on films deposited from precursor solutions with increased content of PbCl2 or PbCl2
as pure lead source [425, 426]. In contrast to the optimum suggested by Lee et al. for slot-die
coating PbAc2 trihydrate-based perovskite solutions [448], 20 % PbCl2 proves to be a too high
content for the author’s case of blade coating. A molar ratio of already 10 % PbCl2 causes tiny
holes in the perovskite layer. When using 20 % PbCl2 the number and dimension of the holes
increases even more (Figure 5.12c, f, i) [409], which was reported by Qing et al. as well [425].

This effect of void formation follows a clear mechanism which is illustrated in Figure 5.13 [409].
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Figure 5.13: Schematic depiction of gas stream-assisted blade coating describing the evolution of a perovskite
layer on PTAA/SiO2 NPs during (a) ink deposition via blade coating (Step 1), gas stream-assisted
drying (Step 2) (b) without PbCl2 or (c) with PbCl2, and thermal annealing (Step 3) (d) without PbCl2,
with (e-f) the right amount of PbCl2 or (g) too much PbCl2 in the precursor solution. Adapted from
Chen et al. [450].

It is described as follows: When blade coating a film (Figure 5.13a) with a 𝑑wet exceeding
a critical number, a PbCl2-free PbAc2 precursor solution dries by fast removal of the highly
volatile byproduct MAAc and solvent molecules via the gas stream primarily at the solution/air
interface. This results in a solidification of the film surface. The wet film further dries from
top to bottom downward forming a solid shell, which results in trapped residual solvent and
byproduct (Figure 5.13b). Consequently, full solvent evaporation during the annealing step
results in voids near the subjacent layer [377, 378, 384, 448] (Figure 5.13d) due to shrinking of
the drying bottom part of the film beneath the solid shell. Void formation is easily observed by
eye indicated by a visible milky or grayish appearance, when viewing the substrates from the
glass side (Figure B.3) [409].
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An effective way to prevent void formation is to hinder the solid capping layer from building
up or removing the solvent before capping formation. When applying PbCl2 in the perovskite
precursor solution, the quick solidification at the solution/air interface is prevented (Figure 5.13c)
by retarding the nucleation and crystallization rate of the precursor solution due to forming, in
the author’s case of available extra MA+ ions, the byproduct MACl in solution [409]. MACl
then forms an intermediate complex and solid-state solution with PbAc2 and MAI, respectively,
enhancing the solubility of perovskite in the solution [451]. Furthermore, MACl is a less volatile
byproduct than MAAc and thereby retards the crystallization process additionally [389,426,448].

Consequently, no solid shell is formed and solvent and byproducts can evaporate from the bottom
of the wet film resulting in a compact and homogeneous perovskite layer without voids (Figure
5.13e, f). If there is too much PbCl2 applied, the roughness increases over a decisive limit
causing holes in the annealed film [425] (Figure 5.13g) [409].

In addition to PbCl2, DMSO and ammonium chloride (NH4Cl) can act in a similar way to
achieve void-free perovskite coverage by blade coating [389,450].

The author conducted XRD measurements to investigate the crystal structure of the resulting
perovskite with and without PbCl2 in the precursor solution as presented in Figure 5.14 [409].
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Figure 5.14: (a) XRD patterns of tetragonal crystal structure of annealed perovskite films on top of ITO/PTAA/
SiO2 NPs (0.9 wt%) with and without 5 % molar ratio PbCl2 of the Pb source in the perovskite
precursor solution. (b) XRD patterns from (a) with magnification at several main peak positions of
the tetragonal crystal structure. Lines indicate the peak positions. Perovskite films without PbCl2
exhibit voids at the PTAA/perovskite interface and additional peaks of the cubic crystal structure.

XRD patterns reveal merely a minimal increasing shift of the main peak positions of the
tetragonal perovskite structure toward higher diffraction angles in the diffractogram of the
sample including PbCl2 compared to the sample without PbCl2. This would attribute to a
smaller crystal lattice. These results indicate that no Cl– ions or only a minor portion of them
seem to be incorporated in the perovskite crystal lattice.

Hence, the author assumes that the Cl– ions might largely leave the drying film via sublimation
of volatile MACl in combination with MAAc [426]. The sample without PbCl2 in the precursor
solution exhibits voids at the PTAA/perovskite interface, as mentioned before, resulting in
additional peaks right in front of the tetragonal perovskite peaks, mainly the (110) and (220),
which can be attributed to the cubic phase of perovskite (Figure 5.14b) [409].
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To investigate if and where Cl– ions remain in the semiconductor film, TOF-SIMS was conducted
on annealed perovskite layers with different PbCl2 content in the precursor solution [409].
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Figure 5.15: TOF-SIMS depth profiles (negative ions) through samples of annealed perovskite thin films blade
coated on top of Glass/ITO/PTAA/SiO2 NPs with different amounts of PbCl2 in the precursor solution:
(a) 0 %, (b) 5 % and (c) 10 % molar ratio PbCl2 of the Pb source. Slight shifts of the graphs arise
from negligible difference in thickness of perovskite layers.

TOF-SIMS studies reveal that the blended Cl– is less located in the semiconductor bulk, but
accumulates at the surface and mainly near the ITO/PTAA interface as illustrated in Figure 5.15.
The Cl– distribution caused by ion diffusion is conform to reports in literature on spin coated
samples independent of substrate and device configuration [452–456].
Additionally, the top-view TOF-SIMS images in Figure 5.16 indicate a continuous increase of
grain size (Figure 5.16d-f) in samples with a PbCl2 content from 0 % to 10 % (see Figure 5.16a-
c), which was already identified in SEM images (Figure 5.12) [409].
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Figure 5.16: TOF-SIMS top-view images of annealed perovskite layer on Glass/ITO/PTAA/SiO2 NPs with (a, d)
0 %, (b, e) 5 % and (c, f) 10 % molar ratio PbCl2 of the Pb source in the precursor solution: (a-c) Cl–

and (d-f) PbI3
– ion signals.

It should be noted, that the author investigated only perovskite layers on ITO/PTAA/SiO2 NPs
with TOF-SIMS. When investigating full solar cell device stacks, especially after measuring 𝐽𝑉

characteristics, the location of Cl– might be different due to electrical field dependent migration
of the Cl– ions. However, as presented further down in Section 6.3, the Cl– ion location is found
to be similar even for a full device architecture with slot-die coated double-cation perovskite
absorber (see Figure 6.18).

The less steep increase of the characteristic signals from PTAA and ITO in Figure 5.15a compared
to 5.15b and 5.15c is caused by the voids in the perovskite layer, which speed up the premature
extraction of sputtered ions locally [409].

Signals of Br– ions were found in Figure 5.15a, b and c following the graphs of PTAA, although
samples were prepared without any Br containing compound. From this fact the author argues,
that Br– impurities in the PTAA remain in the material after its chemical synthesis via Ullmann
reaction with aryl halides [457].

Because of the high ionization yield of Cl– ions in TOF-SIMS and their generally low detection
in the author’s samples, the TOF-SIMS analysis supports the assumption made from XRD data,
that the majority of Cl– ions leave the absorber film during drying and are not incorporated into
the crystal lattice.

The author utilized PbCl2 containing precursor solutions in gas stream-assisted blade coated
PSCs and thereby reached PCEs of up to 15 %. An overview of box charts of the characteristic
photovoltaic device parameters PCE, FF and 𝑉OC of PSCs with different PbCl2 molar ratios of
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5.2 Optimizations of perovskite morphology with gas-assisted conversion

the Pb source in the precursor solution is presented in Figure 5.17a, b and c, respectively. 𝐽𝑉

data of corresponding record devices is illustrated in Figure 5.17d [409].
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Figure 5.17: Box chart of (a) PCE, (b) FF and (c) 𝑉OC of MAPI based PSCs with different PbCl2 molar ratios of
the Pb source. (d) 𝐽𝑉 curves of corresponding record devices measured in rvs scan direction.

Although the samples with no PbCl2 exhibited voids toward the HTL, surprisingly, such photo-
voltaic devices showed PCEs of up to 14.7 %. Nevertheless, voids results in decreased coverage,
which reduces the device working area and can cause charge recombination and a leakage cur-
rent increase [448]. PSCs fabricated from precursor solutions containing 5 % PbCl2 exhibit
lower 𝑅s of ∼1.6Ω cm2 in contrast to devices excluding PbCl2 (4.3Ω cm2) as illustrated in
Figure 5.17d. This fact is most likely related to the increased contact area due to avoiding void
formation. Figure 5.17c shows that the 𝑉OC of devices with PbCl2 slightly drops to 1.05 V from
∼1.10 V for devices without PbCl2. However, the median FF is increased from less than 70 %
to 75 % as presented in Figure 5.17b. Moreover, when applying 5 % PbCl2, the reproducibility
over different experimental batches is increased as well. Randomly distributed tiny holes in the
perovskite and increased roughness (Figure 5.12) for the case of 10 % PbCl2 result in a broad
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5 Controlling perovskite morphology for upscaling blade coated MAPI based solar cells and modules

distribution of FF (Figure 5.17b) and𝑉OC (Figure 5.17c), a slight increase in 𝑅s (2.3Ω cm2) and
hysteresis [409].

5.3 Increased efficiency by layer thickness optimization

The following section deals with layer thickness optimizations in order to further increase
device efficiency. Firstly, the absorber thickness is modified to improve the 𝐽SC of photovoltaic
devices (Subsection 5.3.1). Secondly, the FF of perovskite solar cells is increased by modifying
the HTL thickness (Subsection 5.3.2).

5.3.1 Improvement in JSC by modifying absorber thickness

The issue of void formation in Subsection 5.2.2 was solved by utilization of PbCl2 which is in
the following used to deposit thicker active layers but without voids.

When using 5 % PbCl2 in the precursor solution, the perovskite film thickness (𝑑) can be
increased to over 400 nm without the formation of voids. By adjusting 𝑑 of void-free perovskite
layers, the author increased the 𝐽SC of the PSCs and thereby reached PCEs of up to 17 %.

The perovskite thickness 𝑑 was adjusted by varying the blade coating velocity (𝑣BC) resulting
in an increase from ∼200 nm to up to 400 nm. An overview of box charts of the characteristic
photovoltaic device parameters PCE and 𝐽SC of PSCs with four different 𝑣BC is presented in
Figure 5.18a and b, respectively. The 𝑣BC value is was varied from 5 mm s−1 to 10, 15 and
20 mm s−1 resulting in a mean perovskite layer thickness 𝑑 of 200, 300, 330 and 390 nm,
respectively. 𝐽𝑉 data of corresponding record devices is illustrated in Figure 5.18c [409].
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Figure 5.18: Box chart of (a) PCE and (b) 𝐽SC of PSCs with active layer blade coated at different coating veloc-
ity (𝑣BC) (5 % PbCl2). (c) 𝐽𝑉 curves of corresponding record devices measured in fwd scan direction.

With higher 𝑣BC and larger 𝑑, 𝐽SC values rise from ∼15 mA cm−2 to 20 mA cm−2. Simul-
taneously, the 𝑉OC of devices is continuously increasing with 𝑑 from 1.00 V to over 1.05 V.
Consequently, the resulting PCEs rise from 7 % to up to 17 %.

Increasing 𝑣BC to values greater than 20 mm s−1 led to an explicit increase in surface roughness
and therefore insufficient PCBM covering [409].
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5.3 Increased efficiency by layer thickness optimization

5.3.2 Improvement in FF by modifying HTL thickness

Since earlier tests revealed that more uniform PTAA layers are accomplished when blade coating
at higher substrate temperatures instead of the standard RT similarly to a recent report [450],
the author reoptimized the PTAA thickness using a substrate temperature of 50 °C. Thereby, a
champion PCE of 17.9 % was reached [409].

The concentration of PTAA in DCB was tuned from 5 mg mL−1 to 10, 15 and 20 mg mL−1 with
correlating layer thicknesses of approximately 8, 20, 30 and 75 nm, respectively. Figure B.4
illustrates the appearance in color of the differently thick layers. An overview of box charts
of the characteristic photovoltaic device parameters PCE and FF of PSCs with varying PTAA
thickness is presented in Figure 5.19a and b, respectively. 𝐽𝑉 data of corresponding record
devices is illustrated in Figure 5.19c [409].

(a) (b) (c)

fwd rvs fwd rvs fwd rvs fwd rvs

8 20 30 75

0

2

4

6

8

10

12

14

16

18

20

HTL thickness / nm

P
C

E
 /
 %

fwd rvs fwd rvs fwd rvs fwd rvs

8 20 30 75

20

40

60

80

HTL thickness / nm

F
F

 /
 %

 25%~75%

 Mean

 Data

 Outlier

 Mean ± 1 SD

 Median Line

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

-20

-10

0

10

20

30

C
u
rr

e
n
t 

d
e
n
s
it
y
 /

 m
A

 c
m

-2
Voltage / V

HTL thickness / nm

 8

 20

 30

 75

Figure 5.19: Box chart of (a) PCE and (b) FF of PSCs with blade coated PTAA from different concentrated DCB
solutions resulting in varying PTAA thicknesses. (c) 𝐽𝑉 curves of corresponding record devices
measured in rvs scan direction.

Using the lowest PTAA concentration results in highest PCE values mainly due to a boosted
FF close to and over 80 %. Furthermore, 𝐽SC is dropping from 20.0 mA cm−2 to 18.5 mA cm−2

with increasing PTAA layer thickness [409]. The results are in excellent agreement with
literature [450,458].

In this study, a champion perovskite solar cell PCE of 17.9 % on an 𝐴act of 0.24 cm2 with
no hysteresis was achieved for the PTAA concentration of 5 mg mL−1 as illustrated in Figure
5.20 [409].
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Figure 5.20: 𝐽𝑉 curves in fwd and rvs scan directions of the champion photovoltaic device in this study.

This fact confirms again the successful transfer of the NP wetting agent concept [411] to scalable
gas stream-assisted blade coating and solution-processed PSCs in the p-i-n device architecture
with PTAA as HTM [409].

5.4 Large-area perovskite deposition for module fabrication

This section includes the results on upscaling the gas-assisted perovskite conversion pro-
cess (Subsection 5.4.1), which has been developed and optimized in the previous sections. The
aim of the section is the large-area perovskite deposition in order to fabricate PSMs (Subsection
5.4.2).

5.4.1 Upscaling gas-assisted perovskite conversion

To prove the scalability of the before established gas-assisted perovskite conversion and the
concept using blade coated NPs as wetting agent, the author produced perovskite layers and
PSMs on larger PTAA areas.

Figure 5.21a shows a photographical image of annealed perovskite films deposited via blade
coating on Glass/ITO/PTAA/SiO2 NPs substrates with sizes of 3 × 6, 5 × 8 and 9 × 9 cm2 [409].
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(a) (b)

2 cm

Figure 5.21: (a) Photographical image of annealed perovskite films on Glass/ITO/PTAA/SiO2 NPs with different
substrate sizes viewed from top side. (b) Photographical image of a 9 × 9 cm2 substrate with reflective
appearance viewed from top side.

The perovskite layers indicate no dewetting and pinholes on the hydrophobic PTAA, which
clearly proves the scalability of the gas-assisted conversion and the wetting agent concept. By
means of the blade coated NPs, upscaling the PTAA substrate size is in principle possible
even on larger areas than 9 × 9 cm2. However, this size represents the technical limit of the
author’s setup. When coating on 9 × 9 cm2 substrates, a film thickness and roughness decline
in blade coating direction is observed (Figure 5.21b) because of missing continuous solution
supply [409].

Since accomplishing thickness homogeneity over larger areas becomes increasingly challenging,
blade coating parameters have to be adjusted precisely. When keeping the solution concentration
and gap height constant, the thickness over large areas can be mainly adjusted by altering the
applied solution volume and coating velocity [409].

To quantify the large-area perovskite homogeneity, the author prepared 9 × 9 cm2 substrates
with four different parameter sets of applied volume (50 µL and 60 µL) and blade coating veloc-
ity 𝑣BC (10 mm s−1 and 20 mm s−1). After gas stream-assisted blade coating, four 15 × 15 mm2

substrates with two PSCs each consecutively located in the coating direction are cut out of each
9 × 9 cm2 sample. A schematic top-view illustration of the selected substrates is displayed in
Figure 5.22a.
An overview of the column graphs of all characteristic photovoltaic device parameters of two
PSCs at each corresponding position is presented in Figure 5.23.
Furthermore, the author measured and plotted 𝑅q, perovskite film thickness 𝑑 and the 𝐽SC of
corresponding PSCs (Figure 5.22)b-d [409].
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Figure 5.22: Homogeneity study on 9 × 9 cm2 substrates with four different perovskite coating parameter sets of
applied volume and blade coating velocity 𝑣BC as indicated in the legend: (a) Schematic top-view
illustration of one substrate. Four 15 × 15 mm2 substrates (marked in colors) consecutively located in
blade coating direction (blue arrow) are selected and utilized for measuring corresponding 𝐽𝑉 data.
(b) 𝑅q, (c) annealed perovskite film thickness (𝑑), and (d) 𝐽SC values extracted from fwd scans of two
PSCs at each corresponding position marked in (a).

The resulting device 𝐽SC correlates with both 𝑅q and 𝑑. When 𝑑 is increased, 𝐽SC values rise
as expected. However, with increasing 𝑑, 𝑅q rises as well, which can limit the 𝐽SC due to
insufficient PCBM covering. Furthermore, 𝑉OC and FF values correlate with the 𝐽SC (Figure
5.23).

In the case of 60 µL with 20 mm s−1, the perovskite precursor wet film is very thick in the
beginning of the blade coating process. This results in an annealed layer thickness of 840 nm
with a high 𝑅q of 140 nm (position 1). Both values decrease to 670 nm and 100 nm at the
next cut substrate in coating direction (position 2), respectively. However, the ETL PCBM is
not completely covering the roughness of the perovskite layer (position 1 and 2), which most
likely explains the lower 𝐽SC of 17.5 and 18.9 mA cm−2 compared to 19.9 and 20.0 mA cm−2
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5.4 Large-area perovskite deposition for module fabrication

at position 3 and 4 (Figure 5.22d). This is the case, although 𝑑 is lower at the latter two
positions (Figure 5.22c). When comparing position 3 and 4, 𝑑 and 𝑅q keeps almost stable in
coating direction [409].
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Figure 5.23: Homogeneity study on 9 × 9 cm2 substrates with four different perovskite coating parameter sets of
applied volume and blade coating velocity 𝑣BC: Column graphs of (a) PCE, (b) FF, (c) 𝑉OC and
(d) 𝐽SC of two PSCs at each corresponding position marked in Figure 5.22a. Shown values were
measured in fwd and rvs scan directions.

If using a lower amount of applied volume with a higher 𝑣BC (50 µL and 20 mm s−1), the decrease
of 𝑅q and 𝑑 is similar to the first case: 𝑅q is ∼110 nm at the beginning of coating, which causes
low 𝐽SC (position 1), and decreases rapidly with 𝑑 resulting in a film thickness of 544 nm and
462 nm (position 2 and 3), respectively. Since coating at 20 mm s−1 implicates a higher usage
of solution compared to 10 mm s−1, thin layers of <335 nm (position 4) follow (Figure 5.22c).
This correlates to low 𝐽SC values at position 4 (Figure 5.22d) [409].

By using the parameter set of 60 µL with 10 mm s−1, the deviation in 𝑅q, 𝑑 and 𝐽SC over position 1
to 4 is already strongly decreased.
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5 Controlling perovskite morphology for upscaling blade coated MAPI based solar cells and modules

However, the best compromise between constant 𝑅q, 𝑑 and 𝐽SC values over all four positions is
given for the fourth parameter set (50 µL and 10 mm s−1). For this case, comparable maximum
PCE values of close to 17.0 % with least 𝐽SC loss in coating direction of <2 mA cm−2, caused by
an absolute reduction in 𝑑 of only less than 75 nm, are reached. This fact is also demonstrated by
each standard deviation of all characteristic photovoltaic device parameters combining position 1
to 4 on one 9 × 9 cm2 substrate (Figure B.5). Hence, the author decided to define this parameter
set as standard for module fabrication on 9 × 9 cm2 substrates [409].

5.4.2 Perovskite solar module fabrication

To test the perovskite homogeneity perpendicular to the coating direction and by implementing
the blade coated NP wetting agent introduced in Subsection 5.2.1, the author was able to fabricate
large-area PSMs on substrate sizes of 3 × 3, 5 × 5 and 9 × 9 cm2 (Figure 5.24) [409].

(d) (e)

(a) (b) (c)

(f)

2 cm

2 cm2 cm

2 cm2 cm

2 cm

Figure 5.24: Photographical images of modules with different substrate sizes and 𝐴ap.

The resulting 𝐴ap of the modules are 3.80, 11.60 and 49.60 cm2, respectively. The geometric
fill factor (GFF) of the modules is ∼92 %.

The module efficiency and PCE uniformity over all subcells were tested by measuring different
numbers of up to 16 subcells connected in series as indicated in Figure 5.25.
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5.4 Large-area perovskite deposition for module fabrication
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Figure 5.25: (a-c) Column charts of PCE and𝑉OC distribution of different numbers of subcells connected in series.
(d-f) 𝐽𝑉 curves measured in fwd and rvs scan directions of PSMs with different substrate sizes,
module 𝐴ap, and number of subcells.

The distribution of PCE is relatively homogeneous over all subcells in the modules with dif-
ferent substrate sizes and module 𝐴ap. The module 𝑉OC is adding up with each additional
subcell connected in series to a final 𝑉OC of 4.1, 8.2 and 16.3 V on an 𝐴ap of 3.80, 11.60
and 49.60 cm2 (Figure 5.25a-c), respectively, indicating an ideal serial interconnection. These
PSMs reach maximum efficiencies of 12.8 %, 10.3 % and 9.3 % in fwd scan direction with slight
hysteresis [409] as displayed in Figure 5.25d-f.

Although optimizing PSMs is not defined as an aim of this thesis (Section 1.2) and the focus of
Chapter 5 lies in the investigation of methods for controlling and optimizing the MAPI perovskite
morphology via gas-assisted conversion, the following paragraph, however, highlights some
potential options for improvements of PSMs. The in general low performance of the PSMs
and the strong decrease in performance when upscaling 𝐴ap (Figure 1.1b) are caused by several
factors which require further optimizations:

(i) During the etching step of the ITO, which is required for preparing module substrates (Sub-
section 3.1.2), the 𝐴ap of the module needs to be covered with tape. Due to residuals of this
tape after etching the risk of inhomogeneous subsequently deposited PTAA/SiO2 NPs and
therefore the perovskite film is drastically increased [409]. The module layout should be
altered, so that no etching step is necessary anymore through defining 𝐴ap via limitations
during Ag electrode evaporation in both directions.

(ii) Moreover, since improving the patterning of PSMs was not the focus of this thesis, the
presentation of results on module structuring were omitted. Nevertheless, P2 lines need
to be studied in more detail and require optimization to decrease contact resistance at the
subcell interconnection [23] in future.
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5 Controlling perovskite morphology for upscaling blade coated MAPI based solar cells and modules

(iii) Additionally, changing the contacting layout of the modules so that one contact is located
on the longer side of the first cell would be superior to increase 𝐼SC [23].

(iv) In general, the GFF of PSMs needs to be increased (Subsection 2.3.2) to values of
>92 % [23] by for instance reducing the P1 width of ∼140 µm or replacing the mechanical
scribing of the P3 by laser ablation to decrease the P3 width of ∼60 µm. Furthermore, the
subcell width of 5 mm should be optimized with the help of simulations as a function of
the TCO 𝑅sq.

(v) The static gas system might have an influence on the perovskite film homogeneity when
enlarging the module substrate size, however, a moving gas system (see Subsection 6.1.1)
should solve this issue. In addition, blade coating implies a film thickness and roughness
decline in coating direction because of missing continuous solution supply which is
detrimental to PSM performance as described in detail in Subsection 5.4.1. Slot-die
coating (see Section 6.3) will improve layer thickness and roughness homogeneity.

These bullet points show suggestions of the author for potential improvements and to increase
device performance of PSMs especially when upscaling 𝐴ap.

5.5 Conclusion

Chapter 5 depicted the investigation of controlling the perovskite morphology for upscaling
blade coated MAPI based solar cells and modules by gas-assisted perovskite conversion.

The results of the study indicate that the perovskite morphology can be well controlled via the gas-
assisted conversion in contrast to the hardly controllable heat-assisted conversion investigated
before in Chapter 4. In contrast to heat-assisted conversion, the author identified the temporally
decoupling of the drying and nucleation or even crystallization process as main difference. This
results in the control of the individual steps leading to homogeneous and smooth perovskite thin
film surfaces without undesirable drying features. Additionally, the drying process is feasible at
low processing temperatures near RT (40 °C). Beyond that, the gas stream enables tremendously
decreased 𝑅q values of the perovskite film surface compared to the heat-assisted conversion and a
more homogeneous layer morphology and the formation of convection cells are avoided (Figure
5.2). Furthermore, the author showed that by utilizing PbAc2 as Pb source and DMF as precursor
solution solvent a low-pressure and statically installed gas system is sufficient enough to dry
the wet film as desired. Since gas-assisted conversion turned out to be the conversion method
which is superior to the heat applying counterpart (Chapter 4), the author continued utilizing
this method in Chapter 6.
Using PTAA instead of PEDOT:PSS as HTM resulted in a 𝑉OC increase of PSCs. However,
dewetting of the perovskite precursor solution on the hydrophobic PTAA was identified as main
problem.
To solve this problem, the author developed a blade coated NP wetting agent which improves
the wetting behavior of the precursor solution on PTAA and helps to optimize the perovskite
morphology on macroscopic scale avoiding pinholes. Different analytical methods yielded no
detrimental consequence of the NPs such as parasitic absorption or alteration of crystallization.
Due to these facts, the wetting agent is as well applied in the following Chapter 6.
By composition engineering of the precursor solution via utilization of PbCl2, the perovskite layer
formation and therefore the resulting perovskite morphology can be controlled on microscopic
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scale hindering a top down drying and void formation and rather facilitating homogeneous
drying. Furthermore, XRD and TOF-SIMS data indicate that the majority of Cl– ions leave the
absorber film during drying and are not incorporated into the crystal lattice.
Moreover, adjusting the PTAA thickness led to an increase in FF and a champion PCE of 17.9 %
on an 𝐴act of 0.24 cm2 with a perovskite absorber layer deposited by a scalable printing technique
namely blade coating.
In addition by combining all engineering steps, the author scaled up the substrate size and
fabricated large-area modules with a PCE of 9.3 % on a maximum 𝐴ap of close to 50 cm2 [409].

In summary, Chapter 5 highlighted that gas-assisted perovskite conversion including the concept
of blade coating a NP wetting agent on hydrophobic HTLs, such as PTAA, is suitable for solution
processing of hybrid perovskite thin films with well defined morphology and for upscaling MAPI
based p-i-n PSCs and modules by scalable techniques.

The following Chapter 6 focuses on the evaluation of scalable perovskite deposition of a more
stable multi-cation perovskite composition applying other solvent systems and PbI2 in contrast
to the so far used MAPI absorber based on pure DMF and PbAc2. Hence, this will require a
moving high-pressure gas system as presented hereinafter.
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6 Evaluation of scalable perovskite deposition from
suitable solvent systems for multi-cation perovskite
solar cells

The third main chapter specifies the evaluation of scalable perovskite deposition from suitable
solvent systems for multi-cation perovskite solar cells. It comprises four result sections, in
which blade coating, a green solvent system, slot-die coating by means of gas-assisted perovskite
conversion are investigated, and further optimizations are discussed. The chapter is finalized
with a short conclusion.

The first Section 6.1 covers blade coating with gas-assisted perovskite conversion. The section
comprises the establishment of a moving high-pressure gas system (Subsection 6.1.1) and the
discussion on utilizing standard solvent systems, which are normally toxic (Subsection 6.1.2).

The second Section 6.2 comprises the implementation of a green solvent system via blade
coating for multi-cation perovskite solar cells.

The subsequent Section 6.3 presents results on the implementation and optimization of slot-die
coating in conjunction with gas-assisted perovskite conversion.

The potential for further optimizations is discussed in Section 6.4.

Section 6.5 concludes Chapter 6 on the evaluation of scalable perovskite deposition from suitable
solvent systems for multi-cation perovskite solar cells.

6.1 Blade coating with gas-assisted perovskite conversion

This section describes results on blade coating of multi-cation thin films and PSCs with gas-
assisted perovskite conversion. Firstly, a moving high-pressure gas system is established for
the perovskite conversion (Subsection 6.1.1). Secondly, the utilization of standard toxic solvent
systems is shortly discussed (Subsection 6.1.2).

All the following studies on blade coating of suitable solvent systems for multi-cation PSCs with
gas-assisted perovskite conversion represent original work of the author of this thesis. Further
information and additional highlights of the research are published in the corresponding first
author peer-reviewed paper [413]. J. Hanisch, T. Wahl, J. Zillner, E. Ahlswede, and M. Powalla
act as coauthors of the paper, who carried out TOF-SIMS measurements, conducted SEM images,
analyzed XRD results, supervised the work, and acted as adviser of the work, respectively. All
authors discussed the results and commented on the manuscript.
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6 Evaluation of scalable perovskite deposition from suitable solvent systems for multi-cation perovskite solar cells

6.1.1 Establishment of moving high-pressure gas system

For deposition of the multi-cation, here double-cation perovskite (FACsPbIBr), absorber layers,
the author developed the gas stream-assisted perovskite conversion introduced in Subsection
5.1.1 further and utilized a dynamic high-pressure gas system in this part of the thesis [413]. The
reason for choosing FACsPbIBr is its higher stability compared to the MAPI perovskite (Chapter
4 and 5) as shortly explained in the subsequent Subsection 6.1.2. To enable gas stream-assisted
blade coating in a N2-filled glovebox [409], the glovebox was equipped with a pressure relief
valve. Figure 6.1 displays a schematic illustration of blade coating and the drying process.

40 °C plate

Blade
Gas knife

N2vGK

vBC

v

p,Q

Figure 6.1: Schematic illustration of high-pressure N2 gas stream-assisted drying with a moving gas system utilized
for fabrication of MC based perovskite layers.

The gas system is installed in such way that it can dynamically move over the substrate exhibiting
a temperature of normally 40 °C which is considered as low-temperature processing. The
movement of the gas knife and its higher N2 pressure 𝑝 and flow rate 𝑄 are the main differences
to Subsection 5.1.1. Details on the procedure are given in Subsection 3.1.4.

The movement and the higher 𝑝 and 𝑄, respectively, are required here to dry the wet film since
two main details changed compared to Chapter 5: (i) the solvent system is now DMF:DMSO (see
Subsection 6.1.2) or pure DMSO (see Section 6.2) instead of pure DMF used before and (ii) the
Pb source is based on PbI2 and PbBr2 instead of PbAc2 utilized above. Consequently, 𝛽i has to
be higher here due to the lower 𝑝oi of DMSO compared to DMF and no formation of volatile
MAAc which would be facilely removed from the wet film (Subsection 5.1.1 and Equation 5.1).

The reasons for utilizing the FACsPbIBr, a DMF:DMSO solvent mixture and PbI2 as Pb source
in the perovskite precursor solution in Chapter 6 instead of the MAPI perovskite absorber,
pure DMF and PbAc2 (Chapter 5), respectively, are shortly explained in the following Subsec-
tion 6.1.2.

6.1.2 Utilization of standard (toxic) solvent systems

MAPI is the most widely used Pb-halide perovskite materials for PSCs as it is a defect tol-
erant semiconductor with excellent optoelectronic properties [56] as mentioned in Subsection
2.1.1. However, in recent years, MAPI perovskite absorber have been replaced by multi-
cation (MC) perovskite precursor mixtures such as triple-cation FA+/MA+/Cs+-based perovskite
compositions [58] because of their higher resulting device efficiency and intrinsic structural

88



6.2 Implementation of a green solvent system via blade coating

stability [162, 183, 459]. By now, the research focus lies more on double-cation perovskite ma-
terials especially due to their thermal stability, which normally contain FA+ and/or Cs+ avoiding
the highly volatile MA+ ions [162,460].
Admittedly, producing a uniform and high-quality perovskite thin film from such more complex
precursor solutions on large area via a scalable printing technique, such as blade coating used
here, might be additionally challenging due to their intricate solution chemistry [286,338].

Furthermore, the approach of a static low-pressure gas system with PbAc2 as Pb source in the
perovskite precursor solution (Chapter 5) is not applicable to the case of MC perovskite absorbers
due to the formation of nonperovskite phases when mixing PbAc2 with FAI as demonstrated by
Luo et al. [461].

MC perovskite precursor solutions usually utilize solvent mixtures of toxic DMF as the main
component and only little amount of co-solvents [183, 459, 462], here DMSO, also in order
to guarantee the solubility of all precursor materials including CsI [463, 464]. However, for
upscaling to mass production and commercialization, appropriate handling of the toxic main
constituent of the solvent system must be already considered during the initial development
phase [465,466], which is the focus of the following Section 6.2 [413].

6.2 Implementation of a green solvent system via blade coating

This section includes the implementation of a green solvent system for multi-cation absorber
layers via blade coating and gas-assisted perovskite conversion. Furthermore, the results from
this implementation are compared to a standard (toxic) solvent system (Subsection 6.1.2).

Harmful and polluting precursor solvents such as DMF hinder the transfer to scalable print-
ing and large-scale production of PSCs by solution processing. For the case of MAPI-based
perovskite, several studies have utilized solvents and solvent mixtures that reduce or eliminate
the use or generation of substances hazardous to humans, animals, plants and the environ-
ment [467], also referred to as green solvents [468], aiming to demonstrate alternatives to
DMF [235–237, 239, 469–473]. However, regarding MC perovskite thin films, reports particu-
larly concerning blade coating describe, to the best of the author’s knowledge, merely the utiliza-
tion of toxic solvent systems [272,280,282,342,344,418,422,474–476]. More nonconventional
solvents and co-solvents used for upscaling PSCs are acetonitrile (ACN) [238,244,375,477,478],
2-methoxyethanol (2-ME) [375, 377, 378, 384, 387, 389, 450, 479–481], or 2-methylpyrazine
(2-MP) [482], but it is up for debate if these solvents are sufficiently green [235].

A fully sustainable and green solvent such as pure dimethyl sulfoxide (DMSO) would be more
desirable to use for PSC fabrication [211, 483] as recently presented in a comprehensive health
and environmental impact analysis including a LCA by Vidal et al. [210] and in Figure 6.2 [413].
For further information the author recommends references [210,212].
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Figure 6.2: Column chart of human health characterization factors by causes expressed in disability-adjusted life
years (DALYs) kg−1 of substance emitted for the scenario of emission to urban air. Adapted with
permission from [210]. © Springer Nature.

An overview of physical characteristics of typical polar precursor solution solvents for PSC
production is presented in Table C.1.
Despite its general disadvantage of carrying toxins or dissolved materials with it across skin
membranes, the study shows that DMSO offers the least human health and environmental impact
compared to all other typical polar aprotic solvents (Figure 6.2) for producing the perovskite
layer of PSCs [210, 212], which normally exhibit a strong electronegative polar group in the
solvent molecule.
According to the Lewis acid-base theory, an electron pair acceptor is classified as an acid and
electron pair donor as a base. The reaction between Lewis acid and base results in either redox
reaction or coordinated adducts. Pb halides are known as Lewis acids, while the polar aprotic
solvent acts as the Lewis base. In a perovskite precursor solution, the atoms, ions, and solvent
molecules coordinate with each other generating a intermediate Lewis acid-base adduct also
referred to as complex. A Pb atom or Pb2+ ion represents the central object of the complex
providing empty orbitals to share the electrons with surrounding solvent molecules [484].
Besides offering the least human health and environmental impact as mentioned before, DMSO
has a high donor number (𝐷N) (Table C.1), which was proposed as a figure of merit to describe
the coordination ability of the solvent with perovskite precursors, especially to Pb2+ ions [413].
This leads to an excellent solubility of the perovskite precursors in DMSO [375,485].

However, utilizing pure DMSO implies two main challenges in contrast to DMF or DMF:DMSO
mixtures: (i) increased dewetting on the subjacent layer [236, 240], especially on PTAA, due
to a high DMSO 𝜎 of 42.8 mN m−1 [486] and a high [ of 2.0 cP [305, 375], resulting in
inhomogeneous perovskite films on a large area [375, 439, 487, 488] and a reduced processing
velocity [210, 375]; and (ii) complex quenching and longer solvent evaporation periods of the
wet film [489,490] when using low processing temperatures due to its low 𝑝oi and higher BP of
189 °C than the one of DMF (153 °C) [210], as summarized in Table C.1 [413].

Since PSCs with perovskite layers fabricated from pure DMSO have normally exhibited poor
device performance [236, 239, 240, 488] due to the mentioned challenges, this solvent system
has been rarely used except for very few reports. They refer to the fabrication of PbI2 films in a
two-step method [491] or, when utilizing a one-step method, to the deposition of single-cation
perovskite layers via a meniscus coating techniques [239,488] and SC [236,492–494].

Even fewer studies are reported on double- or multi-cation perovskite produced by solely DMSO
solution processing. Meniscus coating of a pure DMSO double-cation precursor solution has
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6.2 Implementation of a green solvent system via blade coating

been reported by He et al., but the perovskite composition still contained MA+ ions [353].
In contrast, Galagan et al. investigated SDC of MA+-free double-cation perovskite films
in merely DMSO which was unfortunately only feasible by adding the hazardous co-solvent
2-butoxyethanol (2-BE) [240]. Furthermore, Zhang et al. recently described a double-cation
perovskite solution deposited from pure DMSO but only for hardly scalable SC and antisolvent-
assisted conversion [495].

In the following, the author for the first time developed and investigated one-step blade coating
of a MA+-free double-cation perovskite for PSCs from solely green DMSO without co-solvent
or additives at low processing temperatures, which is an important step toward environmentally
friendly industry-relevant solution processing of PSCs [413].

An exemplary schematic illustration and a corresponding SEM cross-section image in Figure
6.3 demonstrate the inverted planar device architecture on glass in principle consisting ITO/
PTAA/SiO2 NPs/FACsPbIBr/PCBM/BCP/Ag [413].

(a)

PCBM
BCP
Ag

SiO2 NPs

FACsPbIBr

ITO
PTAA

Glass

(b)

200 nm

Figure 6.3: (a) Schematic illustration of the inverted device stack with SiO2 NPs at the PTAA/perovskite interface
and (b) SEM cross-section image of a typical opaque PSC with blade coated PTAA, NPs and a
FACsPbIBr perovskite layer fabricated from solely DMSO. The NPs are marked in orange.

The chosen chemical composition of the double-cation perovskite of FA0.83Cs0.17Pb(I0.87Br0.13)3
allows stable absorber layers avoiding MA+ ions with 𝐸g >1.60 eV as mentioned in Subsection
2.1.1 and 2.1.4. Consequently, this fact might make the composition as well suitable for tandem
applications [460,496].

The nonpolar polymer PTAA is utilized here again as a HTL because of its efficient carrier
transport properties [409] as presented in Subsection 5.1.2. To prevent dewetting of the precursor
solution on PTAA, the author again applies the blade coated SiO2 NP wetting agent at the
HTL/perovskite interface developed in Subsection 5.2.1, which enhances the PTAA surface
energy [409, 411]. Consequently, there is no need for the in literature widely utilized addition
of amphiphilic surfactants to the perovskite precursor solution to lower its 𝜎, such as LP [247,
274,344,352,375,377,378,389,418,419,497] which the author utilized mainly in Section 4.2.

Figure C.1 clearly indicates that without the use of the NP wetting agent on top of PTAA
the perovskite precursor solution in pure DMSO is nonwetting on PTAA and does not remain
on the substrate after BC, while in the case of PTAA/NPs, fully covered and homogeneous
double-cation perovskite layers are obtained after annealing [413].

For comparison, the perovskite precursors are either dissolved in a toxic 4:1 (vol:vol) DMF:DMSO
mixture or in merely green DMSO. The author emphasizes that engineering of process pa-
rameters, such as 𝑄, direction of the gas stream and delay time after wet film deposition until
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6 Evaluation of scalable perovskite deposition from suitable solvent systems for multi-cation perovskite solar cells

quenching as well as 𝑣BC and 𝑣GK, is critical and leads to different ideal process conditions for
both separately optimized recipes of each solvent system [413]. For instance, earlier tests re-
vealed that more uniform perovskite layers are accomplished when choosing larger 𝑄. It results
in a higher degree of supersaturation and therefore leading to a boosted nucleation density (see
Subsection 2.2.2) with compact perovskite domains [282,498].

To evaluate the morphology an crystal grains of the resulting perovskite from the toxic and green
solvent system, the author compared the SEM top-view images of perovskite layers blade coated
on ITO/PTAA/SiO2 NPs from both solvent systems (Figure 6.4). Both films are annealed at a
temperature of either 100 °C or 150 °C for a period of 10 min (Figure 6.4a-d) [413].
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Figure 6.4: SEM top-view images of double-cation perovskite layers blade coated on ITO/PTAA/SiO2 NPs from
a precursor solution in different solvent systems both annealed at temperatures of (a-b) 100 °C or (c-d)
150 °C.

The morphology of the perovskite layer fabricated from DMSO does not significantly differ
from the one from the DMF:DMSO mixture for each annealing temperature [413].

Figure 6.5 illustrates the corresponding histograms of crystal grain size distribution determined
from SEM images with lower magnification and a larger image section than in Figure 6.4a-d to
increase statistics. Figure C.2 presents the analysis of the crystal grain size distribution [413].
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Figure 6.5: To Figure 6.4 corresponding histograms of crystal grain size distribution. For details see Figure C.2.

When identifying the crystal grain size, the samples show an absolute increase in mean crystal
grain sizes of ∼90 nm (DMF:DMSO) and 110 nm (DMSO) when the annealing temperature is
altered from 100 °C to 150 °C, which corresponds to a relative increase of >55 % and 75 %,
respectively, as illustrated in Figure 6.4c-d and Figure 6.5. Thus, the increase in growth is nearly
similar in both cases. Figure 6.5 discloses a slightly smaller mean crystal grain size of ∼140 nm
of the perovskite layer fabricated by utilizing DMSO than DMF:DMSO (160 nm) when choosing
an annealing temperature of 100 °C. The reason for that might be the different BPs of 153 °C
and 189 °C of DMF and DMSO (Table C.1), respectively [413].

In the case of an annealing temperature of 150 °C, the mean grain sizes of ∼250 nm of samples
deposited from both solvent systems are similar (Figure 6.5) because an annealing temperature
of 150 °C is high enough to fully evaporate pure DMSO analogically to a DMF:DMSO mixture.
The grain size is larger for a higher annealing temperature of 150 °C due to enhanced grain
coarsening as reported in literature [499–501].

Figure C.3 presents the SEM top-view images of the same samples with lower magnification.
The images indicate a homogeneous layer with full coverage in the case of the toxic DMF:DMSO
solvent systems as well as the green pure DMSO solvent with both annealing temperatures.

To investigate the surface roughness of the FACsPbIBr layers, the author measured the SEM
cross-sections of complete solar cell device stacks with a perovskite active layer blade coated
from a precursor solution in the two solvent systems (Figure 6.6) [413].
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Figure 6.6: SEM cross-section images of complete solar cell device stack with a double-cation perovskite active
layer blade coated from a precursor solution in different solvent systems and annealed at different
temperatures. (a, c and d) The Ag contact is not visible.

The author observed similar surface roughness independent from the solvent system and the
annealing temperature. The ETL of PCBM completely covers the perovskite layer. The author
observed larger grains preferentially in the case of the higher annealing temperature (Figure
6.6c-d), as already presented in Figure 6.4c-d. Furthermore, a homogeneous coverage and no
voids are found at the HTL/perovskite interface [389,409,448] as described in Subsection 5.2.2.
From Figure 6.6, no clear statement can be made on the absorber thicknesses in relation to the
four parameter sets since perovskite layers exhibit slight thickness variations over the 3 × 6 cm2

substrate caused by the characteristic of the BC process itself [413].

From the SEM studies, the author concluded that the perovskite morphology is homogeneous
and the mean grain size, grain size distribution, and surface roughness of samples from toxic and
green solvent systems are comparable. This fact is mainly attributed to the sufficient quenching
by gas stream-assisted drying further developed in Subsection 6.1.1 and to the improved wetting
properties of both perovskite solutions on the nonwetting PTAA layer, especially the one with
solely DMSO, with the aid of the NP wetting agent [409, 411, 413] optimized in Subsection
5.2.1.

XRD measurements are conducted on annealed perovskite layers to investigate their crystal
structure fabricated from the toxic DMF:DMSO and the green DMSO solvent systems with both
annealing temperatures (Figure 6.7) [413].
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Figure 6.7: XRD patterns of the tetragonal crystal structure of double-cation perovskite layers blade coated on
ITO/PTAA/SiO2 NPs from a precursor solution in different solvent systems and annealed at different
temperatures.
The two peaks at ∼30° and 35° derive from the ITO. Furthermore, the author did not record any peaks
at 2\ of 12.6° and 25.4°, which would indicate undesirable PbI2.

XRD patterns disclose the formation of the perovskite structure independent of the solvent
system and annealing temperature. All peaks from the films can be indexed to the perovskite
phase or the subjacent ITO. Hence, this means that the films exhibit a pure perovskite phase
without FAI, CsI, or yellow phases of formamidinium lead triiodide (FAPbI3) or CsPbI3 and
PbI2 [481]. No decisive change in peak intensity or significant shift of the main peak positions of
the tetragonal perovskite structure is observed when the green solvent system and an annealing
temperature of 150 °C were chosen compared to the standard solvent system with 150 °C [413].

From the diffractograms, the author concluded that the crystallographic properties of the per-
ovskite layer fabricated by the green solvent system are similar to those of the perovskite
layer fabricated from a DMF:DMSO mixture which confirms the observation from the SEM
images (Figure 6.4).

Spectral 𝑇 and 𝑅 measurements are conducted on annealed perovskite layers to evaluate the
calculated 𝐴 and compare the absorbing capacity of films fabricated from different solvent
systems and annealing temperatures, as illustrated in Figure 6.8 [413].
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Figure 6.8: Spectral absorptance 𝐴 of double-cation perovskite layers blade coated on ITO/PTAA/SiO2 NPs from
a precursor solution in different solvent systems both annealed at temperatures of 100 °C or 150 °C as
a function of _. (b) Focus on absorption edge.

Optical 𝐴 curves indicate in principle relatively similar trends for the different samples. Notably,
the typical strong, broad absorption of perovskite is observed also for samples from pure DMSO,
indicating no necessity of toxic DMF. Despite the interference effect due to potential perovskite
thickness variations, the samples annealed at 150 °C indicate a generally slightly higher absorp-
tion in the range from 580 nm to 760 nm than the ones with an annealing temperature of 100 °C.
The sample fabricated from the pure DMSO solvent system and 150 °C annealing temperature
shows highest 𝐴 (Figure 6.8a). The absorption edge of the signals of all thin films is formed
between 750 nm and 770 nm (Figure 6.8b), which is attributed to the formation of the FACsPbIBr
perovskite [460]. This fact correlates to the XRD measurements (Figure 6.7) where the per-
ovskite crystal structure was observed for both solvent systems and annealing temperatures as
well [413].

To investigate the chemical properties of the perovskite absorber and the elemental composition
of the device stack, TOF-SIMS depth profiles are conducted on PSCs with perovskite layers
utilizing both solvent systems and annealing temperatures (Figure 6.9) [413].
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Figure 6.9: TOF-SIMS depth profiles (positive ions) through complete solar cell device stack with a double-cation
perovskite absorber blade coated from a precursor solution in different solvent systems and annealed at
different temperatures. Slight shifts of the graphs arise from negligible perovskite thickness difference.
The labels Ag, C2, I, Br, FA, Pb, Si, CN and indium (In) represent the signals of CsAg+, Cs2C2

+,
Cs2I+, Cs2Br+, CH5N2

+, Pb+, Si+, Cs2CN+ and In+, respectively.

The depth profiles reveal an expectable elemental composition through the device stacks. A
homogeneous distribution of the main components of the double-cation perovskite, such as halide
ions, indicated by the I and Br signals, and FA+ ions, is identified throughout the perovskite
bulk of all samples independent of the solvent system and annealing temperature. The author
did not observe a clear indication of any halide ion phase segregation since halide signals run
parallel to each other across the perovskite depth [502]. A slightly increased accumulation of
the halide signals is observed at the BCP/Ag interface, whereas the signals of FA+ ions and Pb
are not concentrated at this interface. The reason for this fact might be the facile halide ion
diffusion [502]. Cs+ ions in the absorber cannot be detected since a Cs+ source is utilized as a
sputtering ion source to enable the removal of all layers in the complete cell stack. Moreover,
negligible shifts of the graphs arise from differences in perovskite and ETL layer thicknesses of
the samples, as already presented in Figure 6.6 [413].
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Instead of a plateau, the relatively slow increase of characteristic I and Br signals with increasing
depth in all samples is caused by the fact that the sputter rate of the organic compounds is much
lower than for the inorganic or organic-inorganic compounds when using a Cs+ sputter source in
TOF-SIMS. Consequently, no sharp transition region exists at the PCBM/perovskite interface.
The C2 signal increase between 400 s and 500 s is attributed to the PTAA layer. In addition, the
CN signal is ascribed to FA as well as PTAA. The SiO2 NPs are clearly detectable at the PTAA/
absorber interface via the Si signal for all four samples [413].

From the TOF-SIMS study, one can conclude that the chemical properties of the absorber layer
and elemental composition in the solar cell are, independent of the annealing temperature,
unaltered when choosing green DMSO instead of the standard DMF:DMSO mixture as a
perovskite precursor solution solvent.

The perovskite layers deposited by one-step gas stream-assisted BC from a toxic and green
solvent system are integrated in PSCs to compare their photovoltaic performance. At this
juncture, similar PCEs of up to >16.5 % are reached [413].

Figure 6.10 shows an overview of box charts of all characteristic photovoltaic device parameters
of PCE, FF, 𝑉OC, and 𝐽SC of PSCs blade coated from a precursor solution in 4:1 (vol:vol)
DMF:DMSO mixture and pure DMSO and annealed at temperatures of 100 °C and 150 °C
evolving over three device batches in which 𝑣BC were gradually optimized.
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Figure 6.10: Box chart of (a) PCE, (b) FF, (c) 𝑉OC and (d) 𝐽SC of PSCs with a double-cation perovskite absorber
blade coated from a precursor solution in different solvent systems and annealed at different tem-
peratures evolving over three device batches changing 𝑣BC: (1) 20 mm s−1 (both solvent systems);
(2) 20 mm s−1, 10 mm s−1 (DMF:DMSO, DMSO); (3) 18 mm s−1, 7.5 mm s−1 (DMF:DMSO, DMSO).
Shown values were measured in fwd and rvs scan directions.

Besides the reference of the standard toxic solvent system, Figure 6.10 depicts the evolution of
the DMSO recipe until it delivered similar device performances compared to the DMF:DMSO
solvent mixture. From the evaluation of device performances with an annealing temperature
of 150 °C, the author concludes that with the green DMSO solvent system, similar mean PCEs
compared to the standard toxic DMF:DMSO mixture of ∼14 % to 16 % can be achieved. Fur-
thermore, an annealing temperature of 150 °C might be more favorable for reaching the highest
device performance of >16 % compared to 100 °C (close to 16 %) [413].

The parameter 𝑣BC for both solvent systems were consecutively optimized in the three presented
device batches. In Batch 1, a 𝑣BC of 20 mm s−1 were chosen for both solvent systems. In this
batch the performance of devices fabricated from pure DMSO were significantly lower compared
to devices from the toxic solvent system. The reason for that was a too thick 𝑑wet in the case
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6 Evaluation of scalable perovskite deposition from suitable solvent systems for multi-cation perovskite solar cells

of pure DMSO and therefore insufficient quenching. Consequently, as mentioned before, 𝑣BC
of the recipes of both solvent systems were henceforward optimized separately (Batch 2 and
3). This is clearly comprehensible because of the differences in rheology, especially in [ and
𝑝oi (Table C.1), of both solvent systems [491], requiring slower 𝑣BC (and 𝑣GK) for pure DMSO
by trend to reach 𝑑wet values comparable to the case of the solvent mixture and appropriate
drying, respectively. Similar PCEs for both solvent systems were reached after optimizing
𝑣BC (Figure 6.10) [413].

Moreover, the results of device performance (Batch 3) conform to the measurements of 𝐴

displayed earlier (Figure 6.8). All devices show moderate hysteresis behavior caused by a small
change in an absolute 𝑉OC of ∼10 mV but mainly due to an alteration in absolute FF of up to
4 %, as illustrated in Figure 6.10b.

The 𝐽𝑉 data in fwd and rvs scan directions of the champion devices of both solvent systems for
this study is illustrated in Figure 6.11 [413].
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Figure 6.11: 𝐽𝑉 curves in fwd and rvs scan directions of the champion photovoltaic devices of the two solvent
systems (150 °C) in this study.

For the author’s study, similar champion PSC PCEs of 16.9 % and 16.7 % were achieved
in the rvs scan direction for the DMF:DMSO and the DMSO solvent system, respectively,
with an annealing temperature of 150 °C and slight hysteresis (Figure 6.11). In the fwd scan
direction, these devices showed PCEs of 16.3 % and 15.5 % with FF values of 74.5 % and 72.1 %,
respectively. The data confirm the successful transfer of one-step double-cation perovskite
blade coating from a toxic solvent system to a scalable deposition via a fully green precursor
solvent [413].

EQE measurements reveal the relation of the spectral current generation of representative PSCs
with perovskite absorber layers blade coated from a precursor solution in different solvent
systems and annealed at both temperatures under an additional bias light (Figure C.4).

EQE differences in the range between 580 nm and 760 nm are detected because of differing
perovskite absorber thicknesses as illustrated in Figure 6.6, causing in some cases, insufficient
absorption of photons due to interference effects as mentioned before. Nevertheless, the inte-
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6.2 Implementation of a green solvent system via blade coating

grated photocurrent density obtained by EQE measurement (𝐽EQE) values in Figure C.4 precisely
match with the 𝐽SC values extracted from the 𝐽𝑉 curves (Figure 6.10d) in this study when a bias
light is utilized during the measurement [413].

Figure 6.12 shows the EQE measurements of the same photovoltaic devices without bias light.
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Figure 6.12: Spectral evaluation of EQE of representative PSCs with a double-cation perovskite absorber blade
coated from a precursor solution in different solvent systems and annealed at different temperatures
measured without a bias light. Figure C.4 presents EQE data measured with a bias light.

The EQE and 𝐽EQE values are 5 % to 10 % relatively higher than the results in Figure C.4 in all
cases of the four parameter sets. This might be associated with recombination or hysteresis of
the photovoltaic devices under light as demonstrated in Figure 6.10 due to ion migration [498,
503]. Without bias light, 𝐽EQE values exceed the 𝐽SC values obtained from 𝐽𝑉 curves by an
absolute value of ∼1.5 mA cm−2. Since the parasitic absorption of ITO/PTAA/SiO2 NPs is
expected to be the same for all samples, the differences in EQE might be mainly attributed to
discrepancies in average crystal grain sizes (Figure 6.5) and absorber thicknesses (Figure 6.6).
The samples annealed at 150 °C exhibit in general larger grain sizes, which could reduce the
charge recombination at grain boundaries, leading to a higher EQE [413]. 𝐿c values in the bulk
might increase with larger grain sizes as well, thus generally causing a higher quantum efficiency
in the range of 400 nm to 600 nm [504].

The FACsPbIBr semiconductor 𝐸g are calculated to be ∼1.61 eV for the samples with an
annealing temperature of 150 °C and 1.62 eV for cells with perovskite annealed at 100 °C
independent from the solvent system, which is in agreement with the measured 𝑉OC and 𝐽SC
relation of corresponding solar cells (Figure 6.10c, d) [413].

Device performances of solar cells fabricated from both solvent systems prove that the concept
of blade coating double-cation perovskite from a green precursor solvent, instead of toxic DMF-
containing approaches, is extremely promising [413].
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6.3 Optimization of slot-die coating with gas-assisted perovskite
conversion

This section describes results on the implementation and optimization of slot-die coating with
gas-assisted perovskite conversion of multi-cation perovskite thin films incorporated in PSCs.

Establishing slot-die coating with gas-assisted perovskite conversion represents original work of
the author of this thesis. The majority of the following studies on additive engineering and defect
passivation of slot-die coated perovskite for solar cells were primarily conducted by A. Manu
under guidance of the author and the here presented results reflect the main findings of her
bachelor thesis [414]. Further information and additional details of the research can be found
in the thesis. A. Manu was assisted by J. Hanisch, T. Wahl, J. Zillner, and E. Ahlswede, who
carried out TOF-SIMS measurements, conducted SEM images, performed XRD measurements
and supervised the work, respectively. All assistants discussed the results with the guide, who
reviewed A. Manu’s bachelor thesis together with J. Hanisch and E. Ahlswede.

Similar to the utilization of PbCl2 as additive in the precursor solution introduced in Subsec-
tion 5.2.2, additive engineering [505] for instance with formamidinium chloride (FACl) is getting
increasingly popular in literature. Recently, Tavakoli et al. described the use of FACl as an
additive in the perovskite precursor solution and revealed surface defect suppression as well as
an improved perovskite absorber layer crystallinity and enlarged average crystal grain size in
n-i-p PSCs [506]. Furthermore, similar results have been as well reported by Dagar et al. [507]
and others [508–511].

As a staring point for additive engineering by means of FACl in this thesis, blade coating was
utilized at first due to its simplicity (Subsection 2.2.1). Figure 6.13 presents an overview of box
charts of all characteristic photovoltaic device parameters of PCE, FF, 𝑉OC and 𝐽SC of PSCs
with an absorber blade coated from a precursor solution in a 4:1 (vol:vol) DMF:DMSO mixture
with different FACl additive concentrations (3 mol %, 5 mol % and 8 mol %).

Figure 6.13a indicates that the PCE of PSCs gradually increases with increasing the FACl con-
centration in the perovskite precursor solution from 3 mol % to 5 mol % and 8 mol %. With a
concentration of 3, 5 and 8 mol %, the median PCE is ∼8.5 %, ∼11.0 % and ∼12.5 %, respec-
tively, mainly due to a gradual increase in median FF (Figure 6.13b) and 𝐽SC (Figure 6.13d),
while𝑉OC remains rather constant (Figure 6.13c). These facts might be attributed to an enlarged
average crystal grain size as reported later (see Figure 6.16). Similar findings have been reported
in literature [506,508–511]. Since a FACl concentration of 8 mol % shows superior PCE values
of PSCs with blade coated double-cation absorbers, it is considered as suitable for the SDC
studies below [414].

Furthermore, it should be noted that the utilization of FACl in the perovskite precursor solution
retards the nucleation and crystallization rate of the wet film [414, 506] similarly to the case of
Cl– ion addition in the form of PbCl2 [409] as described in Subsection 5.2.2. For further details,
the author recommends reference [414].

In order to avoid the 𝑑wet and thus the 𝑑 gradient using blade coating as described in Subsec-
tion 5.4.1, the scalable deposition technique was changed to slot-die coating (Subsection 2.2.1).
Slot-die coating represents a more industry-relevant deposition technique than blade coating.
Additionally, the author continued to utilize the in Subsection 6.1.1 developed dynamic high-
pressure gas system for gas stream-assisted perovskite conversion.
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Figure 6.13: Box chart of (a) PCE, (b) FF, (c)𝑉OC and (d) 𝐽SC of PSCs with a blade coated double-cation perovskite
absorber with 3 mol %, 5 mol % and 8 mol % FACl in the perovskite precursor solution without an
additional PEAI passivation layer on top of the absorber (see Figure 6.15) and an annealing temperature
of 100 °C for 30 min. Shown values were measured in fwd and rvs scan directions. Short-circuited
devices are omitted.

A photographical image of the experimental setup for slot-die coating perovskite absorber layers
with gas-assisted perovskite conversion inside a glovebox is presented in Figure C.5. Details on
the procedure are given in Subsection 3.1.4.

Figure 6.14 shows an overview of box charts of all characteristic PV device parameters of
PCE, FF, 𝑉OC and 𝐽SC of PSCs with a double-cation perovskite absorber slot-die coated from
a precursor solution in a 4:1 (vol:vol) DMF:DMSO mixture with a FACl additive concentration
of 8 mol %. The films were annealed at different annealing temperatures of 100 °C, 130 °C and
150 °C.
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Figure 6.14: Box chart of (a) PCE, (b) FF, (c) 𝑉OC and (d) 𝐽SC of PSCs combined from two device batches
with a slot-die coated double-cation perovskite absorber annealed at 100 °C, 130 °C and 150 °C for
30 min without an additional PEAI passivation layer on top of the absorber (see Figure 6.15) and with
FACl (8 mol %) in the perovskite precursor solution. Shown values were measured in fwd and rvs
scan directions. Short-circuited devices are omitted.

When comparing Figure 6.14 with Figure 6.13, a strong difference between the performance
of PSCs with slot-die and blade coated perovskite is observed, although only considering
results with the same FACl concentration and annealing temperature of 8 mol % and 100 °C,
respectively. The PCE is significant lower for slot-die coating (∼9.5 %) compared to blade
coating (∼12.5 %) mainly due to a decreased FF. The large PCE discrepancy between the
scalable deposition techniques slot-die and blade coating can not be directly explained since
𝑑 of the annealed crystallized perovskite layers are similar in both cases (not shown) [414].
Furthermore, perovskite morphology, average grain size and 𝑅q are similar as well (not shown).
Differences in the nature of the HTL/perovskite or perovskite/ETL interface could be an option
explaining the PCE discrepancy of SDC and BC [414] as supposed further down.
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Moreover, Figure 6.14 indicates that an annealing temperature of 130 °C is beneficial for the me-
dian PCE of PSCs (∼10.0 %) in contrast to 100 °C (∼9.5 %) and 150 °C (∼2.5 %). Consequently,
this annealing temperature has been used in all further SDC studies [414].

Defect passivation [512] is a promising method to enhance device performance of PSCs [350,
513] for instance with phenethylammonium iodide (PEAI) via abundant iodide on the perovskite
surface or via formation of a 2D perovskite phase on a 3D perovskite surface and thus filling I–

vacancies on the surface consequently resulting in passivation of the surface halide defects [514].

An overview of box charts of all characteristic device parameters of PSCs with an absorber
slot-die coated from a precursor solution in a 4:1 (vol:vol) DMF:DMSO mixture with a FACl
additive concentration of 8 mol % without and with an additional PEAI defect passivation layer
on top of the double-cation perovskite absorber is presented in Figure 6.15.
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Figure 6.15: Box chart of (a) PCE, (b) FF, (c) 𝑉OC and (d) 𝐽SC of PSCs with a slot-die coated double-cation
perovskite absorber without and with an additional PEAI passivation layer on top of the absorber and
with FACl (8 mol %) in the perovskite precursor solution and an perovskite annealing temperature of
130 °C for 30 min. Shown values were measured in fwd and rvs scan directions.
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Figure 6.15 clearly indicates an enormous enhancement of the median PCE from ∼8.5 % to
∼15.5 % (Figure 6.15a) by the PEAI layer at the perovskite/ETL interface mainly caused by a
median FF increase of∼20 % (Figure 6.15b) and a median𝑉OC improvement of>200 mV (Figure
6.15c). However, Figure 6.15d illustrates that the median 𝐽SC remains rather constant when
utilizing the additional PEAI passivation layer. These improvements, especially of the 𝑉OC, can
be most likely attributed to the surface defect passivation effect which suppresses nonradiative
charge carrier recombination [514].

Xu et al. recently reported a similar drastic increase in average PCE of PSCs with slot-die coated,
here MAPI, perovskite absorber layers, from 12.6 % for the case without defect passivation to
20.1 % when utilizing a passivation strategy [359]. This increase is caused by an improvement
of all characteristic photovoltaic device parameters [359].

From the SDC study without and with an additional PEAI passivation layer on the absorber
surface (Figure 6.15), one can conclude that the prime reason for significant lower PCE values
of PSCs with a slot-die coated double-cation perovskite absorber (Figure 6.14) compared to the
blade coated counterpart (Figure 6.13) as mentioned before, has to be related to a higher density
of surface defects in the case of SDC.

To investigate the different combinations of additive engineering by FACl and defect passivation
via PEAI, four parameter sets were examined: (i) without FACl, without PEAI, (ii) with FACl,
without PEAI, (iii) without FACl, with PEAI, and (iv) with FACl, with PEAI.

In order to analyze the influence of FACl and PEAI on the perovskite morphology a SEM
study is performed. Figure 6.16 presents SEM top-view images of double-cation perovskite
layers slot-die coated on ITO/PTAA/SiO2 NPs without and with 8 mol % FACl in the perovskite
precursor solution and without and with an additional PEAI layer on top of the absorber.

It can be observed, that without FACl bright appearing hexagonal flakes exist at the perovskite
surface (Figure 6.16a, c), which are most likely PbI2, although a stoichiometric perovskite
precursor solution is utilized. PbI2 is confirmed by XRD and GIXRD measurements further
down (see Figure 6.17). Figure 6.16b, d indicate that, when including FACl in the solution, the
PbI2 flakes disappear. These results are again in excellent agreement with the crystallographic
characterization in Figure 6.17. In addition, the average grain size increases with the utilization of
FACl (Figure 6.16b, d) as similarly reported for PbCl2 in Subsection 5.2.2 and in literature [506,
507, 511]. Furthermore, Manu’s bachelor thesis revealed a slight perovskite surface roughness
increase for samples with FACl [414] similarly to the results on incorporation of PbCl2 in the
perovskite precursor solution presented in Subsection 5.2.2.
The additional PEAI layer is barely visible in the SEM top-view images (Figure 6.16c-d).
The crystal grain size remains unaltered despite the application of a PEAI defect passivation
layer [414].

Moreover, a few SiO2 NPs aggregate on the perovskite surface as illustrated in Figure 6.16a-d.
This was the case only on rare occasions when the solution was blade instead of slot-die coated.
It was not possible within this thesis to determine, if this NP relocation in the direction of the
perovskite/PCBM interface is detrimental to or possibly even beneficial for device performance.
The exact reason why NPs aggregate on the perovskite surface is not fully understood till now.
The author assumes that the NPs are detached from the PTAA surface and are most likely
transported through the precursor wet film due to differing solution adhesion of the perovskite
precursor solution to the PTAA/NP surface during ink deposition depending on the different
deposition technique itself. The process of NP relocation is enhanced by the drying process
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Figure 6.16: SEM top-view images of double-cation perovskite layers slot-die coated on ITO/PTAA/SiO2 NPs
(a, c) without and (b, d) with FACl (8 mol %) in the perovskite precursor solution and (a-b) without
and (c-d) with an additional PEAI layer on top of the absorber (perovskite annealing on 130 °C for
30 min).
A few NPs aggregate at the perovskite surface during slot-die coating of the precursor solution.

via the high-pressure gas-assisted perovskite conversion. However, it is highly likely that
in particular clusters of NPs detected in the SEM top-view images (Figure 6.16b, d) might
decrease solar cell PCE due to their insulating nature (see Figure 6.19) and alter the wetting
behavior of the subsequently deposited ETL consisting of PCBM [414].
The relocation of the SiO2 NPs toward the perovskite/PCBM interface as observed in SEM
top-view images in Figure 6.16 is confirmed by TOF-SIMS depth profiles further down (see
Figure 6.18).

To analyze the perovskite crystal structure, XRD measurements are conducted on annealed
perovskite layers processed via SDC on ITO/PTAA/SiO2 NPs without and with FACl in the
perovskite precursor solution and without and with an additional PEAI layer on top of the
absorber (Figure 6.17). Here, diffractograms from XRD measurements are presented in Figure
6.17a, while Figure 6.17b illustrates GIXRD results.
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Figure 6.17: (a) XRD and (b) GIXRD patterns of the tetragonal crystal structure of slot-die coated double-cation
perovskite layers on top of ITO/PTAA/SiO2 NPs without and with FACl (8 mol %) in the perovskite
precursor solution and without and with an additional PEAI layer on top of the absorber (perovskite
annealing on 130 °C for 30 min).

The XRD patterns of the tetragonal perovskite crystal structure in Figure 6.17a reveal three main
findings:

(i) No alteration of XRD patterns measured from 5° to 50° is observed when using an
additional PEAI passivation layer on the perovskite surface.

(ii) Utilization of FACl in the perovskite precursor solution causes vanishing of the peak at
∼12.6°, which indicates detrimental PbI2 and is in accordance with above mentioned
SEM measurements (Figure 6.16), simultaneously increasing the (110) and (220) peaks
at ∼14.2° and ∼28.5°, respectively.

(iii) The (112) and (224) peaks at ∼20.0° and ∼40.6°, respectively, however, decrease with
FACl addition.

To conclude, XRD patterns of samples with FACl suggest an improved perovskite crystallinity
as already reported elsewhere [506, 508, 509, 511]. In addition, no additional peaks appear
after adding FACl which indicates that the majority of the FACl has evaporated [511] after
annealing at 130 °C for 30 min similar to the case of adding PbCl2 to the perovskite precursor
solution (Figure 5.14) discussed in Subsection 5.2.2.

Since PEAI films are expected to be thin (few nm) and might form 2D perovskite [514], GIXRD
patterns are analyzed. Results from GIXRD measurements (Figure 6.17b) confirm the finding
concerning the appearance of a PbI2 peak at∼12.6° for the samples without FACl in the precursor
solution.
Furthermore, the samples with a PEAI layer exhibit additional low angle peaks which might be
attributed to the expansion of the perovskite unit cell with increases of the thickness of a 2D
perovskite layer in the crystal structure [515]. The peak at ∼5.4° for the sample without FACl
corresponds to the 2D perovskite (PEA)2PbI4 with 𝑛 = 1, while 𝑛 is the number of 2D phases
of PbI6 octahedrons sandwiched between the PEAI spacers [514, 516, 517]. It seems that the
addition of FACl prevents the formation of the 2D (PEA)2PbI4 perovskite (Figure 6.17b) [414].
There is no diffraction peak at 4.7° detectable which would attribute to the diffraction pattern of
the pure PEAI phase [514]. However, the reason for the appearance of the peak at ∼3.9° in the
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6.3 Optimization of slot-die coating with gas-assisted perovskite conversion

case of the sample with FACl is inexplicable till now and its origin is still under investigation. It
might result as a consequence of 2D phases with higher 𝑛 [515, 516, 518,519].

To examine the distribution of the elemental composition of the device stack ITO/PTAA/
SiO2 NPs/FACsPbIBr/PCBM/BCP/Ag, especially concerning FACl and PEAI, TOF-SIMS
depth profiles are conducted on complete stacks of PSCs with the four parameter sets, without
and with FACl and without and with an additional PEAI layer, respectively. The results of the
analysis are illustrated in Figure 6.18.
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Figure 6.18: TOF-SIMS depth profiles (positive ions) through complete solar cell device stack with a slot-die
coated double-cation perovskite absorber (a, c) without and (b, d) with FACl (8 mol %) in the per-
ovskite precursor solution and (a-b) without and (c-d) with an additional PEAI layer on top of the
absorber (perovskite annealing on 130 °C for 30 min).
The labels Ag, C2, I, Br, Cl, FA, C6H5C2H4, Si and In represent the signals of CsAg+, Cs2C2

+, Cs2I+,
Cs2Br+, Cs2Cl+, CH5N2

+, C6H5C2H4
+, Si+ and In+, respectively.

Figure 6.18a-b clearly indicate the absence of the additional PEAI layer on top of the perovskite,
since no signals of C6H5C2H4 are detected. However, with the additional passivation layer the
signal of C6H5C2H4 is visible at the PCBM/FACsPbIBr perovskite interface (Figure 6.18c-d).
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6 Evaluation of scalable perovskite deposition from suitable solvent systems for multi-cation perovskite solar cells

C6H5C2H4 represents a component of PEAI with the chemical formula of C8H12IN. The author
assumes that the additional defect passivation layer of PEAI is leveling the perovskite surface
roughness due to the observation of a second peak of the In signal from ITO for the samples
without PEAI (Figure 6.18a-b) which is absent in the case of corresponding counterparts with
PEAI (Figure 6.18c-d).
Furthermore, interesting findings concerning FACl are revealed: For the samples without
FACl (Figure 6.18a, c), the Cl signal contribution is only caused by the residuals from the
Cl containing solvent used for the PCBM solution. However, on the addition of FACl (Figure
6.18b, d), a second peak of Cl– ions is observed indicating an accumulation of Cl– ions toward
the PTAA/ITO interface [414]. The findings on the location of Cl– ions are coherent to the
investigations of utilizing PbCl2 as additive in the perovskite precursor solution (Subsection
5.2.2) as presented in Figure 5.15.
All other components are similarly distributed throughout the device stack for the four parameter
sets, although slight shifts of the graphs are observed which arise from negligible difference in
thickness of the corresponding layers.

As already mentioned in the paragraph discussing the TOF-SIMS depth profiles in Figure
6.9 (Section 6.2), the sputter rate of the inorganic or organic-inorganic compounds is much faster
than for pure organic compounds when using a Cs+ sputter source in TOF-SIMS. Consequently,
no sharp transition region exists at the PCBM/perovskite (Figure 6.18a-b) and PCBM/PEAI/
perovskite (Figure 6.18c-d) interfaces, respectively.

The author concluded from the TOF-SIMS analysis that PEAI is mainly located at the perovskite
surface and does not diffuse deeply in the perovskite bulk thus mainly acting as surface defect
passivation layer. Moreover, adding FACl increases the Cl distribution toward the HTL due to
accumulation of Cl– ions at the PTAA/ITO interface and less in the absorber bulk. This might
passivate defects at the perovskite crystal grain boundaries [507, 511] toward the HTL.

Furthermore, SiO2 NPs are clearly detected at the PTAA/perovskite interface by the Si signal in
all samples (Figure 6.18a-d). Interestingly, the SiO2 NPs which relocate at the perovskite surface
for the case of slot-die coating the perovskite precursor solution as mentioned before (Figure 6.16)
are detected as a second maximum of the characteristic Si signal at the PCBM/perovskite (Figure
6.18a, b) and PEAI/perovskite interfaces (Figure 6.18c, d), respectively, indicates. However, in
the case of blade coating the perovskite precursor solution the SiO2 NPs are not relocated, as
mentioned before, which is confirmed by TOF-SIMS depth profiles of PSCs with blade coated
absorbers where only one Si signal maximum is observed (Figure 6.9).

To investigate the influence of FACl and PEAI on the PCE of PSCs, the author compared pho-
tovoltaic performance of devices comprising slot-die coated double-cation perovskite including
FACl and an additional PEAI film on the absorber surface, respectively. In doing so, PCEs of
up to >17 % are reached [414].

Figure 6.19 presents an overview of box charts of all characteristic photovoltaic device parameters
of PCE, FF, 𝑉OC and 𝐽SC of PSCs slot-die coated from a double-cation perovskite precursor
solution without and with FACl and without and with an additional PEAI layer on top of the
perovskite absorber.
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Figure 6.19: Box chart of (a) PCE, (b) FF, (c) 𝑉OC and (d) 𝐽SC of PSCs with a slot-die coated double-cation
perovskite absorber without and with FACl (8 mol %) in the perovskite precursor solution and without
and with an additional PEAI layer on top of the absorber (perovskite annealing on 130 °C for 30 min).
Shown values were measured in fwd and rvs scan directions. Short-circuited devices are omitted.

When comparing the PSCs without and with incorporation of FACl, it is observed that the
median PCE is increased with FACl by ∼2 % (Figure 6.19a). However, with the addition of
FACl the hysteresis behavior is in general increased possibly caused by the stronger migration
behavior of Cl– compared to I– ions as observed in TOF-SIMS depth profiles (Figure 6.18b,
d). Moreover, it should be noted that the highest fwd and rvs scan performances are in the
opposite direction in contrast to samples without FACl as similarly observed for the addition of
PbCl2 (Figure 5.17) presented in Subsection 5.2.2. Its cause is still under investigation [414].
In addition, 𝐽SC values seem to generally increase by FACl incorporation in the perovskite
precursor solution (Figure 6.19d), which could be attributed to the larger average perovskite
crystal grain size as mentioned before (Figure 6.16b, d) reducing charge recombination [506].
The 𝑉OC remains rather unchanged (Figure 6.19c). Figure 6.19b indicates decreased FF values
with the use of FACl which might be related to the increased perovskite surface roughness as
mentioned before [414].
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6 Evaluation of scalable perovskite deposition from suitable solvent systems for multi-cation perovskite solar cells

Adding a PEAI layer at the perovskite/PCBM interface results in a significant FF (Figure 6.19b)
and 𝑉OC increase (Figure 6.19c), while 𝐽SC values remain rather constant (Figure 6.19d) as
already mentioned (Figure 6.15). FF values might additionally increase due to a smoothing of
the perovskite surface roughness via the deposition of the PEAI defect passivation layer, which
was already assumed when evaluating the corresponding TOF-SIMS depth profiles (Figure
6.18). For the record PSCs, the PCE enhances by ∼2 % and >2 % for the case without and with
FACl, respectively (Figure 6.19a). The reasons for the latter might be the combined favorable
effects of the simultaneous utilization of both FACl and PEAI:

(i) Halide vacancies at the perovskite grain boundaries are passivated along with a perovskite
crystal grain size increase (Figure 6.16b, d) and suppression of PbI2 (Figure 6.17) via the
Cl– ions from the FACl in the precursor solution,

(ii) the I– ions from the additional PEAI layer passivate perovskite surface defects [507,520],
and

(iii) the missing 2D (PEA)2PbI4 perovskite phase identified by GIXRD measurements (Figure
6.17b) seems to be favorable for device performance.

FACl additive engineering together with the PEAI defect passivation strategy results in the most
efficient device performances in fwd scan direction of all four parameter combinations (Figure
6.19a) [414].

The 𝐽𝑉 data measured in fwd and rvs scan directions of the champion solar cell device with
slot-die coated double-cation perovskite in this study is illustrated in Figure 6.20.
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Figure 6.20: 𝐽𝑉 curves in fwd and rvs scan directions of the champion photovoltaic device with a slot-die coated
double-cation perovskite (with FACl, with PEAI) in this study.

In the SDC study of the author, a champion PSC PCE of 17.6 % on an 𝐴act of 0.24 cm2 is
achieved in the fwd scan direction for a sample including FACl in the perovskite precursor
solution and with an additional PEAI defect passivation layer as presented in Figure 6.20. The
solar cell exhibits a FF of 77.8 %. In the rvs scan direction, this device shows a PCE and FF of
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15.5 % and 70.5 %, respectively. These results are reasonable on such an 𝐴act (Figure 1.1b) in
comparison to reports in literature [244,479].

The findings from the SDC study indicate that additive engineering with FACl and passivation
strategies such as an additional PEAI layer on the perovskite absorber surface are useful tools to
drastically improve the performance of slot-die coated PSCs.

6.4 Potential for further optimizations

This section gives examples and discusses the potential for further optimizations.

In Section 6.3, slot-die coating was still optimized with the standard toxic DMF:DMSO solvent
mixture. To avoid toxic solvents solely green DMSO should be not only used as solvent system
when blade coating (Section 6.2) but also for slot-die coating in future [521]. Due to safety
precautions of DMF the transfer to a sustainable solvent like DMSO is required, if producing
perovskite layers in ambient conditions without the use of a glovebox and in direct contact with
the operator [210]. Fabrication of PSCs in ambient conditions would be the big next step,
which will implicate new challenges such as contact of the wet film to humidity and O2 during
deposition and perovskite conversion. Nevertheless, concerning this challenge, the gas-assisted
concept is again promising since it can, besides removing solvent molecules during quenching,
additionally suppress the accumulation of H2O and O2 molecules above the wet film reducing
its interaction with these molecules [282].
Furthermore, the toxicity of DCB [522] as solvent to dissolve not only PTAA but also PCBM
needs to be addressed in future by replacing DCB with a green solvent such as anisole in both
HTL [390] and ETL cases as already presented in literature [523].

As already mentioned, when slot-die coating perovskite precursor solutions, a few SiO2 NPs
were found on top of perovskite surface (Figure 6.16), although the SiO2 NP wetting agent is
utilized at the PTAA/perovskite interface. However, a method to hinder the NP movement was
not yet discovered.

To bring gas-assisted perovskite conversion in combination with slot-die coating closer to an
industrial process the slot-die coating velocity 𝑣SD and the gas knife velocity 𝑣GK should be the
same in order to enable a R2R process on flexible substrates with a stationary slot-die head and
gas knife. First results on harmonizing the coating and gas knife velocity have been already
presented by Manu et al. [414], but are not shown in this thesis. In brief, to accomplish the
harmonization in general, 𝑣GK was increased to match 𝑣SD, the blade coater plate and substrate
temperature needs to be slightly increased (still <70 °C) [498], and the distance from the gas
knife outlet to the blade coater plate was decreased [414] to achieve faster quenching and
supersaturation (see Subsection 2.2.2). This is required since the delay time between solution
deposition and gas-assisted perovskite conversion is now almost 0 s. Another option would be
to utilize a larger 𝑄 and 𝑣, respectively [282, 498], but these parameter alterations have been
avoided in Manu’s thesis due to technical limitations [414]. Furthermore, the distance between
the slot-die and the gas knife is critical as well. However, 𝑣SD and𝑄𝑖𝑛𝑘 was left constant resulting
in the same 𝑑wet as in the case of differing 𝑣GK and 𝑣SD [414].

In Section 6.3, the PEAI defect passivation strategy was only applied via an additional film on
top of the perovskite layer. Literature indicates that it can be applied not only on the perovskite
surface but also improves device performance when directly blended in the precursor solution of
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the absorber by means of a passivation effect at the grain boundaries additionally to the function
of surface passivation [328,520].

To reach a fully scalable PV device architecture, the deposition of PEAI, PCBM and BCP
needs to be transferred from spin coating to blade coating or slot-die coating, which might be
an additional challenge in the case of PEAI and BCP since these layers need to be extremely
thin (<5 nm) to function sufficiently [520, 524]. It is complex to achieve this by scalable
deposition techniques due to an in general thicker wet layer thickness compared to the case
of spin coating. For addressing this challenge, diluting and utilizing solutions with very low
concentrations might be an option. Recently published results show that a defect passivation
layer can be deposited by blade coating [383,419].

6.5 Conclusion

Chapter 6 depicted the evaluation of scalable perovskite deposition from suitable solvent systems
for multi-cation perovskite solar cells via gas-assisted perovskite conversion.

As presented, due to the facts that for a MC precursor solution PbI2 and PbBr2 and a DMF:DMSO
mixture is utilized as Pb sources instead of PbAc2 and the solvent system, respectively, a low-
pressure and statically installed gas system (Chapter 5) is not sufficient enough to dry the
double-cation wet film as desired. Therefore, a moving high-pressure gas system was estab-
lished.
Furthermore, the results of Chapter 6 indicate that the author, for the first time, achieved p-i-n
MA+-free double-cation PSCs fabricated by one-step blade coating at low processing tempera-
tures solely from DMSO which represents a green and environmentally safe precursor solvent,
avoiding toxic solvent systems with DMF.
By applying the blade coated SiO2 NP wetting agent developed in Subsection 5.2.1 at the
HTL/perovskite interface and realizing sufficient DMSO quenching by gas stream-assisted dry-
ing (Subsection 6.1.1), the author addressed and mastered the two major challenges related to
DMSO, which explain why it has been rarely used as a pure precursor solvent in the literature
for any type of perovskite or coating technique: (i) dewetting of the precursor solution on sub-
jacent layers, especially on the highly hydrophobic PTAA, due to the high 𝜎 and [ of DMSO,
resulting in inhomogeneous perovskite films; and (ii) its complex wet film quenching process
due to the low 𝑝oi and high BP of DMSO (see Table C.1). Moreover, the author compared
trends in perovskite grain size, morphology, crystallinity, and elemental composition of samples
fabricated from the toxic and green solvent system, revealing analogous results. Thus, PSCs
blade coated from the pure green solvent DMSO achieve a device performance of up to 16.7 %
PCE comparable to the ones from the toxic DMF:DMSO mixture (16.9 %). Thereby, the author
showed that the use of toxic DMF is unnecessary [413].

In conclusion, the concept of replacing the commonly used toxic DMF as a precursor solution
solvent or as a component in solvent mixtures by merely green DMSO discloses a pioneering
route for perovskite deposition by scalable printing techniques such as blade coating. Con-
sequently, this study provides a promising pathway to bring environmentally friendly solution
processing of PSCs closer to industrial realization and application [413].

In addition, slot-die coating was implemented and optimized for processing MC perovskite
layers. Thereby, gas-assisted perovskite conversion was combined with the slot-die coating pro-
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cess, however, still using the toxic DMF:DMSO mixture as perovskite precursor solvent system.
Nevertheless, by additive engineering and defect passivation strategies a PCE of 17.6 % of a
PSC with a slot-die coated absorber was reached.
The presented results indicate that the performance of PSCs based on slot-die coated MC per-
ovskite lag behind the one of their blade coated counterpart. Furthermore, an additional PEAI
passivation layer on top of the slot-die coated double-cation perovskite layer is a useful tool to
drastically increase the solar cell PCE. This is mainly caused by an increase in FF and 𝑉OC
highly likely attributed to the defect passivation effect. The PEAI layer can be clearly detected
at the perovskite surface via TOF-SIMS measurements [414]. To conclude, the author assumes
that PSCs with slot-die coated perovskite can only reach competitive PCE values when utilizing
an additional passivation strategy [359,383,419].
Moreover, the addition of FACl in the perovskite precursor solution applied in PSCs based
on the slot-die coated double-cation perovskite absorber slightly increases 𝐽SC values, how-
ever, hysteresis, especially in combination with an additional PEAI layer, enhances as well.
Furthermore, the average grain size is enlarged by the use of FACl. PSC device stacks with
FACl blended in the perovskite precursor solution exhibit an increased Cl– ion concentration
toward the ITO/PTAA interface as TOF-SIMS results indicated [414]. In conclusion, similar to
PbCl2 (Subsection 5.2.2), FACl as perovskite precursor solution additive might remain a useful
tool in the future in order to increase the in general smaller grain sizes for the gas- compared to
the heat-assisted perovskite conversion (Subsection 2.2.2).

In summary, Chapter 6 highlighted that gas-assisted perovskite conversion is suitable for solution
processing of double-cation perovskite thin films with well defined morphology and appears
to be appropriate to convert green DMSO as pure precursor solvent, which exhibits the lowest
𝑝oi of all typical polar precursor solution solvents for PSC production (Table C.1), and to be
combined with slot-die coating. Consequently, gas-assisted perovskite conversion is a promising
method to upscale solution processing of not only MAPI (Chapter 5) but also MC perovskite by
scalable and sustainable techniques for solar cell application.

The following Chapter 7 summarizes this thesis and gives an outlook.
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This chapter summarizes this thesis (Section 7.1) and gives an outlook and perspectives (Section
7.2).

7.1 Summary

To date, hybrid organic-inorganic metal-halide perovskite solar cells (PSCs) achieve a record
power conversion efficiency (PCE) of >25 %. Besides their stability and toxicity, upscaling
the deposition of homogeneous perovskite absorber layers from small lab scale (∼0.1 cm2) and
their fabrication mainly by hardly scalable deposition techniques to large areas (≥100 cm2) and
via industry-relevant processes is one of the major challenges of the PSC technology. In order
to enable its commercialization, this challenge needs to be addressed. On this account, this
thesis deals with the subject of solution processing of hybrid perovskite layers by scalable and
sustainable techniques in order to be applied in solar cells.

In this thesis, a focus was set on the two perovskite conversion methods of heat- and gas-
assisted conversion out of the four well-known methods to remove the solvent from the wet film
and consequently converting it to a thin dry crystallized layer, since they are identified as the
techniques with the largest potential for upscaling.

With the aid of an in-depth study, the heat-assisted conversion method was found to be less
suitable for upscaling the perovskite deposition via solution processing for MAPbI3 (MAPI)
based solar cells fabricated by means of blade coating (BC) due to wet film fluid dynamics
and poor process controllability. Furthermore, it was shown that the use of a surfactant in the
perovskite precursor solution improves the morphology of the perovskite film but also results
in detrimental consequences during the subsequent processing of the remaining layers in the
device stack.

However, gas-assisted conversion after BC via a static low-pressure gas system is found to be
superior for controlling the perovskite morphology and for upscaling. The reason for that is
the fact that each individual processing step of precursor solution deposition, drying inducing
the nucleation, and the crystallization is, in contrast to the heat-assisted conversion method,
decoupled from each other. This ensures high process controllability of each processing step
and thus improved process reproducibility. Furthermore, it was shown that the MAPI perovskite
morphology can be optimized by means of a blade coated nanoparticle (NP) wetting agent and
composition engineering of the perovskite precursor solution via utilization of lead chloride
(PbCl2). By layer thickness optimizations, a further increase in the PSC champion PCE of up to
∼18 % on a standard device area of 0.24 cm2 was achieved. The author combined all engineering
steps to prove the possibility of upscaling to a substrate area of ∼80 cm2. In addition, the thesis
presents perovskite solar modules (PSMs) reaching a PCE of ∼9 % on an aperture area of up to
∼50 cm2.
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Aside from that, the author presented that the gas-assisted conversion is suitable for the scalable
deposition of solvent systems to fabricate multi-cation (MC) perovskite layers. It was found
that for this purpose a moving high-pressure gas system is required in order to achieve sufficient
quenching of the perovskite precursor solution wet film. Therefore, this kind of gas system was
established.
Moreover, the green and sustainable perovskite precursor solvent dimethyl sulfoxide (DMSO)
is implemented for the first time resulting in comparable performances to the toxic counterpart
of ∼17 % of PSCs on 0.24 cm2 device area with a blade coated double-cation absorber. Thus, it
is highlighted that the use of toxic solvents such as the widely-used dimethylformamide (DMF)
can be avoided.
In addition, gas assisted conversion in combination with the, compared to BC, even more
industry-relevant deposition technique of slot-die coating was implemented. Aside from that,
this deposition technique is optimized by means of precursor solution additive engineering with
formamidinium chloride (FACl) and by a defect passivation strategy via an additional layer of
phenethylammonium iodide (PEAI) on top of the absorber. Consequently, this work showed that
PSCs with slot-die coated double-cation perovskite exhibit PCE values of >17 % on 0.24 cm2

device area.

In summary, this thesis overall indicated that the gas-assisted perovskite conversion is a promising
method for upscaling solution processing of hybrid perovskite by scalable and sustainable
techniques for the application in solar cells.

7.2 Outlook and perspectives

Although this thesis clearly indicated the gas-assisted perovskite conversion as promising method
for upscaling PSCs, further general improvements are still possible and should be addressed at
the soonest. The outlook below presents a few of various strategic paths for improving solution
processing of hybrid perovskite by scalable and sustainable techniques for the application in
solar cells in the future.

Future work could be dedicated to replace ITO as TCO with a hydrogen-doped indium oxide
(IO:H) front electrode which exhibits lower absorptance in the near-infrared (NIR) region and is
expected to increase the transmittance of the PSC [34,35,444]. Furthermore, more cost-effective
TCO alternatives should be evaluated in the future [243].

A combination of heat- and gas-assisted perovskite conversion might be a promising option
for slot-die coating in the future as presented in literature [448, 498]. Thereby, only a mild
temperature of 45 °C to 60 °C is required, which would be still considered as low-temperature
processing. As mentioned in Section 6.4, the higher temperature might enable the harmonization
of the slot-die coating and gas knife velocity, which is desirable for industrial R2R processing
in the near future.

As mentioned in Section 6.4, perovskite solar cell production in ambient conditions with the
use of green solvents or at least little use of toxic ones would probably be the ultimate goal for
industrial solution processing.

This thesis showed that the module layout needs to be optimized due to a strong performance
decrease when upscaling the substrate size (Subsection 5.4.2). The module layout should be
altered, so that no etching step is necessary anymore. In the meantime, this new layout has been
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already applied at ZSW. Moreover, it is necessary to analyze each of the three patterning steps
in an in-depth study as mentioned in Subsection 5.4.2 in order to increase module performance
and GFF [23] in the future.

Solvent engineering is of huge importance to develop scalable deposition techniques like blade
and slot-die coating because the perovskite nucleation, crystallization, and crystal growth pro-
cesses are strongly determined by the coordination behavior and ability between the perovskite
precursor solvent and the precursor ion itself [42, 406]. The author suggests, that more effort
should be made on in-situ investigations to monitor the formation of perovskite during blade and
slot-die coating such as in-situ laser reflectometry [423], photoluminescence (PL) [424,525] or
GIXRD [526].
Ex-situ optical imaging for quantifying the large-area perovskite thin film morphology and ho-
mogeneity seems promising as well [527].
Such characterizations will provide a comprehensive understanding on the dynamics of each
process of solution deposition, drying with nucleation, and crystallization with crystal growth of
perovskite wet films with various solvents and compositions. Consequently, this understanding
will favor the further development of upscaling the perovskite fabrication via solution processing.

By utilizing co-solvents with a lower BP and higher 𝑝oi than DMF or DMSO and thereby a higher
volatility, a faster gas-assisted perovskite conversion even at RT can be accomplished [375].
However, the majority of these solvents, such as ACN, 2-ME or tetrahydrofuran (THF), are
toxic and exhibit low 𝐷N values (see Table C.1), hence, a weak coordination capability to Pb2+

ions. Similar to adding alcohols [236, 237], the poor solubility of perovskite precursors in the
mentioned solvents (Table C.1) is another issue [375] which would need to be addressed, if the
strategy of these co-solvents is chosen.
In contrast to that, a completely different approach in combination with the gas-assisted per-
ovskite conversion is solvent engineering via the so-called adduct or coordination procedure by
adding DMSO, 𝑁-Methylpyrrolidone (NMP) or dimethylpropyleneurea (DMPU) in the precur-
sor solution [375,386], which exhibit high 𝐷N values (Table C.1), hence, a strong coordination
capability to Pb2+ ions. The adduct approach is a powerful technique to improve perovskite film
quality by controlling the crystallization via a solid-state intermediate phase formation [299].
To benefit from both advantages, combining the two mentioned approaches seems to be promis-
ing for the gas-assisted perovskite conversion as presented by Deng et al. [375].

Although this thesis focuses on solution processing by scalable techniques to upscale hybrid
perovskite deposition, the solar cell device 𝐴act in this work of 0.24 cm2 is still rather small.
𝐴act of single cells need to be increased in future to at least 0.50 cm2 or 1.00 cm2 as first cut to
further investigate the loss of device performance through upscaling (see Figure 1.1b). Besides
the utilized TCO, this is mainly dependent on the absorber film homogeneity attained by the
scalable and sustainable deposition techniques and gas-assisted perovskite conversion developed
in this thesis.

Since perovskite layers are not fully homogeneous on 3 × 9 cm2 substrates after slot-die coating
together with the gas-assisted perovskite conversion [414] and the slow or varying formation of
the ink meniscus might be the cause for it, the author suggests to additionally blend a surfactant
such as LP in the perovskite precursor solution to further improve its wetting on PTAA/SiO2 NPs
and therefore guarantee fast ink meniscus formation [419]. As mentioned in Subsection 4.2.2, the
adsorption of the LP molecules at the annealed perovskite layer surface causing the detrimental
procedural effects (Subsection 4.2.2) might in general not occur for the gas-assisted perovskite
conversion.
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In addition, homogeneity via solution processing is in general in need of improvement. Vapor
phase deposition techniques under vacuum conditions such as sequential evaporation or co-
evaporation are an entire diverse approach and might be more suitable compared to solution
processing to achieve homogeneous perovskite films over large areas [23, 241].

Nevertheless, to take advantage of the perovskite thin film technology with low processing
temperatures, solution processing of hybrid perovskite by scalable and sustainable techniques via
gas-assisted perovskite conversion needs to be transferred from rigid to flexible substrates [375,
389, 390] in the near future.

Since the challenges of the new perovskite technology Pb toxicity and long- or short-term
stability were not the focus of this work, they have not been highlighted in this thesis, although
short-term stability was regularly tested for instance via performing MPP tracking. However,
before a commercial application of perovskite solar cells, besides upscaling, these challenges
need to be of course equally addressed in future.

The author expects gas-assisted perovskite conversion to play a significant role in upscaling
perovskite solar cells via solution processing in future and thus enabling the quick transition of
the photovoltaic technology into the generation of leading electricity source.
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Appendices

A Understanding the heat-assisted perovskite conversion for
MAPI based solar cells processed by blade coating
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Figure A.1: TOF-SIMS top-view images of annealed perovskite layer spin coated on top of PEDOT:PSS with
(a) 0.0 mg mL−1, (b) 0.2 mg mL−1, and (c) 0.8 mg mL−1 surfactant: PO3

– fragment signal, which
correspond to the functional group (phosphate) of the LP molecule (Figure 4.5).
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Figure A.2: TOF-SIMS depth profiles through samples of annealed perovskite layer spin coated on top of Glass/
ITO/PEDOT:PSS with and without 0.8 mg mL−1 surfactant with 0 s plasma on perovskite. All compo-
nents in (b) correspond to the functional groups (phosphate, fatty acid tails) of the LP molecule (Figure
4.5).
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Figure A.3: XPS spectra of annealed perovskite layer spin coated on top of Glass/ITO/PEDOT:PSS (a) without
and (b) with 10 s plasma (Ar, 20 W) treatment on the perovskite: Photoelectrons of I 3d.

2 cm

Figure A.4: Photographical image of two examples of annealed MAPI fabricated by blade coating and heat-assisted
conversion perovskite films on 9 × 9 cm2 substrates on Glass/ITO/PEDOT:PSS viewed from top side.
The drying features are clearly visible.
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B Controlling perovskite morphology for upscaling blade coated
MAPI based solar cells and modules
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Figure B.1: CLSM top-view height images and 𝑅q analysis of annealed perovskite layer blade coated on top of
PEDOT:PSS (a-c, g-i) without and (d-f, j-l) with 𝑄=40 L min−1 N2 stream at different processing
temperature with 0.2 mg mL−1 surfactant: (a, d) 25 °C, (b, e) 50 °C, (c, f) 80 °C, (g, j) 100 °C, (h,
k) 120 °C, (i, l) 145 °C.
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(a) (b)

Figure B.2: Photographical image of annealed perovskite films on 3 × 6 cm2 substrates on Glass/ITO/PTAA
(a) without and (b) with SiO2 NPs (0.9 wt%) at the PTAA/perovskite interface viewed from top
side. Severe dewetting of the perovskite precursor solution causes shrinking of the wet film resulting
in inhomogeneous perovskite layer at the edges of the substrate and huge pinholes in the film (circled
in orange) as observed in case (a). In case (b), no dewetting and shrinkage occurs and a homogeneous
perovskite film without pinholes can be deposited.

(a) (b)

Figure B.3: Photographical image of annealed perovskite films on 3 × 6 cm2 substrates on Glass/ITO/PTAA/
SiO2 NPs (a) without and (b) with 5 % PbCl2 of the Pb source in the perovskite precursor solution
viewed from the glass side. Void formation at the interface between PTAA/SiO2 NPs and perovskite is
easily observed indicated by a visible milky and grayish appearance in case (a). In case (b), no grayish
appearance and therefore no voids are observed. Thus, a homogeneous perovskite layer with excellent
contact to the PTAA/SiO2 NPs is achieved.
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(a) (b) (c) (d) (e)

Figure B.4: Photographical image of annealed PTAA films on 3 × 6 cm2 substrates blade coated from different
concentrations in DCB on top of Glass/ITO at 50 °C substrate temperature viewed from top side. The
concentration was tuned from (b) 5 mg mL−1 to (c) 10 mg mL−1, (d) 15 mg mL−1 and (e) 20 mg mL−1

correlating to a 𝑑 of ∼8 nm, 20 nm, 30 nm and 75 nm, respectively, while (a) shows pure Glass/ITO.
The color appearance changes from (b) thin to (e) thick PTAA layer from purple over blue to green.
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Figure B.5: Homogeneity study on 9 × 9 cm2 substrates with four different perovskite coating parameter sets of
applied volume and blade coating velocity 𝑣BC: Box chart of (a) PCE, (b) FF, (c) 𝑉OC and (d) 𝐽SC of
corresponding devices presented in Figure 5.23 combining all four positions on one 9 × 9 cm2 substrate
marked in Figure 5.22a. Shown values were measured in fwd and rvs scan directions.
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C Evaluation of scalable perovskite deposition from suitable
solvent systems for multi-cation perovskite solar cells

Table C.1: Overview of physical characteristics of typical polar precursor solution solvents for PSC produc-
tion (ordered by 𝐷N).

Name BP /
°C

𝑝oi /
atm

(25 °C)

𝐷N /
kcal mol−1

[ /
cP

(25 °C)

𝜌 /
g mL−1

𝜎 /
mN m−1

Protic
or

Aprotic

PbI2 or
MAI dis-
solution

Toxic

ACN 82 9.58 × 10−2 14.1 0.34 0.776 28.4 aprotic no yes/
no

GBL 204 3.89 × 10−4 18.0 1.7 1.129 44.6 aprotic yes yes
2-ME 124 8.12 × 10−3 19.8 1.5 0.965 31.8 protic/

aprotic
no yes

THF 66 2.28 × 10−1 20.0 0.48 0.888 27.0 aprotic little yes
DMF 153 4.63 × 10−3 26.6 0.92 0.948 35.2 aprotic yes yes
NMP 202 4.29 × 10−4 27.3 1.67 1.028 40.8 aprotic yes yes
DMAC 165 2.61 × 10−3 27.8 0.95 0.937 36.7 aprotic yes yes
DMI 225 1.64 × 10−4 29.0 1.94 1.044 41.0 aprotic no yes
DMSO 189 8.18 × 10−4 29.8 2.00 1.100 42.8 aprotic yes no
DEF 176 1.32 × 10−3 30.9 N/A 0.908 27.8 aprotic no no
DMPU 246 1.53 × 10−4 33.0 2.9 1.060 32.5 aprotic yes yes

Acetonitrile (ACN), 𝛾–butyrolactone (GBL), 2-methoxyethanol (2-ME), tetrahydrofuran (THF), dimethyl-
formamide (DMF), 𝑁-Methylpyrrolidone (NMP), dimethylacetamide (DMAC), dimethylimidazolidinone
(DMI), dimethyl sulfoxide (DMSO), diethylformamide (DEF), dimethylpropyleneurea (DMPU).
Data from [22,210,235,236,238–240,305,375,400,413,466,470,477,483,485,486,488,489,528–537].
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(a) (b)

Figure C.1: Photographical image of annealed double-cation perovskite films blade coated from a pure DMSO sol-
vent system on 3 × 6 cm2 substrates on Glass/ITO/PTAA (a) without and (b) with SiO2 NPs (0.9 wt%)
at the PTAA/perovskite interface viewed from top side. Severe dewetting and shrinking of the pre-
cursor solution is observed in case (a) which causes complete removal of the wet film resulting in
an uncovered substrate. In case (b), no precursor solution dewetting and shrinkage occurs and a
homogeneous perovskite film with full coverage and without pinholes can be deposited.
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Figure C.2: Analysis of crystal grain size distribution of SEM top-view images of double-cation perovskite layers
blade coated on ITO/PTAA/SiO2 NPs from a precursor solution in different solvent systems and
annealed at different temperatures assuming circular grains.
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Figure C.3: SEM top-view images of double-cation perovskite layers blade coated on ITO/PTAA/SiO2 NPs from
a precursor solution in different solvent systems and annealed at different temperatures.

300 400 500 600 700 800
0

10

20

30

40

50

60

70

80

90

100

0

5

10

15

20

25

30

E
Q

E
 /

 %

Wavelength l / nm

bias light

Solvent, annealing temperature / °C

 DMF:DMSO, 100

 DMSO, 100

 DMF:DMSO, 150

 DMSO, 150

J
E

Q
E  / m

A
 c

m
-2

Figure C.4: Spectral evaluation of EQE of PSCs with a double-cation perovskite absorber blade coated from a
precursor solution in different solvent systems and annealed at different temperatures (Figure 6.12)
measured with a bias light.
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(a)

(e)

(f)

(d)

(c)

(b)
(g)

Figure C.5: Photographical image of the experimental setup for slot-die coating with gas-assisted perovskite
conversion inside a glovebox: (a) sled with slot-die head, (b) sled with gas knife, (c) controls for 𝑝

and 𝑄 of gas stream, (d) ink supply, (e) solution pumping system to control 𝑄𝑖𝑛𝑘 , (f) coater plate, and
(g) hot plate for annealing.
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