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Abstract

As climate change worsens, there is a growing urgency to promote renewable energies
and improve their accessibility to society. Here, solar energy harvesting is of particular
importance. Currently, metal halide perovskite (MHP) solar cells are indispensable in
future solar energy generation research. MHPs are crystalline semiconductors
increasingly relevant as low-cost, high-performance materials for optoelectronics. Their
processing from solution at low temperature enables easy fabrication of thin film
elements, encompassing solar cells and light-emitting diodes or photodetectors.
Understanding the coordination chemistry of MHPs in their precursor solution would
allow control over the thin film crystallization, the material properties and the final
device performance.

In this work, we elaborate on the key parameters to manipulate the precursor solution
with the long-term objective of enabling systematic process control. We focus on the
nanostructural characterization of the initial arrangements of MHPs in the precursor
solutions. Small-angle scattering is particularly well suited for measuring nanoparticles
in solution. This technique proved to be valuable for the direct analyzes of perovskite
precursor solutions in standard processing concentrations without causing radiation
damage. We gain insights into the chemical nature of widely used precursor structures
such as methylammonium lead iodide (MAPDI3), presenting first insights into the
complex arrangements and interaction within this precursor state. Furthermore, we
transfer the preceding results to other more complex perovskite precursors. The
influence of compositional engineering is investigated using the addition of alkali
cations as an example. As a result, we propose a detailed working mechanism on how
the alkali cations suppress the formation of intermediate phases and improve the quality
of the crystalline thin film. In addition, we investigate the crystallization process of a
tin-based perovskite composition (FASnls) under the influence of fluoride chemistry.
We prove that the frequently used additive, tin fluoride (SnF2), selectively binds
undesired oxidized tin (Sn(IV)) in the precursor solution. This prevents its incorporation
into the actual crystal structure and thus reduces the defect density of the material.
Furthermore, SnF2 leads to a more homogeneous crystal growth process, which results
in improved crystal quality of the thin film material.

In total, this study provides a detailed characterization of the complex system of
perovskite precursor chemistry. We thereby cover relevant parameters for future MHP
solar cell process control, such as (1) the environmental impact based on concentration
and temperature (I1) the addition of counter ions to reduce the diffuse layer surrounding
the precursor nanostructures and (111) the targeted use of additives to eliminate unwanted
components selectively and to ensure a more homogeneous crystal growth.



Zusammenfassung

Getrieben durch den Klimawandel wéchst die Dringlichkeit erneuerbare Energien zu
fordern und ihre Zuganglichkeit fur die Gesellschaft zu verbessern. Solarenergie ist in
dieser Hinsicht von besonderer Bedeutung. Derzeit sind Metallhalogenid-Perowskit-
Solarzellen ein unverzichtbarer Bestandteil der Forschung an zukinftig klimaneutraler
Energiegewinnung. Metallhalogenid-Perowskite (MHP) sind kristalline Halbleiter, die
als kostengunstige und leistungsstarke Materialien fir die Optoelektronik zunehmend
an Bedeutung gewinnen. Ihre Verarbeitung aus Fliissigkeit bei niedriger Temperatur
ermoglicht eine effiziente Herstellung von Dunnschichtelementen, zu denen nicht nur
Solarzellen, sondern auch Leuchtdioden oder Photodetektoren zahlen. Das Verstandnis
der Koordinationschemie in den Vorlduferlosungen der MHPs wirde es daher
ermoglichen, die Kristallisation der Dunnschichten, ihre Materialeigenschaften und die
finale Leistung der entsprechenden Bauelemente zu kontrollieren. In dieser Arbeit
werden die wichtigsten Parameter zur systematischen Beeinflussung der
Vorléuferlésung ausgearbeitet, mit dem langfristigen Ziel eine systematische
Prozesskontrolle zu ermdglichen.

Dabei liegt ein Schwerpunkt auf der Anwendung einer nanostrukturellen Technik zur
Charakterisierung erster Anordnungen in der Perowskit-Vorlauferlosung. Die
Kleinwinkelstreuung eignet sich besonders gut zur nanostrukturellen Charakterisierung
von entsprechenden Teilchen bzw. Clustern in Losung. Mit dieser Methodik kénnen wir
auf direktem Wege Perowskit-Vorlauferlosungen in (blichen Verarbeitungs-
konzentrationen analysieren. Wir erhalten Einblicke in die chemische Beschaffenheit
der Vorlauferstrukturen und untersuchen zudem verschiedene Perowskit-
Zusammensetzungen. Strukturelle Erkenntnisse ber die Vorstufe im allgemein
bekanntestem MHP, Methylammoniumbleijodid (MAPbI3) werden présentiert und im
Folgenden auf komplexere Anwendungen ubertragen. Weiterhin wird der Einfluss von
Kompositionsvariation am Beispiel der Zugabe von Alkali-Kationen (K, Rb, Cs)
untersucht. Es wird ein detaillierter Wirkmechanismus vorgestellt, der erklart, wie
Alkali-Kationen die Bildung von Zwischenphasen unterdriicken und zudem die Qualitat
der kristallinen Diinnschicht verbessern.

Unter Berticksichtigung vorangehender Ergebnisse, thematisiert diese Arbeit zudem den
Kristallisationsprozess einer zinnbasierten Perowskit-Zusammensetzung (FASnIs) unter
dem Einfluss von Fluoridchemie. Das haufig zugesetzte Additiv, Zinnfluorid (SnF2),
bindet selektiv unerwiinschtes, oxidiertes Sn(1V) bereits in der Vorlauferlésung. Dieses
verhindert dessen Einbau in die eigentliche Kristallstruktur und verringert so die
Defektdichte des Materials. Darlber hinaus fuhrt SnF2 zu einem homogeneren
Kristallwachstumsprozess, was eine bessere Kristallqualitat des Diinnschichtmaterials
und somit final eine bessere Solarzellenleistung zur Folge hat.

Insgesamt bietet diese Studie eine detaillierte Charakterisierung des komplexen Systems
der Perowskit-Vorlauferchemie und liefert dabei notwendige Parameter, die fir die
zukunftige Prozesssteuerung von Relevanz sind.

v
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1 Introduction

1 Introduction

Higher global temperatures are only one consequence of the climate change we are
currently experiencing. This warming leads to increasingly frequent extreme weather
events that cause massive damage around the world.! One significant component of
climate change is the transition to low-carbon energy production. Roughly 2/3 of global
greenhouse gas emissions can be attributed to energy production and use.>® Thus,
decarbonizing the energy sector is of urgent interest on a worldwide scale. Emissions
must be reduced to minimize environmental consequences. Hence, the shift to renewable
sources must occur as fast as possible.* One goal set by the International Renewable
Energy Agency (IRENA) is to minimize energy-related carbon emission by about 70 %
by 2050 to keep the global temperature rise below 2°C. Thus, the necessity to replace
current energy production with renewable alternatives is more urgent than ever before
and, in addition, represents one of the most significant challenges in world history.
Besides other relevant renewable energy sources, solar photovoltaics (PV) represent one
of the most promising technologies. The sun delivers roughly 1.2 x 10° TW of solar
radiation to the earth, overall energy being three orders of magnitude higher than the
total energy consumption on the planet (status 2014).5" Thus, it seems inevitable to
exploit this naturally available power in the form of electricity (PV energy) and heat.’
However, the costs of PV installations have to be reduced significantly to make the usage

more accessible for the general society.

One promising rising star in the PV sector, convincing due to low manufacturing costs
combined with excellent performance, is the perovskite solar cell (PSC) technology. The
light-absorbing material is a polycrystalline thin film of lead halide perovskite, which
can be described by the formula ABXs. This framework includes an A-site, commonly
occupied by organic and inorganic cations such as methylammonium (MA),
formamidinium (FA) or cesium (Cs), a B-site filled by bivalent metal cations like lead
(Pb) or tin (Sn) and a halide anion in X-site, commonly covered by iodide, bromide or
chloride (I, Br or Cl). To fabricate highly reproducible, efficient, and stable PSCs, a
definable crystallinity with a high, homogeneous surface coverage of the substrate is

paramount. Previous studies confirm that a controlled crystallization is the key to
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1 Introduction

reaching a good surface coverage without the undesirable presence of unordered
pores.2® This correlation applies to lead-free perovskites as well as to their lead-
containing counterparts.®%-12 However, the topic of crystallization from a colloidal
dispersion, as it can be assumed for the perovskite precursors, is not yet fully understood.
New approaches combining the non-classical nucleation with classical nucleation theory
open up a variety of possible nucleation and growth pathways that are challenging to
attribute precisely to the course of perovskite crystallization.'*'* Therefore, general
processes in the early stages of crystallization need to be studied in further detail. First
attempts in providing nucleation pathways for better control of the crystallization
kinetics are summarized in a review by J. Wang et al.%, addressing classical and non-
classical nucleation and growth theories. Considering the complexity of these pathways
presented by J. J. De Yoreo et al. following the non-classical nucleation theory, the need
for a better understanding of the precursor solution is essential for further development,

especially for tin-based PSCs.**

The research about morphology improvement of perovskite thin films is advancing. Still,
studying the crystallization mechanism can be of particular interest to understand the
targeted use of additives,®>° solvent engineering?®? and lead-free alternatives,
considering their poor morphology (i.e. low coverage and formation of pinholes) derived
from its fast crystallization.?*?® Identifying parameters to consciously manipulate
crystal nucleation and growth can decisively advance perovskite-based PV science. The
long-term objective will be to manufacture solar cells according to individual needs and
optimally adapt them to the required production processes (with particular regard to

upscaling processes towards commercialization).

Thus, the presented dissertation aims to pave the way for the first steps towards this
long-term goal. Thereby a strong focus is set on using small-angle scattering (SAS) as a
valid technique to characterize the early stages of perovskite crystallization from their
precursor solution. In combination with various other powerful techniques, this work
focuses on the structural characterization of perovskite precursor solutions to develop
appropriate criteria that can be used as a starting point towards controllable tailor-made
PSC fabrication.
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Outline

This dissertation is divided into six major chapters. The results comprise three chapters,
each of published studies, which | conducted as the first author.

In the subsequent Chapter 2, fundamental principles of PSCs with particular regard to
the perovskite absorber material will be introduced. In addition, basic concepts of
nucleation theories linked to perovskite precursor solutions and the SAS technique for

nanostructure analysis will be discussed.

Diving straight into the results, the first manuscript in Chapter 3 addresses SAS as a
suitable technique for analyzing perovskite precursor solution using the example of the
MAPbIs precursor solution. Uncovering size, shape and the interactions of the colloidal
particles that are observed in the precursor specimen. Since the observations elucidate
the importance of the inter-particle interactions within the colloidal dispersion, this work
serves as a roadmap for the subsequent studies.

Chapter 4 focuses on the structural characterization of the MAPDI3 precursor comparing
the observed species to those from a plain Pblz solution. Furthermore, a detailed
mechanism towards the perovskite crystallization process is presented, including the
alkali cations’ influence. Extended X-ray absorption fine structure spectroscopy
(EXAFS) combined with SAS provides a comprehensive picture of the precursor
structure. This knowledge is then being transferred to the addition of alkali cations and
their implications on the perovskite crystallization, including the standard concept of
colloidal stability.

The third manuscript in Chapter 5 provides an example of how the knowledge of
precursor solution can be transferred to other systems, such as lead-free perovskites.
Providing a detailed precursor solution analysis, we present the role of SnFz in the

FASnNIs perovskites crystallization process.

To conclude, Chapter 6 provides a broad discussion of the outcome of the previously
presented manuscripts. In doing so, these will be correlated. The most relevant
parameters for the influence of the perovskite crystallization will be elaborated to return

to the question posed at the very start of this dissertation.
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2 Fundamentals

This section provides relevant knowledge about scientific concepts, including material
and methodology used in this study. This work focuses on examining the development
of perovskite solar cells (PSCs) from a diverse perspective. Therefore, standard
parameters and types of perovskites will be introduced, followed by fundamental
nucleation and colloidal chemistry concepts. Since this thesis emphasizes the application

of scattering methods, the most crucial concepts are presented at the end of the chapter.

2.1 Perovskites and Perovskite Solar Cells

In the past decade, perovskites, particularly metal halide perovskites (MHPs), have
become a material of immense interest. Providing good material properties based on
their size-tunable crystal structure, MHPs initially demonstrated excellent performance
as light-emitting diodes, transistors and especially in PSCs.2’° In the following
sections, relevant fundamentals about this frontrunner material, which rapidly became

unavoidable in the development of today's green energy research, are presented.

a. Perovskite Solar Cells

Initially discovered by G. Rose, the structure type of the mineral CaTiOs was named
after the Russian mineralogist L. Perovski in 1839. This first-published orthorhombic
(Pnma) structure is a representative of the perovskite structure consisting of ABXa.
However, the corresponding aristotype is cubic (Pm3m). The most significant
characteristic for perovskites is the corner-sharing octahedron BXs surrounded by a
relatively large cation A (Figure 1a). In 1926 V. Goldschmidt defined a range of possible
ionic radii for the formula ABXa resulting in the pseudo-cubic perovskite structure.®!
The originating Goldschmidt tolerance factor can be used to predict in which crystal
system the composition might crystallize (Figure 1b). The perovskite type can generally
be divided into oxides, sulfides, and halide perovskites. Typically, this material class is
used in electrical engineering as capacitors for heterogeneous catalysis or filters and

oscillators in various microwave systems. In this work, however, we focus on the use of
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2 Fundamentals

lead halide perovskites for solar cell fabrication. Thereby, the already mentioned ABX3
framework most commonly comprises an A-site, occupied by organic and inorganic
cations such as methylammonium (MA), formamidinium (FA) or cesium (Cs), a B-site
covered by bivalent lead (Pb) or tin (Sn) cations and an X-site filled with halide anions

such as iodide, bromide or chloride (I, Br or Cl).

a) * b) Goldschmidt tolerance factor
' \ ra+r
&‘ @ ® t = AT'X
o o6 ® ¢ ® V2(rg+ry)

?g . Oe. ¢ 4 #% - \o /»{,
o& e ¢ o 6L +§4‘”D t/o\
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\ ABX cubic tetragonal orthorhombic
3 a=b=c a=b#c atbic

Figure 1. Perovskite type crystal structure. a) Illustration of corner-sharing octahedral of the ABX3
framework according to the cubic structure of MAPbIs. b) Goldschmidt tolerance factor and the possible
crystal systems based on different radii combinations. The illustration of different crystal systems is based
on the CsSnls composition presented by E. Lora Da Silvia and coworkers. Reprinted figure with
permission from E. Lora Da Silvia et al. (Phys. Rev. B, 91, 144107, 2015). Copyright (2021) by the
American Physical Society.3233

A. Kojima et al. presented the first study on the ability of MHPs to efficiently convert
visible-light in photo-electrochemical cells in 2009.3* Starting from an initial power
conversion efficiency (PCE) of 3.8 %, only a few years later this was more than doubled
by developing the material and the cell architecture to achieve 10.9 % in 2012.%° This
rapid growth quickly attracted the attention of the scientific community. To this day,
many scientists are working on improving these materials to make them suitable for
large-scale industrial use. In emerging PV technologies, PSCs hold a record efficiency
of 25.5 % (on a lab scale).®® Due to this rapid increase in PCE and additional compelling
material features, MHPs offer one promising opportunity for future renewable energy
harvesting. Some designated material properties are the high electron mobility
(800 cm?/Vs), high charge carrier diffusion length (exceeding 1 um) and carrier lifetime
(exceeding 300 ns).*” Besides their outstanding PV properties, the low temperature,
solution-based perovskite processing is another criterion that makes it particularly well
suited for fast and cost-efficient manufacturing.®®3® An additional reason for the
attractiveness of PSCs is their tunable energy gap. The choice of compositions A, B and

X directly influences the Goldschmidt tolerance factor, as shown in Figure 1b. This
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relation reflects the degree of the octahedral distortion in the perovskite crystal lattice
resulting in different crystal classes. Since the orbitals of the metal (B) and halides (X)
contribute to the formation of the energy gap in the perovskite, the change of the lattice

parameters has a direct impact.*0-42

Perovskites are commonly used as a polycrystalline absorber layer sandwiched between
top and bottom contact transport layers for PV applications. Besides using single-
junction devices, various research groups also work on tandem solar cell approaches
where the perovskite layer is deposited on another semiconductor such as silicon or
copper indium gallium selenide (CIGS).*** In both systems, the deposition and
crystallization from the precursor solution plays an essential role in the absorber
morphology. Grain boundaries, as well as the oriented growth of the perovskite strongly
influences the device performance.”**’ Hence, a fundamental understanding of the
perovskite growth process is of utmost importance to systematically control the device

efficiency and selectively influence PV properties.

b. Solution-based processing of perovskites solar cells

One of the significant advantages of PSCs is their low-cost manufacturing enabled via
solution-based fabrication methodology in combination with low-temperature annealing
processes. The ability to process a polycrystalline thin film of only several hundreds of
nanometers from a liquid opens up promising opportunities for future industrial

production.
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Figure 2. Future perspective for PSCs. A comparison of perovskite and silicon solar cells. a) Golden
triangle of solar cells: cost, efficiency, and lifetime. From L. Meng (Nat Commun, 9, 5265, 2018).
Reprinted with permission from Springer Nature.*® b) The comparison in numbers of perovskite and
silicon solar cells based on the golden triangle. From L. Meng (Nat Commun, 9, 5265, 2018). Reprinted
with permission from Springer Nature.*® Pictures of perovskite solar modules: c) Rigid perovskite mini-
module. (Microquanta Semiconductor) d) Roll-to-roll processed flexible module. (Solliance Solar
Research) e) Semitransparent module fabricated using an inkjet printing technique. (Saule Technologies)
f) Screen-printed module by Wuhan National Laboratory for Optoelectronics at HUST. From Y. Rong
(Science, 361, 1214, 2018). Reprinted with permission from AAAS.*

Figure 2a shows the three most relevant criteria for evaluating the technical feasibility for
commercialization of PV technologies, the golden triangle consisting of cost, efficiency
and lifetime. The data in Figure 2b are adopted from the original figure, which was
published in 2018. The current PCE of PSCs in 2021 is already at 25.5 %%, very close
to the PCE achieved with silicon. Therefore, the direct comparison of the PSCs to their
silicon counterparts demonstrates the significant cost savings of the perovskite
technology. Nevertheless, the lifetime, meaning the PSC stability, is not yet comparable
with the existing commercially available silicon solar cells. As presented in Figure 2c-f
towards semitransparent or flexible modules, several upscaling techniques already proof
the immense potential of the emerging PSC PV technology. The lacking stability is still
a big challenge to face. Thus, it is critical to investigate these systems in more detail
emphasizing their wet chemistry. The fastest achievements can be observed in lab-scale
devices, commonly processed via spin-coating. For both the lab-scale processing and
upscaling approaches from precursor solutions of perovskite, a fundamental
understanding is needed to achieve process control and systematically improve the
stability of PSCs. In the following, most relevant perovskite deposition methodologies
from solution are presented, such as spin-coating in terms of laboratory-scale production
and printing techniques paving the way towards commercial application.

7



2 Fundamentals

Laboratory scale: Spin Coating

The PSCs for current record efficiencies listed in the National Renewable Energy
Laboratory (NREL) chart has been prepared via spin-coating.® During spin-coating,
which is a standard technique for uniform thin film deposition,® a small amount of the
perovskite precursor solution of the desired composition is applied on the center of the
substrate. The substrate is then rotated at a specific speed. For example, the most
frequently used recipe for CSMAFA!” and RbCsMAFA?® (those compositions will be
explained in further detail in the upcoming section) follows a two-step protocol.
Thereby, a slow step with 10 s at 1000 rpm (200 rpm/s acceleration) is followed by a
faster step of 20's at 6000 rpm (2000 rpm/s acceleration).>® The slower step should
contribute to a good surface coverage from the beginning. During the second step, a
specific volume of an anti-solvent is dropped in the rotation center of the substrate a few
seconds before the end of the spin-coating process. Besides several other possible
candidates, commonly used anti-solvent are chlorobenzene, toluene, diethyl ether,
anisole or ethylacetate.>*>* This anti-solvent step is highly sensitive to individual errors
since it is not an automated process and must be executed manually by the operator.
Other important parameters for the processing via spin-coating are the substrate's surface
texture which strongly correlates with the surface coverage. The general precursor
preparation and spin-coating setting show crucial parameters influencing the perovskite
formation. Using spin-coating technique in combination with a subsequent annealing
step provides an easy and fast approach to generating perovskite absorber layers for
laboratory use on comparably small scale (inch by inch). Thereby quick results can be
achieved, which helps to accelerate the research and optimization of full PSCs.
However, the previously described anti-solvent approach involves some uncertainties.
It is highly dependent on the manufacturer and, in addition, to the general environmental
conditions (e.g. glove box conditions, atmosphere). For this reason, special attention
needs to be dedicated to maintain the same experimental conditions to ensure
comparability.

Upscaling via Printing

Besides the solution processing of PSCs on a laboratory scale, the long-term aim is to
provide large devices for commercial application. To accomplish the critical challenge
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of scalable PSC fabrication, the process of low-temperature crystallization from a
precursor solution is of utmost importance. Some of the scalable coating and printing
techniques that have attracted significant attention in the recent years of research and
development are, for example, blade coating®, slot-dye coating®®°®’ and inkjet printing®®-
%0, The fabrication of a good quality thin film for PSCs requires absolute control over
the process window and well-managed removal of solvents to perform the crystallization
in a targeted manner.>® Since these are highly technical processing approaches, a good
and detailed knowledge of the operation of the individual machines is a mandatory
requirement. It is essential to study and understand the precursor solutions, the
corresponding crystallization behavior and growth processes that lead to the formation
of the polycrystalline perovskite thin film to achieve the best results. Then, the
possibilities of the various methods can be fully exploited, and systemic upscaling can

be promoted to ensure that PSCs become a viable option in the future.

c. Compositional Diversity of Metal Halide Perovskites

The ABXs framework, previously introduced, indicates that the application of MHPs
does not only allow for selecting just one particular composition of materials. What
started with a simple methylammonium lead iodide (MAPDbIs) perovskite providing
optoelectronic properties was soon no longer sufficient. The fast forward-moving field
of PSC research and the demand for consistently achieving a higher device performance
led to many different approaches to improve the firstly introduced MAPDIs perovskite.
Besides the pursuit of high efficiency, stability, and the ability to adjust the bandgap are
other driving forces to develop further compositional engineering of PSCs. For instance,
for silicon-perovskite tandem devices, a wide bandgap perovskite would be preferred.
However, changing the perovskite components does directly impact the fundamental
materials properties. Compositional modifications significantly influence the precursor
solution, the nucleation and finally the growth of the perovskite. The implications are
reflected in the systems’ stability and their crystalline phase transitions. In the following

some of the most relevant compositional variations will be addressed.

MAPbIz and MAPbBrz were the first published MHP showing PV properties.®! The
general form of ABXs, in that case, consists of MA™ as A-site cation and lead filling the

metal cations position. Based on the specific condition, the current literature identifies
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three polymorphs for MAPDbIs: cubic, tetragonal or orthorhombic.52-% This, however,
implicates that the structure may undergo phase transitions at different temperatures and
pressures that need to be considered. The orthorhombic MAPDIs is expected at standard
pressure and temperatures below 162 K. At room temperature it converts into the
tetragonal, and at temperatures above 327 K, into the cubic crystal system. The rising
temperature leading to higher symmetry indicates the change in crystal lattice dynamics,
especially the octahedral distortion, over the phase transitions.®>%” Even though the
composition stays the same, the phase significantly influences the material properties,
particularly the energetic properties such as the band gap. Typically, the band gap varies
from 1.3 eV for the symmetric cubic to 1.61 eV for the orthorhombic crystal system.®®
Using the example of MAPDI3, scientists have explored the role of hydrogen bonding in
organic MHPs and its influence on the octahedral tilting, which might be one crucial key
parameter to understand better and control systematically the stability of the material.%*
The corner-sharing octahedral iodidoplumbate substructures and their tilting are
significant for the perovskite stability as it is characteristic for this class of materials.
The corner-sharing octahedron linkage distinguishes the perovskite crystal structure
from other structures such as the edge-sharing precursor Pblz (which serves as
degradation product of MHPs).%° Since this is the first explored PV-active perovskite
composition and comparably simple to fabricate, it is one of the most studied MHPs in
PSC history.%66470-72  Although the first results using MAPbIs in PSC were
promising®#3°, the PCE seems to be reaching a limit at around 21 %, which was not yet
overcome.’®’476 Another challenge is the comparably poor thermal stability of the small
organic cation MA*.”” One promising alternative is FA*, which is larger in size than
MA" and therefore thermally more stable.”®” In recent years, the MA* and FA* were
exchanged or shared the A-site of the ABXs formation.””89-82 Still, other monovalent
cations were introduced to improve the thin film morphology in multi-cation
approaches.'”8 The addition of alkali metal cations, mostly Cs*, Rb* and K*, has been
successfully used to achieve higher reproducibility and enhanced device stability.17:8384
This approach also led to the publication of one of the most widely used perovskite
compounds to date, referred to as “triple cation” perovskite, since three cations (Cs™,
FA* and MA") share the A-site position.!”>? This perovskite composition is known to

form PSCs with excellent stability and reproducibility.t’
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Although the leading research in MHP is currently building on lead-containing
materials, the lead goes along with great responsibility considering the environmental
protection. Lead from perovskite gets absorbed effectively from plants if dispersed into
the soil. Therefore, it can directly contaminate the food cycle.®® A. Abate et al. proved
that the replacement of lead with tin provides a far more environmentally sustainable
alternative.®® In 2014, the group of H. J. Snaith presented the first lead-free PSCs using
methylammonium tin iodide (MASnNI3) with a PCE of 6.4 %.8° Currently, the champion
PCE is approaching already 15 % using formamidinium tin iodide (FASNI3).8” However,
tin-based PSCs' efficiencies are still far below their theoretical limit, which underlines
their great potential still to be unleashed. These materials face diverse challenges, such
as their stability to oxidation and uncontrolled crystallization. Consequently, exploiting
this by working on those lead-free alternatives is a challenge and motivation for many

scientists to date.
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2.2 Nucleation & Growth of Colloidal Systems

Complex shapes have always been a fascination of human kind and a driving force in
pushing scientific research forward. The control of particle size and shape, especially in
nanometer scale, can provide new pathways towards novel applications and properties.
Colloids form the link between the atomic and the bulky dimension. Thus, the

dimensional control is of particular interest for colloid science.®

In this section, the most relevant fundamentals of colloid science are presented. Colloid
science itself is characterized by interdisciplinarity. In this sense, it encompasses
intersecting research areas, such as physics, material science, chemistry and many other
disciplines.®® Colloids may consist of particles in the range of 10° m (1 nm) to 10° m
(1 um) (nanoscale®®®). Accordingly, the terms relating to nanoscale dimensions are
defined in the following section. Additionally, a collection of nucleation and growth

theories is being introduced by showing mechanisms relevant for this study.

a. Nanoparticles, their Interactions and Processes

A size range of 1 nm to 100 nm is commonly used to describe the nanoscale
dimension.®%2 However, other definitions even include sizes below 1 nm (size range:
0.2 nmto 100 nm), and also specific molecules are considered to still count as nanoscale,
e.g. fullerenes.®*3 This already indicates that there is no particular limit to the size of
the particles belonging to this category. Following the proposal of the British Standards
Institution®® a nanoparticle (NP) is defined as follows:

“Nanoparticle: Nano-object with three external nanoscale dimensions. The terms
nanorod or nanoplate, instead of nanoparticle when the longest and the shortest axes

length of a nano-object are different.”

Whereby a nano-object is defined as a material composed of several nanoscale
dimensions.® NPs reunite the atomic, the molecular and crystalline world, which is one
of the reasons for the ongoing interest in elucidating their nucleation processes that are
explained later on. In this work we are focusing on the behavior of NPs in colloidal
systems. A colloid or a disperse phase consists of insoluble, well-dispersed particles
(mostly NPs) in a solvent phase.*® The specific physicochemical environment, crucial

for the nucleation process, directly impacts the form and shape and thus the properties
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of the NP. Furthermore, it determines how particles interact with each other. Depending
on the approach and settings of the particular manufacturing process, different types of
arrangements exist at the nanoscale and beyond, approaching the microscale
(~100 nm — 100 um)®. The minor units form the primary particles, and more extensive
scale arrangements are reached by nano-object accumulation to aggregates and
agglomerates. Further processes like coalescence and Ostwald ripening complement the
essential processes and interactions that occur during NP formation and growth.

Agglomeration Aggregation Coalescence Ostwald Ripening
o9 % °"°

Figure 3. Schematic illustration of interacting particles: agglomeration, aggregation, coalescence and
Ostwald Ripening.

The International Organization for Standardization (ISO) states that an aggregate
consists of strongly bonded or merged particles.®? Thereby the total resulting surface
area may be significantly smaller than the sum of the individual surface areas of the
individual particles. The formation of aggregates, their form and their shape can
substantially influence the properties of a material. Generally, they range in size from
the nanoscale to microscale depending on the size and number of accumulated
particles.’’ Due to their high binding strength they may behave similar to strong,

indivisible NPs and are not easily broken up by external forces.%’

Therefore, not only single NPs but also aggregates may assemble and form
agglomerates. In contrast to an aggregate an agglomerate consists only of weakly bonded
particles connected, for instance, via van der Waals forces.®% The total resulting
surface area of an agglomerate equals the sum of the surface areas of all contributing

individual components, as presented in Figure 3.

Although aggregation and agglomeration describe the assembling of nano-objects, they
still differ in their inter-particle interactions. Those formations reduce the number of free
particles in solution and shift the particle size distribution to larger sizes. In the same
way, the primary particles growth or ripening processes, i.e. coalescence and Ostwald
ripening (schematically depicted in Figure 3), reduce the number of particles in a
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solution.® Coalescence describes the procedure when two nano-objects of identical
composition collide and fuse to a larger particle with a strongly reduced total surface
area.*® Ostwald ripening (schematically presented in Figure 3) has been firstly described
by W. Ostwald in 1900.1% Here, larger particles grow at the expense of smaller particles,
which means that based on the dissolution of smaller particles, the larger particles are
growing. It can be viewed as the transport of matter from the surface of small particles
to the surface of large particles.'%

b. Nucleation and Growth Theories for Nanoparticles

Nucleation comprises the initial process towards the formation of a crystal from a
solution, liquid or vapour.l®? Thereby, a small number of subunits (i.e. ions, atoms,
molecules or clusters) arrange in a pattern specific for a crystalline solid, which serves
as a site for further crystal growth.1%?

In 1926, the first approaches towards the elucidation of nucleation in supersaturated
environments were published by M. Volmer and A. Weber, thereby paving the way for
today’s nucleation chemistry and the ability to describe first-order phase transition
processes.!® Since those transition processes cover a broad dimension range and
therefore several research disciplines, it is essential to understand nucleation processes
better. This thesis will apply basic concepts of nucleation and growth to the formation
of polycrystalline perovskite thin films. Hence, the following provides condensed
insights into the pervasive field of nucleation theory. More in-depth information is

available in the related literature. %1%

The most fundamental description of the theoretical concept of nucleation has been
studied by R. Becker and W. Doring, providing the classical nucleation theory (CNT) as
a base.1% V. K. LaMer then used this approach and further expanded it, including the
nucleation and growth mechanism of NPs.2°"1%® Those growth models include
previously described processes like aggregation, agglomeration, coalescence and
Ostwald ripening. Nowadays, however, in-situ studies enable a more detailed
investigation of the transition processes. In the 2000s, researchers introduced a further
developed approach to better describe the observed mechanisms during the nucleus

formation and growth.**% Those non-classical crystallization mechanisms offer
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promising new opportunities to understand nucleation, growth and synthesis of new

emerging materials.

Classical Nucleation theory

According to the CNT, nucleation is a thermodynamic model, which includes the
creation of a solid particle (nuclei) in a liquid medium. Any fluctuation caused by, for
example, phase separation may result in a change in the free energy of the system, 110111
The size-dependent solubility of the particles and the liquid-solid interfacial energy form
the base of CNT. This can be expressed by encountering the Gibbs-Thompson effect
providing a mathematical model for the nucleation rate, including macroscopic surface
energy.1%110111 However, the CNT only focuses on the nucleation itself, and the growth
is considered a subsequent, separate event. In general, two processes need to be
distinguished: homogeneous nucleation and heterogeneous nucleation. In terms of
heterogeneous nucleation, NP growth occurs at nucleation sites provided by the surface
of particles in solution, whereas homogeneous nucleation happens spontaneously and
reasonably random. It further requires a supercritical condition, as would be the case for

a supersaturated solution.
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Figure 4. Models of CNT. a) Dependence of cluster free energy, AG, on the cluster radius according to
CNT. From J. Polte (CrystEngComm, 17, 6809, 2015). Reprinted with permission from RSC.}° b)
Schematic illustration of saturation level (in monomer concentration) during nucleation and growth
following LaMer model.1 The blue arrows depict the actual nucleation period (11) followed by the red
arrow demonstrating the growth (111). From F. Wang et al. (Chem. Mater., 26, 1, 5-21, 2014). Reprinted
with permission from ACS.112

In the liquid phase, atoms or molecules move due to Brownian motion. This motion
might result in a static collision, leading to assembles with a local structure, and a solid

phase can be formed. This particle formation results in a thermodynamic gain, lowering
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the Gibbs bulk free energy (Figure 4a). This formation can occur between two monomers
or a monomer and a cluster.!'% Nevertheless, the unfavorable bond formation between

those parties results in an increase of the Gibbs free surface energy.

The sum of this energy gain and loss expresses the overall Gibbs free energy as presented
in Figure 4. Here, rc defines a critical nucleus size assuming only one particle and one
single energy. Keeping this assumption, it is possible to relate the surface energy yse to
the change of the Gibbs free energy AG using the following relation: rc = 2yse/ AG. The
maximum of AG at the critical nucleation radius rc matches the activation energy AGe
that is needed to overcome to form a thermodynamically stable nucleus. V. K. LaMer
and R. Dinegar summarized this first nucleation approach from CNT including a growth
process as a function of time dividing it into three relevant stages, assuming a reaction
resulting in the formation of a monomer (Figure 4).1% In the first stage (1) the monomer
concentration, regarded as the saturation level of a solution, constantly rises with time
until the nucleation threshold is reached. With this, the process of rapid self-nucleation
starts in stage Il. Reaching the critical supersaturation, the successive nucleation results
in a decrease of the monomer saturation. Therefore, the nucleation rate declines as the
growth of the existing nuclei commences in stage I11. The particle growth thereby occurs
via a diffusion-controlled mechanism with free monomers remaining in solution
attaching to the surface of other particles. Stage | and Il, which introduce the
spontaneous nucleation, proceed rather fast considering the temporal progression. In
comparison, the consecutive stage of growth (1) is relatively slow. The period of
growth may include previously described processes such as aggregation, agglomeration,
coalescence or Ostwald ripening (Figure 3).

Mainly three parameters determine the course of this time-dependent model,
distinguishing between classical growths and ripening processes: the particle radius,
volume and saturation level. For a classical growth process, the particles’ radius
increases, whereby the volume increases and the number of particles stays the same since
only the already existing nuclei are growing. However, if a ripening process occurs, the
number of existing particles decreases since the larger particles grow at the expense of
the smaller particles. Furthermore, the total volume of particles is expected to stay
unchanged, and the particle radius increases with retarded growth. This becomes
possible because the critical radius shifts towards larger values. Thus, smaller particles
dissolve and hence provide the matter for the growth of the larger particles.!?
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Some assumptions are required for the CNT, such as the spherical (or constant shape)
nuclei, one single interfacial energy for the particle formation process and the
consideration of completely homogeneous nucleation. According to today's knowledge
and observations, these premises cause this theory to be far from sufficient to describe
phase transition processes.'*! However, even if these requirements are not covered in
most of the existing, actual systems,!10114115 the CNT offers essential background
knowledge for the development of new approaches needed to understand nucleation and

growth processes entirely.

Colloidal stability

Colloids consist of particles or clusters typically in the range of nanometers
(1 nm — 1 um, nanoscale®®%) interconnecting atomic to bulky dimensions. In colloidal
systems with repulsive interaction, the natural control parameter is set by the diffusive

transport and not by temperature as in other atomic systems.*®

Regarding a filtered solution and hence the exclusion of impurity, nuclei are expected
to form by homogeneous nucleation or by wall-induced nucleation (heterogeneous
nucleation). The start of nucleation induces a random distribution of dense nuclei with
enclosed surface areas. Interactions between those neighboring nuclei are the reason for
their random arrangement. The solidified nuclei, NPs, are separated by grain boundaries,
although bulk fluid remains in specific regions of coexistence. As long as that is the
case, the NP growth process is ongoing. Hence, a further evolution of crystal shape and
size occurs over time due to ripening processes at a comparably low time scale. One
aspect of utmost importance in colloid science is the mechanism of NP stabilization.
Colloids are considered thermodynamically unstable but kinetically stable. The primary
source for the kinetic stability is the existence of an electric charge surrounding the
particles surface.® The resulting repulsive forces control the stability of the colloidal
system and can be influenced either electrostatic or sterically.*'® Without the repulsive
interaction attraction triggered by van der Waals forces, electrostatic or magnetic forces
between NPs commonly would lead to agglomeration, aggregation or coalescence
processes. The stability concept of colloidal dispersions was developed by B. Derjaguin
and L. Landau and independently by E. Verwey and J.T.G. Overbeek (DLVO),

addressing the equilibrium between repulsive and attractive forces.*"118
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Figure 5. Fundamental concepts of the DLVO theory. a) Formed EDL around a NP including the outer
diffuse layer. b) DLVO interaction potential of two NPs (black) considering the van der Waals interaction
potential (blue) and the EDL interaction potential, repulsion (red). From J. Polte (CrystEngComm, 17,
6809, 2015). Reprinted with permission from RSC.1°

The Coulomb force between individual particles decreases exponentially with their
distance. With a sufficiently strong repulsion, enough distance is maintained to prevent
coagulation processes successfully. The distance between charged NPs is determined by
an electric double layer (EDL) made of counter ions surrounding the NP, balancing its
charge and a diffuse layer (Figure 5a). The thickness of the formed EDL and diffusive
layer depends on the ion type and concentration, the surface potential and the particle
size. Those parameters directly influence the colloidal stability to be quantified via the
respective aggregation barrier of two NP (Figure 5b). A formation of a thick diffuse layer
results in sufficient large inter-particle distance to maintain a stable colloidal dispersion
based on more pronounced repulsive forces compared to the attractive ones. However,
a reduced layer leads to a reduced distance between the particles and therefore, the
attractive forces might predominate resulting in a collapse of the double layer.'*2 Adding
counter ions or changing the ratio of the NP surface charge to the number of counter
ions affects the dimension of the diffusive layer around the NP and therefore change the
colloidal stability.*1%11® Additionally, solvent properties directly impact the system and
influence the degree of particle interaction and the addition of large molecules,
demonstrating a steric stabilization of the colloidal system. The strategic use of such
parameters allows to modify the colloidal properties and thus to influence the nucleation
and growth.
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Non-classical nucleation theory approaches

Proposed in 2015 by J. Polte for most syntheses, the minimum particle size is determined
by their colloidal rather than by their thermodynamic stability, as it is proposed by the
CNT model (Figure 4).11%111 Research on colloidal metal systems reveals that not all the
observations are covered by the CNT models published.®® Significant advancement
became possible with the emergence of in-situ scattering and microscopic methodology.
These techniques allowed to study the different formation and growth pathways referred
to as non-classical nucleation theory. The CNT is based on the ions/molecules forming

primary NPs and subsequent growth mechanism to a single crystal.1%
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Figure 6. Schematic illustration of classical and non-classical crystallization pathways. Classical
crystallization pathway represented by solid arrows and non-classical nucleation routes depicted with
dotted line arrows. This figure is inspired by literature covering CNT and non-classical nucleation
pathways. 109111

The common crystallization pathway based on CNT is provided in Figure 6, following
the solid black arrows. However, crystallization can also occur along particle-based
reaction channels, covered by the non-classical nucleation theory. The dotted arrows
depict some exemplary pathways in Figure 6. Thereby, self-assembled pre-nucleation

clusters and primary NPs can form superstructures that arise via metastable or
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amorphous particles as an intermediate state.!®® The formed meso-crystals consist of
highly oriented subunits that develop based on a self-assembly approach.?%'?! Due to
melting processes (i.e. fusion), the meso-crystal can convert into a single crystal.
Similarly, primary NPs can grow via oriented attachment (OA) to iso-oriented crystals
that can fuse to a single crystal (Figure 6). OA represents a typical non-classical crystal
growth mechanism, describing the repeated attachment events of crystalline NPs that

contain specific crystal faces, which are additionally lattice-matched.'*

e Wy
g—"’ e e ”6 \r’@f?z‘@

Nanocrystals
LR B \
Poorly crystallm\
nanoparticles A
- Al |

*
Amorphous nanoparticm

Droplets

Complexes Amorphous
solid

Oligomers ——___ Polymers

0o ~Monomer - by - monomer crysth ‘

o°0'.o —
e_ 04

.'o‘.o
0e® I —
lons, atoms, Progress
molecules

Bulk crystal

Figure 7. Pathways to crystallization by particle attachment. From J. J. De Yoreo et al. (Science, 349,
aaa6760, 2015). Reprinted with permission from AAAS.*

The observation of multistep crystallization pathways opens up new opportunities to
rethink crystallization processes. For instance, the formation pathway via metastable
clusters may lower the nucleation barrier. The stabilization of pre-nucleation structures,
however, could slow down the crystallization or even create barriers to prevent
crystallization processes completely.!'! Figure 7 presents an overview of many possible
pathways of crystallization via general particle attachment. This diversity highlights the
complexity of the topic and that it is not possible to just create a “one-fits-all” approach
of crystallization.!! It is instead needed to investigate further and understand the
regarded system in detail to develop guidelines that help to provide suitable predictions

to implement customized material requirements in the future.
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c. State of the Art Precursor Chemistry of PSCs

As commonly applied manufacturing processes of PSCs are solvent-based, fundamental
principles of the presented nucleation theories should be applicable for the perovskite
crystallization. For this reason, it is a topic that is to date constantly under investigation
and of great interest in the research community. In recent years, the interest in precursor
solutions has increased enormously. At present, high PSC efficiencies are reachable, and
further development going beyond becomes a question of fine-tuning, which requires
fundamental knowledge of the crystallization process. Recent studies that support the

classification of this work are highlighted in the following.

In 2018 K. H. Stone et al. investigated the functionality of adding lead chloride (PbClz)
to the precursor solution of MAPDI3 since it has been used to improve the intrinsic crystal
quality. They uncovered the formation of intermediate solid NPs of MA2PbIsCl in the
solution coexisting with methylammonium chloride (MACI) retarding the actual
crystallization of MAPbI3.2 The evaporation of MACI thereby self-regulates the growth
process.’® Other additives such as methylammonium thiocyanate (MASCN) tend to
cause lower nucleation density and larger nuclei sizes.*® Using MASCN as an additive
thus supports the formation of a polycrystalline thin film with large grain formation and
homogeneous surface coverage. As addressed in section 2.1 c, alkaline cations represent
common additives improving perovskite performance, film quality and stability.*"8 In
mixed lead halide PSCs, (A-site cation shared by FA™ and MA*, X-site shared by Br
and I"), degradation might result in the formation of MAI- and FABr-rich phases.
However, the systematic addition of Cs* or Rb* can alter the crystallization process to
suppress this phase segregation and thus promotes the formation of a phase-pure thin

film.122

The general growth process of the perovskite thin film was investigated by S. Chen et
al. in 2021 using grazing incidence X-ray diffraction technique (GIXRD).*” The
polycrystalline film undergoes a top-to-bottom downward growth towards the substrate
initiated by solvent evaporation.*” This understanding provides valuable information for
the targeted production of PSC since the presented growth behavior is only marginally
affected by the composition of the perovskites and the wettability of the underlying

substrates. In September 2021, the group led by P. Muller-Buschbaum correlated the
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solution-based spin-coating fabrication mechanism of perovskite thin films with four

stages of perovskite formation.
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Figure 8. Time dependence of the four phases of the colloidal conversion process of the perovskite
precursor to the final MAPbI; perovskite thin film. a) GIWAXS data as a function of the scattering vector
g and b) PL data as a function of wavelength. (The emission line at 690 nm is related to the diffuse
reflection of the laser used in the position alignment system of the beamline.) The substrate temperature
is presented on the right y-axis. Anti-solvent drop at t=25 s. In phase 11, the diffraction can be assigned to
Pbslg.2(CH3)2S0O.2CH3sNH3 (MAPbI;-DMSO), a solvent-complex phase, converted into MAPbI; in phase
I11 during annealing. From S. Pratap et al. (Nat Commun, 12, 5624, 2021) reprinted with permission from
Springer Nature.'?

As presented in Figure 8, the synchrotron-based in-situ grazing incidence wide-angle
X-ray scattering (GIWAXS) data combined with optical photoluminescence (PL)
measurements reveal the final perovskite formation of MAPDIs. The data allow the
elaboration of the following stages towards crystallization: 1) instant nucleation of
polydisperse MAPDI3 NPs with an anti-solvent drop, 1) instantaneous partial conversion
of metastable NPs into an orthorhombic solvent-complex by coalescence, I11) thermal
decomposition (dissolution) of the stable solvent-complex into iodidoplumbate subunits
upon evaporation of solvent from the complex and 1V) formation (recrystallization) of

cubic MAPDIs crystals in a thin film.12 Following the proposed mechanism for MAPbI3,
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some parallels appear to the proposed crystallization pathways of the non-classical

nucleation theory (Figure 7).

Although the research about morphology improvement of perovskite thin films
advances, lead halide perovskites do not seem to struggle as much as their lead-free
alternatives with poor coverage and the evolution of pinholes. Thus, studying the
crystallization mechanism can be of particular interest for lead-free PSCs, considering
their poor morphology (i.e. low coverage and formation of pinholes) originated from its
rapid crystallization process. Dimethyl sulfoxide (DMSO) is still one of the most
promising solvents used for efficient tin-based PSCs, focusing on solvent properties.'?4-
126 One reason for the focus on this particular solvent possibly lies in the fact that it is
the solvent with the best-understood working behavior for lead-based perovskites,
including the formation of an intermediate phase decelerating the crystallization.!!1%"-
129 Taking into account the difficulty of the reported too rapid crystallization of tin
perovskites, the use of this solvent seems, therefore, inevitable. Nevertheless, even when
using DMSO as a solvent for the solution-based processing of tin-based thin films,
efforts have been made to control and to enhance the crystalline morphology either by
using additives or solvent engineering.t%1301%! Yet, a dead-end might be approached
following this strategy knowing about the ability of DMSO to oxidize the Sn(ll) from
the perovskite.!3?

The precursor holds the key in controlling the crystallization kinetics and looking for
suitable solvents for a successful perovskite processing. Methodology like small-angle
X-ray scattering (SAXS) or in-situ GIWAXS can reveal insights into the

physicochemical properties of the precursor solution in dependence on the solvent.!3

23



2 Fundamentals

2.3 Small-Angle Scattering

SAS is a well-known technique for structural analysis of the condensed matter. It is
particularly suitable for investigating structural details with characteristic dimensions at
length scales above interatomic distances up to 100 nm and beyond. SAS covers mainly
three analytical techniques: small-angle neutron (SANS), X-ray (SAXS) and light
(SALS, or just LS) scattering. All of these methodologies are based on the elastic
scattering of monochromatic radiation from a sample. The final scattering pattern
provides information about the size and shape (form factor) and structure/orientation of
disordered or partially ordered systems in the sample (structure factor). In this section,
the primary and most relevant concepts of SAXS and SANS are described since these
methods are employed in all three publications that emerged from the here presented
thesis. However, the following content will by no means cover all the theoretical details
and background. Instead, it aims to give a broad overview of the perovskite precursor
solutions’ main technical features and applications. For further insights, more advanced
readers are encouraged to look into SAS in the related literature. 13413

a. Data Processing SAXS/SANS

The predominantly random orientation of scattering objects in solution results in an
averaged scattering curve. This circumstance results in the possibility of collecting only
one-dimensional information about an actual three-dimensional structure. One of the
resulting challenges of SAS is to derive the three-dimensional structure information

from these one-dimensional scattering curves from the experiment.®

Postulating of structural models (covering form and structure factors) and fitting their
variable parameters to reproduce the sample scattering curve is a standard method to
interpret the obtained small-angle scattering data. Figure9 depicts different typical
structure models: spheres with various size-distribution (a), clustered spheres with a
specific recurrent distance (c), and a comparison of other form factors: spheres, long

cylinders, discs, and flat cylinders (e).
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Figure 9. Diversity of structural information available from a one-dimensional scattering curve. (a) Model
structures of spherical particles with different polydispersities ranging from 1% to 20 %, (b) their
corresponding calculated small-angle scattering curves and their corresponding size distributions in the
inset. ¢) Model structure of clustered spherical particles with a recurrent distance d and d) the
corresponding calculated scattering curve. ) Model structures with different form factors and f) their
corresponding calculated scattering pattern.

The corresponding calculated scattering curves of these structure models are shown in

Figure 9b, d, f. As presented within the structure models, various parameters affect the

scattering curves distinctively and distinguishable such as the particle size, size

distribution, particle-particle interaction and particle shape.
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The scattering intensity as a function of g, 1(q) can be described by the following

equation:

1(0) = NoJ {ApV(r) P(q,1)}* S(a.,r) N(r) dr

Np:  number of particles

Ap:  scattering length density difference (Ap = pparticle -pmatrix )
P(qg,r): form factor

S(q,r): inter-particle interference (structure factor)

N(r): size distribution

Monodisperse spheres of radius r generate a scattering curve with interference fringes,
following a Bessel function. Increasing the polydispersity, broadening of particle size
distribution dampens the interferences fringes and leads to more indistinct scattering
curves (Figure 9a, b). The general shape of the scattering curve, however, remains. A
simulation of partially ordered spherical particles (Figure 9c) with a recurrent distance d
results in a scattering curve as depicted in Figure 9d. This curve shape provides the
information about clustering and the inter-particle interaction of the scattering objects
under investigation. The polydisperse spheres gather in small groups of several spheres
with an average distance d to form superstructures. This superstructure leads to the
development of a peak maximum that dominates the corresponding scattering curve.
The blue arrow indicates this peak position at q = 2x/d. This relationship allows us to
calculate the inter-particle distance d as discussed by V. S. Raghuwanshi et al.®,
Furthermore, nanoscale particles and nanostructures can exist in many shapes, as
presented in Figure 9e. These shapes, described by form factors, result in distinct
scattering curves characteristic of the respective shape, depicted in Figure 9f. The one-
dimensional scattering curves thus make it possible to distinguish between the shapes of
nanostructures.

All SAS curves analyzed within this thesis were fitted with the program SASfit}*°. The
particular structure model including a specific form factor and a hard-sphere structure
factor chosen to fit the scattering curves is explained in further detail in the experimental

section of the respective chapter.
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b. Scattering Interaction with Matter

Although the identical SANS and SAXS data methods can be used to extract structural
information, there are crucial differences in how X-ray photons and Neutrons are
produced and interact with the scattering object under investigation.!*! For X-ray
photons, the scattering arises from the electrons of the sample whereas neutrons interact
with the system’s nucleus. One necessary measure to quantify the different scattering

properties of a sample is the scattering length densities (SLD).133
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Figure 10. Contrast differences between neutron and X-rays. Calculated SLDs of possible objects present
in solution compared to the SLD of the solvent psoivent fOr X-ray interaction in green and neutron interaction
in red. Shaded in grey the SLD contrast po*, i.e. the SLD difference between the scattering object X and
the solvent (NIST).

Depending on the interaction, the SLD of a scattered object differs. Figure 10 shows the
SLDs of different known systems that are comparable with dissolved compounds of a
perovskite precursor solution, such as MAPbIs. Still, the structural information about
the colloidal solution is not sufficient to absolutely calculate the SLD of the scattering
objects expected. Regarding the equation for the measured intensity I(q) in SAS, it
becomes evident that it matches the SLD difference Ap (Ap = pparticle -pmatrix). Hence, in
Figure 10 the calculated SLDs of the scattering objects can be compared to the SLD of
the matrix, represented by the solvent mixture. The solvent data depicted in Figure 10
correspond to a N,N-dimethylformamide (DMF) and DMSO solvent mixture in a ratio
6:1 (v/v) or deuterated, d-DMF:d-DMSO (6:1), in case of neutron scattering.

Comparing the SLDs of specific elements like Pb in neutron and X-ray scattering
highlights the differences in contrast. Thus, features in the scattering curve caused by

the form or structure are expected to be more pronounced in the case of X-rays. One
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reason for that behavior might be based on the significant higher Ap that is shown for
X-rays compared to neutron. A further relevant impact on the resulting scattering data
consists of the origin of the respective radiation source. In terms of a synchrotron X-ray
source, the beam is highly collimated, monochromatic with a wavelength smearing of
about 2 x 10,

However, the wavelength smearing ranges about 10.5 % in the case of neutrons, which
can be observed in smearing effects in the derived 1D curve.}* The interaction of
neutrons with matter is weak, corresponding to only negligible absorption. Therefore,
the resulting penetration depth of neutrons allows the probe of bulk properties of
comparably thick samples. It is easier to penetrate a large sample volume with neutron
scattering, particularly considering the high absorption of perovskite precursor solutions.
Hence, a significantly larger sample volume was probed in neutron scattering compared
to the thin capillaries required to perform successful SAXS experiments. By carrying
out SANS measurements before performing SAXS, we can exclude multiple scattering

effects when using X-rays.

c. The Interplay of Multiple Techniques

SAS data needs to be supported by further analytical techniques to provide a more
complete picture about the chemical nature of the perovskite precursor solutions. Since
SAS mainly covers the nanoscale dimensions, additional methods deliver further

insights about the interatomic level and information of superordinate structures.
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Figure 11. The interplay of different characterization techniques concerning the size of the scattering
objects. As used throughout this thesis. The size is given in real (d / nm) and reciprocal space (q/nm™)
to illustrate their correlation.

Therefore, other techniques, such as nuclear magnetic resonance spectroscopy (NMR),
X-ray absorption spectroscopy (XAS), wide-angle X-ray scattering (WAXS) and light
scattering (LS) are complementing the previously introduced SAS experiments

(Figure 11) throughout the results of the thesis.
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3 Small-Angle Scattering revealing Halide Perovskite
Precursors

The presented chapter is based on a manuscript that has been published under the title
“Small-Angle Scattering to Reveal the Colloidal Nature of Halide Perovskite Precursor
Solution” by Marion A. Flatken, Armin Hoell, Robert Wendt, Eneli Hark, André
Dallmann, Albert Prause, Jorge Pascual, Eva Unger and Antonio Abate in Journal of
Materials Chemistry A 2021, 9, 13477.

Figure 12. Graphical abstract for the publication by M. A. Flatken et al. ,,Small-Angle Scattering to
Reveal the Colloidal Nature of Halide Perovskite Precursor Solution”. Published on the webpage of
Helmholtz-Zentrum Berlin (HZB) in the section Science Highlight.

M. A. Flatken conceptualized and investigated the presented research question,
performed the SAXS measurements and took care of the data evaluation and
interpretation and the evaluation and analysis of NMR data. She was responsible for the
general project administration and wrote the original draft. R. Wendt supported SAXS
data evaluation and interpretation. J. Pascual assisted in writing the original draft. E.
Hérk helped to record the SANS data as a beamline scientist of the V4 beamline at
BERII. A. Dallmann was responsible for recording the NMR spectroscopy data. A.
Prause performed and evaluated the DLS data. E. Unger supported the writing process
by reviewing and editing. A. Hoell is in charge of the ASAXS instrument from HZB
used. He supervised and reviewed the manuscript. A. Abate supervised, provided the

resources, reviewed and edited the manuscript before submission.
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3.1 Introduction

In recent years, the efficiency of perovskite solar cells (PSCs) has increased in record
speed. Due to its outstanding properties, metal halide perovskites are considered to be
the future in the photovoltaic (PV) industry and find applications as light-emitting
diodes, nanowire lasers or photo-detectors.3®143144 Besides their excellent PV properties,
the low temperature, solution-based perovskite fabrication procedure is another criterion
that is particularly well suited for fast and cost-efficient manufacturing.®®>° The absorber
material, perovskite, is not sufficiently understood to control the device efficiency
systematically or to explain and selectively influence observed PV properties. One
approach to gain further knowledge that has received considerable attention is to study
the chemical organization in the precursor solution used to synthesize the perovskite thin
film.314° As the crystalline thin film is growing directly from solution, a detailed
understanding of the crystallization mechanism is critical to enable control of the
perovskite formation. In this regard, the colloidal chemistry of perovskite precursor
solutions contributes significantly to the crystallization process and thus to the
perovskite morphology, which is known to impact the performance of PSCs
directly 812146 In a theoretical study, E. Radicchi et al.}*” present the iodidoplumbate
complexes [PblmXn]>™ that can be expected in particular solvents, being X N,N-
dimethylformamide (DMF) and dimethyl sulfoxide (DMSQ). The role of solvents and
coordination chemistry of the central atom Pb is critical in solution chemistry for
perovskite precursors.’>4>147 Weakly coordinating solvents tend to favour faster
crystallization. In contrast, stronger coordinating solvents like DMSO form an
intermediate state, which leads to a slower crystallization process and thus a better film
morphology.!1%® However, though trends are observable and the resulting film
properties are characterized in detail, the actual solution chemistry, including the
specific structure of the colloidal particles and a mechanism to explain the fast, low-

temperature crystallization, remains unclear.4®

Methods preferably used for solution characterization, like dynamic light scattering
(DLS), UV-vis spectroscopy or cryogenic transmission electron microscopy (cryo-
TEM), should be used with caution, as often the nature of the regarded system slightly
differs, or crucial properties are only indirectly determined.®1?1°0-152 Considering the

origin of biochemical solutions (e.g. micelle formation), DLS is particularly suitable to
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detect larger nanostructures in the range of 5 nm to 1000 nm. It measures fluctuations,
which can be related to Brownian diffusivity of particles and not directly their size.
Though one can then calculate the particle size, this implies making assumptions that
are not suitable for every colloidal system.'® Thus, it occurs that derived particle sizes
from a microscopy technique (e.g. TEM) differ from the calculated distributions derived
by DLS. Whereas J. Kim et al. refer to colloidal sizes in the range of 100 nm based on
DLS studies,®* the first study using cryo-TEM reveals insights on the size of colloidal
structures found in the perovskite precursor solutions, which are in the range of 1 nm.*°
Still, it remains unclear what effect the cryo shock freezing has on the colloid chemistry
in solution.*®® Unfortunately, also the colloidal interactions in liquid are not considered.
UV-vis spectroscopy is frequently used to identify characteristic absorption spectra,
which can determine possible species in solution.!>%® However, it is challenging to
apply this method to solution concentrations above 1 mol L™ typically used for thin film
deposition in solar cell fabrication.® Considering that a solution-based deposition process
fabricates most of the PSCs, it is essential to characterize the solution properties in their
nature, close to the application.

Herein, we apply small-angle scattering using synchrotron radiation (SAXS) and
neutrons (SANS) to characterize the perovskite precursor solution on a nanostructural
level. We observe well-structured colloidal nanoparticles (NPs) in solution, interacting
and forming a dynamic arrangement. We demonstrate that this method can be applied
directly to the precursor solution used for processing PSCs without the need for further

adjustments.
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3.3 Experimental Details

Sample Preparation

All chemicals used were of analytical grade and were used as received without any
further purification. The perovskite solution is mixed from 1.3 mol L of Pbl (Tokyo
Chemical Industry, > 98 %) and CHsNHsl (Dyenamo, > 99.99 %) in mixed solvent
(DMF:DMSO (Sigma-Aldrich) prepared by volume/volume (v/v) ratio of 6:1). For the
neutron scattering and NMR experiments deuterated solvents DMF-d7 and DMSO-d6
(Sigma-Aldrich, >= 99.5 atom %) are used. The resulting perovskite solution is shaken
at 60 °C for 5 min to dissolve all components. The perovskite solution is then diluted
with the solvent mixture (DMF: DMSO 6:1, v/v) to reach the desired concentration (0.4,
0.6,0.8,1.0,1.1and 1.2 mol L%).

Nuclear Magnetic Resonance Spectroscopy, 2’Pb NMR

The spectra were acquired on a Bruker AVII 400 MHz or Bruker AVIII 500 MHz
equipped with room temperature TBO or BBO-probe heads respectively. Typically, a
sweep width of 897 ppm was used, and 8192 points were acquired, resulting in a total
acquisition time of 54.48 ms. The center frequency had to be adjusted from sample to
sample in order to detect the desired signal. Therefore, a full scan of the possible shift
range was acquired on new samples until the peak was detected. We used a 30° pulse to
minimize the recycle delay to 200 ms (for samples with broad peaks, acquisition time
and recycle delay were adjusted down to 50 ms). The number of scans thus ranged from
512 for very concentrated samples (~1 mol L) to 132k scans for very dilute samples
with broad peaks (0.1 mol L™?). All other spectra were measured with standardized
parameter sets from Bruker Topspin version 2.1 (AV400) and 3.0 (AV500).

Dynamic Light Scattering, DLS

Dynamic light scattering (DLS) measurements were carried out with a 3DSpectrometer
(LSinstruments, Switzerland). The setup uses a He-Ne laser with a wavelength of
632.8 nm and a goniometer to set the scattering angle 26 between 15 ° and 145 °. The

samples were measured from 20 ° to 135 ° in 5 ° steps with 30 s for each measurement.
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The temperature was set to 25 °C. Analysis of the obtained intensity correlation data
represented as g® (t) — 1, was performed with self-written python-based software. The

intensity correlation function g® (1) is related to the field correlation function via the

2
Siegert relation g@ (1) =1 + B(g(l)(r)) . The data were fitted with a bimodal

exponential model, see the following equation.
g? () —1=B(ae T+ ae 2")2 witha, =1 — a,

where 3 is the instrument-specific coherence factor, t the correlation time, and a; and [
the amplitude and decay rate for the corresponding species I, respectively. The collective
diffusion coefficient Dcon was deterimined by a linear fit of I' versus g2, where q is the
scattering vector magnitude. From this fit, Dcon results from the slope according to

I'=D-q*>. The hydrodynamic radius was finally calculated via the Stokes-Einstein
equation, Ry, = :‘%, where kg is the Boltzmann constant, T the absolute temperature and

n the viscosity of the solvent.

The perovskite precursor solution was measured previously filtered with a PTFE

membrane filter with a pore size of 0.22 um as well as unfiltered.

Small-Angle Neutron Scattering, SANS

SANS measurements were performed at the V4 beamline at the BERII reactor, HZB in
Berlin'®®. The detector distance was 1 m with using a wavelength of 4.5 A. Hence, a g-
range of approx. 0.5 nm™ to 8 nm™* was covered (0.78 nm - 12.6 nm). The perovskite
solutions for SANS measurements were measured inside quartz cuvettes Hellma®
cuvette (Hellma Analytics, Germany) with a 1 mm optical path length. The quartz
cuvettes filled with the perovskite solution were sealed with polytetrafluoroethylene
(PTFE) caps and Parafilm® M to inhibit the evaporation of deuterated solvent from the
sample and to prevent the adsorption of moisture from the outside environment. Each
sample was measured with a temperature control at 20, 22, 24, 26 and 60 °C and finally
again at 20 °C. An “Ultra-Cryomat” from Lauda was used to set and hold the
temperature during the measurements. An aperture with a diameter of 13 mm was used
in front of any cuvette filled with the perovskite solution. Scattering contribution from

mixed solvent DMF-d7 and DMSO-d6 solution was measured separately. At each
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temperature, the SANS curves of each sample were recorded every 5 min, followed by
a 20 s transmission scan. Of these, four repetitions were performed to increase the
statistics for each condition. As shown in Figure S3.1, the measured SANS curves (run 1
to 4) are in good agreement, coincide and are reproducible. Therefore, the four runs were
merged for each condition respectively to achieve better statistics. The measured SANS
patterns overlap, and no change in the measured transmission can be observed, which

gives rise to the assumption that we do not observe any change in solution.

Data reduction and radial averaging: For data reduction and for the radial averaging
to the 1D scattering SANS pattern, the BerSANS software was used*®’. Normalization
and background subtraction routines were performed employing the scattering data from
standard H20-filled cuvette, empty cuvette, and beam stopped with cadmium plate,
respectively. Respective transmission values for each sample were taken into account.

For 5 minutes scattering runs were merged to achieve better statistics.

Small-Angle X-ray Scattering

The reported SAXS data were measured using synchrotron radiation at the four crystal
monochromator beamline in the laboratory of PTB (Physikalisch-Technische
Bundesanstalt) at BESSY11'®8, The SAXS instrument of Helmholtz-Zentrum Berlin
(HZB) contains an adjustable about 3,5 m long support structure with a long edge-
welded bellow system to allow the possibility to vary the sample to detector distance
without breaking the vacuum®°. The two-dimensional scattering images were collected
by a windowless Dectris 1M PILATUS2 in-vacuum hybrid-pixel detector. The
measurements were carried out at two different distances (0.8 m and 3.7 m) at photon
energies of 10 keV and 8 keV, respectively. Thus, a g-range from 0.05 nm™ to 8.5 nm™*
was covered. For a sample-sensitive measurement, the solutions were measured with an
exposure time of 600 s with two repetitions for the shorter distance and three for the long
distance to achieve good quality data and to monitor unwanted but possible changes of
the specimen over time (which can therefore be safely excluded, see Figure S3.2). Due to
the low transmittance of the lead-containing precursor solutions, especially thin
(0.1 mm), rectangular borosilicate cuvettes (with a wall thickness of 0.1 mm) purchased
from CM Scientific (UK) were used.
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By constraining the beam with a low-scatter pinhole of germanium 500 pum in diameter,
the total flux on the sample could be determined for each energy. Accordingly, for the
long distance (3.7 m) where 8 keV was used, we can indicate 4.8 *10° photons/s and
2.6 *10° photons/s for the short distance (0.8 m) where 10 keV was used.

Table 1. Technical parameters of the SAXS measurement. Transmission of measured samples, a sample
to detector distance, energy and acquisition time.

Sample Name: Transmission | Sample to Energy /eV | Acquisition
Concentration / mol L™ detector Time /s
distance / m

empty beam 1.000 3.750 8000 600
empty capillary 0.228 3.750 8000 600
0.4 0.113 3.750 8000 600
0.6 0.079 3.750 8000 600
0.8 0.058 3.750 8000 600
1.0 0.044 3.750 8000 600
1.2 0.033 3.750 8000 600
empty beam 1.000 0.810 10000 600
empty capillary 0.463 0.810 10000 600
0.4 0.315 0.810 10000 600
0.6 0.258 0.810 10000 600
0.8 0.219 0.810 10000 600
1.0 0.187 0.810 10000 600
1.2 0.160 0.810 10000 600

Data processing: For data reduction and radial averaging to the 1D scattering pattern,
the BerSAS software was used, a modified version applicable for SAXS and SANS of
the BerSANS software®®’.

All SAXS curves of the investigated samples were fitted with the program SASFit4%, A
structure model with a cylindrical form factor and a hard-sphere structure factor was
chosen to fit all sample scattering curves.

The choice of a cylindrical form factor was motivated by the assumption of having
“distorted” Pb-I-solvent complexes with approximately cylindrical geometry in the
precursor solution. Furthermore, the cylindrical form factor leads to the best fit
compared to other geometrical objects tried in the fitting procedure. The underlying
equations of the applied Porod’s approximation for a long cylinder can be found
elsewhere.1%%161 |n SASfit, the width parameter s of the distribution function used

(lognormal) is directly related to the polydispersity of the system.
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Figure 13. 6-fold coordinated iodidoplumbate formation. Expected distances in an iodidoplumbate
assuming 90° 1-Pb-1 angle.

Using the cylindrical form factor, this parameter is 0.045 for 1.2 mol Lt and 0.097 for
the concentration of 0.4 mol L. A scheme of the assumed bond length dimensions
resulting in the choice of the cylindrical form factor are presented in Figure 13.

The herein investigated particles were considered as hard spheres. Thereby, these
particles are assumed as incompressible resulting in fixed radii for each particle and an
infinite repulsive force at a specific interparticular separation. The hard spheres model
neglects attractive forces but describes various colloids in organic solvents fairly
well. 1627184 However, we used the monodisperse Percus-Yevick approximation for hard

spheres to fit the interaction of the analyzed colloidal particles.'6°168
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3.4 Results & Discussion

Earlier recorded DLS data (Figure S3.3, Table S3.1., 9.1) indicate that large higher-level
structures in the micrometer range are present in a perovskite precursor solution
(1 mol L. In addition, small sizes in the order of nanometers have been detected. By
combining DLS with diffusion ordered spectroscopy (DOSY), we can prove that these
can be assigned to the solute and cannot be traced back to the solvent itself (Figure S3.4,
9.1). To better understand these sub-nanometer scale particles and simultaneously
explain the occurrence of the large sizes, we decided to use SAXS and SANS for further

characterization.
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Figure 14. SAS technique. (a) The basic scheme of a SAS instrument. (b) Series of theoretically modelled
1D scattering curves derived by radial averaging of a 2D-detector image as shown in the top right corner
of each plot.

SAS is a characterization technique to determine the structure of nanometer-sized
particles, distances, and arrangements in a material system.'34138167 A scheme of the
general SAS technique is provided in Figure 14. An azimuthal integration of the 2D
detector image produces the final 1D scattering pattern. The variations of the resulting
scattering pattern give the first indication about changes of size, size distributions, shape
and possible arrangement of colloidal particles observed in the sample. Simulated

scattering patterns of a typical spherical-shaped form factor for a monodisperse sample
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and a polydisperse sample are modelled in Figure 14b. The form factor contains the
primary information about a nanosized shape, whereas the structure factor describes the
inter-particle interaction between the colloidal particles.**1% Thus, most simply, for a
monodisperse colloidal solution without any particle interaction, the experimentally
derived scattering pattern can be expressed as the form factor multiplied by the number

of colloids in the beam.

The maximum in a 1D scattering pattern evolves due to the interaction of particles. This
trend leads to a dominant structure factor in the scattering pattern, which becomes
evident in the formation of a broad peak. In that case, the scattering intensity of the
single spheres is reduced to the benefit of an arising peak at g = 2rt/d as indicated by the
black arrow in Figure 14b. The mean spacing d between the mass centers of interacting
colloidal particles can be calculated (Figure 14b, right panel) using the magnitude of g at

the peak maximum as discussed by V. S. Raghuwanshi et al.**®

In the current case, we are focusing on the characterization of perovskite precursor
solutions, particularly MAPbI3 precursor solutions using a solvent mixture of DMF and
DMSO. As it is known from the literature, instability of perovskite devices, and
perovskite solutions, is one crucial topic in the research field, which could lead to
suspicion of radiation damage.*6°1% At HZB, we were able to use synchrotron radiation
at BESSY I and neutrons at BERII to perform SAXS and SANS on perovskite precursor
solutions. Using SAXS at BESSYII at X-ray energies of 8 keV and 10 keV (x+ 2 eV),
respectively, we cover a broad g-range from 0.05 nm™ to 8.5 nm (size range: 209.4 nm
- 0.74 nm) to achieve a good overview of particles and size distribution in the perovskite
precursor. With SANS, we cover a g-range from 0.5 nm™ to 8.5 nm? (size range:
12.6 nm - 0.78 nm), measured at the V4 instrument at BERII reactor with a wavelength
of 0.45 nm. A critical advantage of the uncharged neutrons is their weak interaction and

high penetration depth to probe the bulk of the sample non-destructively.
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Figure 15. Temperature dependence of a perovskite precursor solution probed with SANS. Scattering
pattern of MAPDbI; solution (1.3 mol L*) measured at different temperatures. (a) Temperature ramping
from 20 °C to 24 °C in 2 °C steps and at 60 °C giving a specific recurring distance d at g = 3.1 nm* and
(b) cooling from 60 °C to 20 °C. The reversible temperature effect is indicated by the smoothened
scattering data in (b). Here, the green and red arrows illustrate increasing temperature (red) and cooling

(green).

The measured scattering intensity is given in the SANS pattern (Figure 15) firstly proves
the presence of particles in perovskite solution. As the DLS data indicated, the curve of
scattering intensity gives rise to assume the existence of two phases in solution, particles
and solvent. Additionally, the integrated detector signal in the 1D pattern of the
perovskite precursor solution exhibits the features of inter-particle interference
(Figure 14). An arising broad peak in the SANS pattern reveals that these particles
interact, which allows us to suspect that these particles form a dynamic colloidal network
explaining the formation of higher-level structures observed in DLS. In the case of the
1.3 mol L™t MAPbIs precursor solution shown in Figure 14, the colloidal arrangement is

characterized by a mean spacing d between the mass center of the individual particles of
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approximately 2 nm (maximum of the peak position at g = 3.1 nm™). This inter-particle
short-range order already indicates the first starting points for growth into the long-range
ordered crystal. Hence, the strong interaction seems to be a “quasi-crystalline”

prearrangement of colloidal particles as an early stage of crystallization.}417

The precursor solution was stepwise heated up to 60 °C (Figure 15a) to get further
information about the colloidal network. With increasing temperature, an apparent
reduction of the maximum intensity is observed. Due to higher mobility caused by rising
temperature, the observed network shows fewer inter-colloidal forces, and consequently,
the maximum in the measured scattering pattern decreases. Accordingly, the observed
effect of the structure factor in the scattering pattern is significantly reducing. Cooling
the solution back to room temperature, the maximum is again more pronounced and
stays in the same position as before, concluding that the assembly process and breaking

the assembles due to external temperature effects is reversible (Figure 15b).

In consequence, without further modification, SANS can provide fast and direct
information about the colloidal interactions observed in the perovskite precursor
solution. Furthermore, the reproducibility of each measurement run proves the non-
destructive character of the neutron source. For each temperature and sample, four
SANS curves were measured, which were merged to achieve better statistics (Figure S3.1,
9.1).

Besides the colloidal interaction in solution, further information about the NP structure
itself, which represents the subunits of the colloidal network, can be obtained. In
particular, a concentration series of MAPbI3 precursor solutions is analyzed using the
SAXS technique in combination with 2°’Pb NMR, Figure16. Starting from a
concentration of 0.4 mol L to higher concentrations, the chemical shift in the
207Ph NMR is shifting upfield (Figure 16a). The chemical environment of the probed
atom (here: Pb) can influence its electron density, i.e. through the polar effect. According
to Lenz’s law, atoms with higher electron density have higher induced fields, and
therefore the nucleus is more shielded. To exclude any electronic effects of the

environment, we kept the solvent mixture unchanged (i.e. DMF:DMSO, v/v 6:1).
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Figure 16. Concentration series of the perovskite precursor solution. (a) 2’Pb NMR and (b) SAXS
patterns for 0.4 mol L to 1.2 mol L solutions of MAPbI; (1.3 mol L for NMR). The linear trend is
given in (c) combined with a scheme of the colloidal distances that changes with higher concentrations
(derived from SAXS data). (d) Two concentrations (0.4 mol L and 1.2 mol L) were chosen to
demonstrate the fitted SAXS data with a suitable form and structure factor using SASfit©.

The electron-donating effect of iodides being direct neighbors to Pb can explain the
increase in electron density leading to an upfield shift. We can assume that the more
concentrated the precursor solution is, the more iodides will be near the central atom Pb.
This scenario can be interpreted to mean that a colloidal network of iodidoplumbates
becomes more prominent with increasing concentration, which results in higher
shielding of the regarded lead core and thus causes a shift to lower ppm values
(Figure 16a). The SAXS scattering cross-sections of the precursor solutions show a
substantial increase in intensity from 0.4 mol L to 1.2 mol L (Figure 16b). The higher
the concentration, the more colloidal particles contribute to the scattering pattern, which

leads to an increase in intensity.

Considering the previously explained effects of form and structure factor, the precursor
solution with a concentration of 0.4 mol Lt is mainly determined by the form factor that
holds the information about the shape and size of the colloidal subunits. Moving towards
higher concentration, the influence of the structure factor on the scattering curve,

meaning the colloidal interaction, is increasing. In addition, the evolving broad
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maximum is shifting significantly with higher concentrations to larger q values, to lower
mean d spacing, between the colloidal particles. The trend of the reduced inter-particle
distance is depicted in Figure S3.5. The lower mean d spacing can be directly related to
the tendency of the 2°’Pb NMR signal towards higher shielding with increasing
concentration. Figure 16¢ illustrates the linear dependence of the chemical shift vs
solution concentration. The blue spheres represent the colloidal particles in solution and
schematically describe their increasing interaction with higher concentrations as
observed in the respective SAXS pattern. With a more pronounced interaction, higher
electron density at the Pb nucleus is observed (upfield shift in NMR). Simultaneously,
as the interaction of the colloidal particles become more robust and the distance d
between the particles shortens, the density of the electron-donating iodides around the
lead increases and becomes apparent by a lower chemical shift (Figure 16a, ¢). Combining
the information derived from SAXS with 2°‘Pb NMR, the methods complement each
other. We can postulate that the observed interacting NPs are indeed subunits of
coordinated lead that agglomerate to the extent that it depends on the concentration of

the solution.

The software SASfit©® was used to extract the structural information from the
scattering curves to fit a specific form factor to the measured scattering pattern. The
software offers several different models of form factors describing different shapes of
colloidal particles. For example, the concentration of 0.4 mol L with almost no
contribution of the structure factor and 1.2 mol L with the most pronounced maximum
is discussed further. Under the inclusion of highly valent iodidoplumbates, we
hypothesize the presence of octahedral colloidal subspecies stretched due to
distortion.1’217* A cylindrical shape can be taken as an approximation to describe this
in a model. Therefore, the form factor for a long cylinder was used, including the input
parameters: radius of the cylinder R and length of the cylinder L as given in Figure 16d.
The best fit, shown in red, was achieved with the input parameters for the form factor
using R=2.5 A and L=6.5 A for 0.4 mol L™ and changing slightly for 1.2 mol L™ to
R=25Aand L=75A.

Further, the structure factor in the form of a hard-sphere model was included in the fit.
Here, a volume fraction of 0.035 was used to model the 0.4 mol L%, whereas 1.2 mol L™
showed a significantly higher volume fraction of 0.14. Thereby, the volume fraction is
the measure of interacting NPs in the colloidal network.'®® Taking into account an
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average atomic distance of 3 A between the center atom lead and iodide,*”® the values
are given by the applied model could fit the proposed high-valent iodidoplumbate
formation in solution. Previous work shows that we can expect iodidoplumbates in
solution and that the number of iodides surrounding lead should increase with
concentration.#>175176 Thereby experiments, e.g. UV-vis, mainly were carried out for
extremely diluted solutions, based on experimental limitations.'>14> Thus, generally,
only lower valent iodidoplumbates were observed. SAS is now providing new
opportunities to probe even moderately and more concentrated solutions to expand the

derived knowledge.

Further, including the information of the structure factor, we know of the emergence of
strong interactions in the probed solution. We can postulate the presence of large
agglomerates, which are formed by a fine arrangement of nanoscale iodidoplumbate
subunits. Note that this methodology can equally be applied to other compositions (and

different solvents, e.g. for solvent engineering approaches).

As discussed, the relevance of the colloidal network’s different characteristics in
solution becomes apparent when considering the resulting crystallinity measured with
X-ray diffraction of drop cast perovskite films using different concentrations of

perovskite precursor solutions (Figure S3.6, 9.1).

3.5Conclusion

To conclude, we demonstrated SAS as an analytical technique to reveal direct insights
about the shape and size of colloidal subunits within halide perovskite precursor
solutions. SAS overcomes the limitations of traditionally more employed methods, such
as UV-vis or DLS, which are more challenging to implement at a typical concentration
in use for halide perovskite. We can probe the arrangement of the colloidal subunits,
which are expected to impact the early stage of the crystallization process significantly
and thus the final absorber layer of the perovskite material. The consistency of the SAS
analysis using X-ray photons and neutrons on samples under different testing conditions
was verified. Moreover, we supported our data interpretation with 2°’Pb NMR analysis.
The current findings give reason to assume the existence of interacting, highly-valent
iodidoplumbates in concentrations of the precursor solution close to application in

nanoscale in case of MAPbI3 in a solvent mixture of DMF and DMSO.
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We proved SAS as a non-destructive technique for studying the colloidal chemistry in
size, shape and arrangement of perovskite precursor solutions. Understanding
mechanisms, such as those linked to the use of additives in solution that are not included
in the resulting crystal structure and still show a significant influence on the device
performance can be approached from an entirely new perspective.}’”1’8 Hence, SAS is
convincing as a characterization technique that can help to unravel novel crystallization

mechanisms in future research.

3.6 Summary & Outlook

By introducing the SAS technique as a suitable characterization methodology for
perovskite precursor solutions, a higher-level dynamic arrangement (>1000 nm)
consisting of nanoscale (roughly 1 nm) subunits has been detected for the concentrated
MAPDI3 perovskite precursor solution. The initial use of neutrons underlines the
reliability and quality of the data obtained for this study, further supported by the
overlapping scattering curves of several repetitive measurements of the same sample
using X-ray photons. This serves as an essential parameter being a relevant starting point
for the scientific discussion and placement of SAS in the perovskite research

community.

Hence, we demonstrate that SAXS and SANS can directly characterize the colloidal
nature of perovskite precursor solutions. In particular, we provide the model fit of form-
and structure factor to obtain specific information about the NPs present in the
perovskite precursor. In this scope, we investigate the size and shape of the colloidal
subunits and their inter-particle forces. These prevailing forces result in the equilibration
of an optimal mean distance between the subunits of about 2 nm. The recurring distance
leads to the formation of superordinate structures, which are of the order of r = 2000 nm.
This work thus provides the first insights into the basic colloidal properties, NP

constitution and arrangement in the perovskite precursor solution.

Moreover, we highlight the advantages of SAS in addition to widely applied standard
methods. The objective is to make the technique of SAS more accessible and to
emphasize its application in the characterization of solutions directly used in the

production of perovskite solar cells. Currently, SAXS/SANS are not one of the
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frequently used methods for perovskite precursor characterization. This work aims to
highlight the application and possibilities of SAS clearly and understandably and thus
serves as a guiding force for the subsequent studies dealing with the characterization of
basic solution properties of different perovskite precursors. With this milestone, we

intend to provide accessibility to a larger user community.

This work is discussed in further detail in Chapter 6.
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4 Colloidal stability - a Critical Factor Influencing the
Perovskite Formation

This chapter is based on a manuscript submitted in October 2021 to Chemistry of
Materials with the title “Insights into the Early Stages of Lead Halide Perovskite
Formation in Dependence of the A-site Cation” by Marion A. Flatken, Eros Radicchi,
Robert Wendt, Ana Guilherme Buzanich, Eneli Hark, Jorge Pascual, Florian Mathies,
Oleksandra Shargaieva, Albert Prause, André Dallmann, Filippo De Angelis, Armin
Hoell, Antonio Abate. (Status: in revision)

M. A. Flatken conceptualized and investigated the presented research question,
performed the SAXS measurements and took care of the data processing, evaluation and
interpretation and the evaluation and analysis of EXAFS, GIWAXS and NMR data. She
was responsible for the general project administration and wrote the original draft. E.
Radicchi and F. De Angelis performed the DFT data calculations. R. Wendt supported
SAXS data interpretation. A. Buzanich gave experimental support as a beamline
scientist at the BAMline at BESSY I, performing EXAFS measurements and helped
with the data processing. E. Hark helped to record the SANS data as a beamline scientist
of the V4 beamline at BERII. J. Pascual assisted in writing the original draft. F. Mathies
performed contact angle measurements. O. Shargaieva supported with beamtime at the
KMCII diffraction beamline at BESSY Il and with GIWAXS data processing. A. Prause
performed and evaluated the DLS data. A. Dallmann was responsible for recording the
207Ph NMR spectroscopy data. A. Hoell is in charge of the ASAXS instrument from
HZB used for SAXS experiments presented here. He supervised and reviewed the
manuscript. A. Abate supervised, provided the resources, reviewed and edited the

manuscript before submission.
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4.1 Introduction

The demand for renewable energies is constantly increasing. Due to their compelling
material features, metal halide perovskites (MHPS) offer one promising opportunity for
cost-effective and renewable energy harvesting. Beyond photovoltaics MHPs a have led
to a wide range of applications in photovoltaics and light-emitting diodes, nanowire
lasers, or photo-detectors.3®143144 However, this unique nature of perovskite materials
and solar cell devices implied new challenges, particularly in their reproducibility and
stability.1”® These issues have been traditionally addressed through the broad versatility
that perovskite materials offer, precisely their composition.*8%8! The MHP structure is
described by an ABXs formation, where the A-site is commonly occupied by organic
and inorganic cations such as methylammonium (MA), formamidinium (FA) or cesium
(Cs), the B-site by bivalent lead (Pb) or tin (Sn) cations and X-site by halide anions such
as iodide, bromide or chloride (I, Br or CI). The choice of composition strongly affects
the resulting device characteristics, such as reproducibility, long-term stability and
power conversion efficiency.'® Among other compositional engineering strategies, the
substitution and mixing of the A-site cation has shown significant improvements in

performance, in particular with a significantly longer lifetime of the respective
PSCS.17’18’79’183’184

In recent years, alkali metal cations, mostly Cs*, Rb* and K", have been used to
effectively improve the thin film morphology in multi-cation perovskites for the case of
pure MAPDbI3 perovskite resulting in higher reproducibility and enhanced stability.1” 8384
The monovalent alkaline cations K* and Rb* are too small to be incorporated in the
perovskite structure considering the Goldschmidt tolerance factor.*® Contrary, Cs* was
proven to be part of the perovskite structure in the crystalline thin film, thus having a
more pronounced influence on the crystallization, morphology and solar cell
performance.t’"18 Still, all named alkaline elements are known to impact the final PSC

performance significantly.'86-189

Previous studies demonstrate enhanced photovoltaic properties of perovskite solar cells
(PSCs) due to A-site cation mixing or addition.*”1818 Nevertheless, there is a lack of
understanding the underlying mechanisms that explain the observed improvements.
Neither K™ nor Rb* are part of the perovskite crystal structure itself but still influence
the thin film crystallization. The early stages of perovskite formation, which are critical
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for the resulting morphology, are set already in the precursor solution by the presence
of strongly interacting iodidoplumbates.®133145147 Hence, alkali cations must affect the
precursor solution properties and consequently the perovskite formation.

Currently, many researchers attempt to understand the chemistry behind perovskite
precursor solutions better, as there is a direct link to the final PSC performance. 27190~
193 M. Abdelsamie et al. uncovered the influence of thiocyanate additives on the solution
chemistry, which can be viewed as a follow-up from a previous work where extended
X-ray absorption fine structure spectroscopy (EXAFS) was used to describe the
chemical bonding between Pb and halides in the precursor solution.'>® Further,
theoretical calculations revealed possible iodidoplumbate formations explaining
absorption data of diluted precursor solutions.**”1% For the first time, the significant
influence of the A-site cation was demonstrated in molecular dynamics simulations by
P. Ahlawat et al., introducing a detailed nucleation mechanism for the perovskite
formation.!®® Based on the physicochemical interaction between the solute and the
solvents, the perovskite precursors in typical concentrations for PSC processing can be
regarded as a colloidal dispersion rather than a chemical solution (homogeneous
mixture).1%®1% Within such a system, colloidal stability is an essential elementary
concept, which is indispensable for understanding the fundamental properties of the
precursor state.1411%111 The tendency of the colloidal system to aggregate, agglomerate,
or undergo coalescence determines its chemical stability.*'® Repulsive forces between
the colloidal nanoparticles (NPs) stabilize the system. They can be influenced sterically
by adsorption or binding of large molecules at the particle surface, or electrostatically
by ion concentration and type.!'®!® Accordingly, understanding the A-site cation's
direct impact and the fundamental concept of the A-site cation mixing (including the
targeted use of additives) will bring the perovskite community an unprecedented step
closer to the controlled stabilization of these systems and consequently to the design and
fabrication of PSCs.

With this aim, we studied precursor chemistry, including the nucleation and growth
processes of perovskites and how this is affected by alkali salts. To do this, we
investigate the chemistry of the precursor dispersion on a nanostructural level. First, we
prove the vital role of the MA™ A-site cation in colloidal dispersion. In particular, we
demonstrate that the NPs, usually constituted by iodidoplumbate complexes of different
order and aggregation,*® found in Pbl2 precursor solution differ in their chemical nature
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compared to the MAPbIs precursor. Therefore, we perform EXAFS on an inter-atomic
level and SAS concerning larger, superordinate structures. By adding monovalent alkali
cations K*, Rb* and Cs* to MAPbIz and FAPbIs precursor solutions, we explore the
influence of the addition of alkali metal cations on the precursor chemistry, the
nucleation and growth mechanisms. In all investigated precursor solutions, we discover
the presence of a dynamic colloidal network of nanoscale subunits formed via oriented
attachment (OA) (showing almost a pseudo-crystalline structure), which can be regarded
as one first nucleation step. Using SAS in combination with nuclear magnetic resonance
(NMR) spectroscopy, we further identify that this interaction, dominated by repulsive
forces, starts in the perovskite precursor dispersion and differs according to the
perovskite composition. Utilizing these techniques, we reveal a comprehensive image
of the coordination chemistry of the perovskite precursor, which is then connected to the
thin film crystallization and morphology of the perovskite by applying grazing incidence
wide-angle scattering (GIWAXS) and scanning electron microscopy (SEM). The
findings presented in this work provide a mechanism for crystal growth and explain
morphology changes in the resulting perovskite thin films. The improved understanding
of how monovalent cations as additives interact with the perovskite components in
solution will allow more effective control of the perovskite morphology, improving the

total reproducibility of stable and efficient PSCs.
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4.2 Experimental Details

Sample Preparation

All chemicals used were of analytical grade and were used as received without any
further purification. The MAPDI3s perovskite precursor dispersion is mixed from Pbl:
(Tokyo Chemical Industry, > 98 %) and CH3sNHzsl (Dyenamo, > 99.99 %) 1:1 in mixed
solvent N,N-dimethylformamide and dimethyl sulfoxide (DMF:DMSO (Sigma-Aldrich)
prepared by volume/volume (v/v) ratio of 6:1 reaching a concentration of 1 mol L. For
the neutron scattering and NMR experiments, deuterated solvents DMF-d7 and DMSO-
dé (Sigma Aldrich, >= 99.5 atom %) are used. The resulting perovskite dispersion is
shaken at 60 °C for 5 min to dissolve all components. For the plain Pbl2 precursor
solution, PDblz is dissolved in the same solvent mixture of DMF:DMSO (6:1, v/v),
reaching a concentration of 1 mol L. Additives KI (Sigma Aldrich), Rbl and Csl (abcr
GmbH, 99.8 %) are dissolved in the same solvent mixture and added to the MAPDIs
perovskite precursor dispersion with a relative content of 5 vol%, 10 vol% and 15 vol%,

respectively.

Perovskite thin films were prepared on an ITO substrate spin-coated with 4000 rpm for
25 s. As an antisolvent, 450 uL of ethyl acetate (Sigma Aldrich) were dropped onto the
perovskite after 20 s of spin-coating. Afterwards, the films are annealed on a hot plate
for 1 h at 100 °C.

Nuclear Magnetic Resonance Spectroscopy, 2°’Pb NMR

The spectra were acquired on a Bruker AVII 400 MHz or Bruker AVIII 500 MHz
equipped with room temperature TBO or BBO-probe heads, respectively. Typically, a
sweep width of 897 ppm was used, and 8192 points were acquired, resulting in a total
acquisition time of 54.48 ms. The center frequency had to be adjusted from sample to
sample to detect the desired signal; therefore, on new samples, a full scan of the possible
shift range was acquired until the peak was detected. We used a 30° pulse to minimize
the recycle delay to 200 ms (for samples with extensive peaks, acquisition time and
recycle delay were adjusted to 50 ms). The number of scans thereby was 512 for the
comparably concentrated samples (~1 mol L™?). All spectra were measured with
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standardized parameter sets from Bruker Topspin version 2.1 (AV400) and 3.0
(AV500).

Dynamic Light Scattering, DLS

DLS measurements were carried out with a 3DSpectrometer (LS Instruments,
Switzerland). The setup uses a He-Ne laser with a wavelength of 632.8 nm and a
goniometer to set the scattering angle 20 between 15 and 145 °. The samples were
measured from 20 ° to 135 ° in 5 ° steps with 30 s for each measurement. It must be
noted that the measurement time is not sufficient for the slow relaxation rates observed
in the correlation curves. However, the initial focus was set on the small particles in the
solution. The temperature was set to 25 °C. Analysis of the obtained intensity correlation

data represented as g(® (t) — 1, was performed with self-written python-based software.

The intensity correlation function g® (1) is related to the field correlation function via

2
the Siegert relation g (1) = 1 + B(g(l)(r)) . The data were fitted with a bimodal

exponential model; see the following equation.
g? () —1=B(ae T+ ae 2%)2 witha, =1 —a,

where {3 is the instrument-specific coherence factor, t the correlation time, and a; and [
the amplitude and decay rate for the corresponding species I, respectively. The collective
diffusion coefficient Dcoll was determined by a linear fit of I' versus g2, where q is the
magnitude of the scattering vector. From this fit, Dcon results from the slope according

to ' = D - q%. The hydrodynamic radius was finally calculated via the Stokes-Einstein

equation, Ry, = kBTD, where kg is the Boltzmann constant, T the absolute temperature

61N

and n the viscosity of the solvent.

Extended X-ray Absorption Fine Structure Spectroscopy, EXAFS

EXAFS (extended X-ray absorption fine structure) measurements were performed at the
BAMline (BESSYII, Helmholtz-Zentrum Berlin, Germany).'”® The beam was
monochromatized using a double-crystal monochromator (DCM) Si(111). The size of

the beam spot was 4 mm x 1 mm. The measurements were performed at the Pb-L3 edge
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(13.035 keV) in fluorescence geometry. The excitation energy was varied in 10 eV steps
before the edge, 1 eV step in the near-edge region and 0.04 A for the k-space in the
EXAFS region.

The characteristic fluorescence radiation (Pb-La line) was measured with a custom
made four-element SDD in backscatter geometry (LLA Instruments GmbH & Co. KG,
Berlin, Germany). The single 30 mm? detector modules were supplied by Ketek
(Munich, Germany). EXAFS data were processed by using ATHENA and ARTEMIS.
These GUI programs belong to the main package, IFEFFIT!*. The phases for Pbl. (.cif-
file of Pbl.DMS02)"! and MAPbI; (.cif-file of (CH3NH3)2PbsIsDMSO02)"! were
theoretically modelled and fitted to the measured spectra using ARTEMIS.

Small-Angle Neutron Scattering, SANS

SANS measurements were performed at the V4 beamline at the BERII reactor, HZB in
Berlin.'*® The detector distance was 1 m with using a wavelength of 4.5 A. Hence, a g-
range of approx. 0.5 nm™! to 8 nm was covered (0.78 nm - 12.6 nm). The perovskite
solutions for SANS measurements were measured inside quartz cuvettes Hellma®
cuvette (Hellma Analytics, Germany) with a 1 mm optical path length. The quartz
cuvettes filled with the perovskite solution were sealed with polytetrafluoroethylene
(PTFE) caps and Parafilm® to inhibit the evaporation of deuterated solvent from the
sample to prevent the adsorption of moisture from the outside environment. Each sample
was measured with temperature control at 20 °C. An “Ultra-Cryomat” from Lauda was
used to set and hold the temperature during the measurements. A cadmium aperture with
a diameter of 13 mm was used directly in front of any cuvette filled with the perovskite
solution. Scattering contribution from mixed solvent DMF-d7 and DMSO-d6 solution
was measured separately. SANS curves of each sample were recorded every 5 min
followed by a 20 s transmission scan. Of these, four repetitions were performed to
increase the statistics for each condition. The measured SANS curves are in good
agreement, coincide and are reproducible. Therefore, the four runs were merged for each
condition respectively to achieve better statistics. The measured SANS patterns overlap,
and no change in the measured transmission can be observed during the measurements,
giving rise to the assumption that we do not observe any change in solution, e.g. no

radiation damage.
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Data processing (SANS): For data reduction and the radial averaging to the 1D scattering
SANS pattern, the BerSANS software was used.!”” Normalization and background
subtraction routines were performed using the scattering data from standard H2O-filled
cuvette, empty cuvette and cadmium plate used as neutron absorber, respectively. The
corresponding transmission values for each sample were taken into account. Four 5 min
scattering runs were merged to achieve better statistics. Based on the theoretical model
presented in Figure 16c, a structure model that includes a spherical form factor and a hard-
sphere structure factor was chosen to fit the scattering data for Pblz using the program
SASTit'*. To fit the MAPbI3 scattering data, a cylindrical form factor combined with a
hard-sphere structure factor gave the best model fit. The model fits and corresponding

parameters are presented in Figure S4.1.

Small-Angle X-ray Scattering, SAXS

The reported SAXS data were measured using synchrotron radiation at the four crystal
monochromator beamline in the laboratory of PTB (Physikalisch-Technische
Bundesanstalt) at BESSYIL.'*® The SAXS instrument of HZB contains an adjustable
about 3.5 m long support structure with a long edge-welded bellow system to allow the
possibility to vary the sample to detector distance without breaking the vacuum.!*® The
two-dimensional scattering images were collected by a windowless DECTRIS 1M
PILATUS?2 in-vacuum hybrid-pixel detector. The measurements were carried out at two
different distances (0.8 m and 3.7 m) at photon energies of 10keV and 8 keV,
respectively. Thus, a g-range from 0.05 nm™ to 8.5 nm™' was covered. For a sample-
sensitive measurement, the solutions were measured with an exposure time of 600 s with
three repetitions for the shorter distance and three for the long distance to achieve good
quality data and to monitor unwanted but possible changes of the specimen over time
(which can therefore be safely excluded). Due to the low transmittance of the lead-
containing precursor solutions, especially thin (0.1 mm), rectangular borosilicate
cuvettes (with a wall thickness of 0.1 mm) purchased from CM Scientific, (UK) were

used.

By constraining the beam with a low-scatter pinhole of germanium 500 um in diameter,

the total flux on the sample could be determined for each energy. Accordingly, for the
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long-distance (3.7 m) where 8 keV was used, we can indicate 4.8 *10° photons/s and

2.6 * 10° photons/s for the short distance (0.8 m) where 10 keV was used.

Data processing: For data reduction and radial averaging to the 1D scattering pattern,
the BerSAS software was used, an advanced version of the BerSANS software
applicable for SAXS and SANS.!>7 All SAXS curves of the investigated samples were
fitted with the program SASfit!4’. A cylindrical form factor and a hard-sphere structure
factor was chosen to fit all recorded SAXS curves. The herein investigated particles were
considered as hard spheres. These particles are assumed as incompressible, resulting in
fixed radii for each particle and an infinite repulsive force at a specific interparticular
separation. However, the hard spheres model neglects attractive forces and describes
various colloids in organic solvents reasonably well. We used the monodisperse Percus-
Yevick approximation for hard spheres to fit the interaction of the analyzed colloidal
particles. For example, the model fits of the scattering data of MAPbIz, MAPbIz x 5 %
Csl and 10 % Csl are displayed in Figure S4.6.

In-situ Grazing Incidence Wide-Angle Scattering, GIWAXS

In-situ GIWAXS measurements were performed using synchrotron radiation at the
KMC-2 Diffraction beamline’”° from BESSYII, HZB and the area detector Bruker AXS.
We set the photon energy of 8048 eV (A = 0.154 nm) and fixed the incident angle at 2
deg. The area detector covered the range between 4.8 © and 15.6 ° 20 to collect the
scattering. An Anton Paar setup was used to control the substrate temperature, and the
temperature ramp is kept at around 50 °C/min during measurement. The sample
environment consisted of constant nitrogen gas flow (6 L/h) during the measurement,
directly connected to the Anton Paar setup. For the measurement, the sample precursor
liquid was blade-coated on a substrate and measured within 30 s between the deposition

and the start of the measurement.

Scanning Electron Microscopy, SEM

SEM images were recorded using a Hitachi S4100 or ZEISS Auriga 60 at 2 kV
acceleration voltage and 25k magnification. For processing the SEM images to derive

the grain size distribution, we used the software ImageJ®°!.
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Contact Angle Measurements

Wettability measurements were performed with a KRUSS Drop Shape Analyzer
(DSA100) at ambient conditions (20 °C, fume hood). The contact angle on an ITO

surface was measured by the static sessile drop method.

Density Functional Theory, DFT, calculations

DFT calculations on the alkali-solvent complexes were run using the Gaussian 09
software package.?> Geometry optimization was done employing the B3LYP exchange-
correlation functional?*?** and Grimme’s van der Waals dispersion interactions DFT-
D32%, simulating solvents with implicit solvation models (polarisable continuum model,
PCM)?% and with explicitly added molecules. Mixed basis sets were adopted, employing
6-31G* for the DMSO and DMF solvent molecules. At the same time, for the solute, we
picked up LANL2DZ/LANL?2 basis sets/pseudopotentials for the K, Rb and Cs atoms
and D95V for MA (being the same basis sets employed in LANL2DZ for the first row

elements).
The formation energy, Eform, is evaluated as:
Eform = Etot — Ecation — n * Esoly

where Ew: is the total energy of the system, Ecarion 1 the energy of the cation, Eson and n

are the energy and the number of coordinating molecules of the solvent, respectively.
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4.3 Results & Discussion

To obtain first insights into the nature of colloidal substructures, we compare the solution

properties of a simple Pbl2 solution with a stoichiometric MAPDI3 precursor dispersion.
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Figure 17. EXAFS and SANS of dissolved Pbl, and MAPbI;. a) X-ray absorption near edge structure
(XANES) spectra of both samples presented with the corresponding k-space EXAFS spectrum given in
the inset; b) magnitude of the Fourier transform of the k-space EXAFS data (k-weight: 2) (|x(R)|). Maxima
of the amplitude show a clear difference in radial distance between Pbl,-like and Pero-like precursor
formations. In c), the model fits with the scattering paths used are highlighted for Pbl, (left) and MAPbI;
(right). Ball and stick theoretical models based on these fits are reported as insets. SANS scattering curves
of the respective samples are presented in d) with a schematic illustration of the colloidal interaction in an
inset window of each graph.
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Table 2. EXAFS fit parameters of MAPDbI3 and Pbl; (reduced 2 of 129.7 and 74.41, respectively).

Sample R-factor Scattering N | R__IA R, A R, /A
Path

MAPDI3 0.007 Pbl —11 1 3.028 2.799 0.0525
Pbl —12 2 3.177 2.948 0.0525
Pbl —13 2 3.319 2.999 0.1023
Pbl - 0O1 1 4,985 4.989 0.0000

Pbl2 0.006 Pbl - O1 4 2.490 2.497 0.0001
Pbl —-11 2 3.239 3.026 0.0454
Pbl —SI1 8 3.724 3.539 0.0339

To date, MAPbDIs is probably the most extensively studied composition of perovskites
applied in photovoltaics.? We perform this comparison to systematically assess the
influence of the MA™ A-site cation. Both samples are prepared to employ a mixture of
DMF:DMSO at a 6:1 ratio (v/v). EXAFS curves from the measurements performed at
Pb L3-edge (13.039 keV) reveal that the lead coordination in the precursor differs
significantly when comparing the plain Pbl2 to the MAPDbI3 specimen (Figure 17a, b). We
further prove a strong dependency of the intrinsic formation and NP interaction on the
A-site cation combined with SANS.

Figure 17a shows the comparison of their XANES spectra, highlighting differences in the
near edge structure. The average distance to the most immediate neighboring electron
density maximum can be seen in Figure 17b, given as well pronounced maxima, derived
by the Fourier transform of the k-space EXAFS data presented in Figure 17a. By
comparing the maximum amplitude of Pbl2 and MAPbIs, we observe a clear difference,
marked with a circle for Pbl2 and a square for MAPDIs. A model fit of the data provides
further information on the respective assignment of scattering paths to the data, for
which we used Artemis from the software package IFEFFIT®, In the case of Pblz, the
first pronounced solid maximum at approx. 2.2 A can be assigned to coordination to
oxygen, available through the existing solvents (DMF or DMSO). Specifically, the Pb-
S scattering signals we observe let us assign these oxygen atoms to the DMSO solvent,
which is reasonable because of its higher coordinating power to lead compared to DMF.
The following peak at a radial distance of approximately 3 A belongs to the contribution

of coordinating iodide (Figure 17c, left panel). We obtained the best fit for a coordination
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number of 4 oxygen and 2 iodides (measured data and fit are presented in Figure 17c).
The fit parameters and respective coordination number N are given in Table 2. In contrast,
for the MAPDI3 precursor, the first coordination sphere of Pb consists mainly of iodide,
at radial distances similar to the ones observed for Pbl2 in solution. However, the oxygen
from the solvent only coordinates in a subsequent neighboring sphere at higher radial
distances. We used iodide coordination of 5 for the model fit represented in Figure 17c
(see Table 2).

Consequently, the atomic environment of lead observed in the MAPDIs significantly
differs from the one observed in Pblz. Therefore, these cannot directly be equated,
contradicting nucleation approaches and calculations proposed by previous research
groups.1*>7 The current findings prove the importance and specific role of the A-site
cation since it directly impacts the first NPs formed, introducing the perovskite
crystallization process in the precursor dispersion. Based on the structural differences in
solution, we use Pblz-like (grey circles) and perovskite-like NPs (black squares) in the
following to describe the different atomic arrangements (Figure 17c). To further
investigate the diverse nature of the Pb-based precursor dispersions, we used a non-
destructive neutron technique, SANS, especially suitable to investigate NPs and their
interaction. Figure 17d presents the measured SANS scattering curves of Pblz and
MAPDIs, respectively, in the same solvent mixture of deuterated DMF:DMSO. The
course of each scattering curve at high g-values indicates the presence of small structures
in solution, which can be assigned to a form factor in the sub-nanometer scale
(Figure S4.1,9.2). Although the dimensions seem to be similar, the scattering curves show
significant differences in their specific shape. In the case of the plain MAPDI3 precursor
(Figure 17d, right panel), a maximum emerges based on a dominant structure factor. A
structure factor evolves due to strong repulsive particle interactions in a system.*3® As a
result of the repulsion force, the scattering intensity of the single-particle contribution
decreases, reduced to the benefit of an arising peak at a gmax=2m/d. Using the magnitude
of g at the peak maximum the mean spacing d between the mass centers of the respective
interacting particles can be determined.!33139207 Depending on the strength of the
interactions, the maximum is differently pronounced, further revealing how often the

specific distance d is repeatedly present in the specimen.?%

By combining the information on an atomic level derived by EXAFS and the sub-

nanoscale observations from SANS, we can confirm that particles are present in both
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solutions. However, the corresponding NPs differ on the atomic scale and interact
differently. The difference in interaction is displayed schematically in the insets of the
respective SANS curves in Figure 17d. In the case of MAPbIs, a significant influence of
particle interaction can be observed with a mean d-spacing of approx. 2 nm, obtained
using Bragg’s law with gmax=3.1nm™. In the Pbl2 solution, the interactions are
negligibly low, indicating that the A-site cation holds a highly relevant role in the
formation process already in the precursor solution by promoting interactions between
the formed NPs.
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Figure 18. lllustration of the DLVO-theory applied to MAPbIs. a) provides a possible formation of
MAPbI; particles based on the EXAFS data fit (Table 2). The decrease of the electric potential concerning
the distance from the particle surface is presented in b) and a) scheme of a charged NP with an EDL in c).

The repulsive interaction observed in SANS for the perovskite-like NPs can be assigned
to a typical electrostatic interaction in colloidal dispersions.'® Using the DLVO
(Derjaguin, Landau, Verwey and Overbeek) theory, these interactions can be explained
by the emergence of an electrical double layer (EDL) made of the respective counter
ions surrounding the NP and a diffuse layer (Figure 18c).*® In general colloid science,
the mechanism of NP stabilization is considered one of the fundamental principles. A
colloidal system is deemed unstable without the briefly described repulsive forces since
van der Waals forces will attract the particles and agglomerate. NPs in a stable system
carry a surface charge so that an EDL and a diffuse layer surround them to balance this

charge. The originating Coulomb repulsion forces between individual NPs decrease
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exponentially with respect to its distance (Figure 18b). If the repulsion is strong enough,
this can prevent aggregation. Following the concept of colloidal stability, the activation
energy (see total interaction potential (Figure S4.2, 9.2) to aggregate that two particles
have to exceed when they collide can be influenced by the strengthening or weakening

of the Coulomb repulsive forces.

Considering the results from EXAFS, we expect the Pbl2 solution to exhibit uniform
dissolution properties, forming only weakly charged, isolated solvated complexes
(coordination of 2 iodides and 4 oxygen). These cannot build strong repulsive forces
amongst themselves, which further lowers the level of interaction. However, the
perovskite-like NP can be assigned to highly coordinated lead and are hence negatively
charged. They serve as subunits of a dynamic colloidal arrangement, where inter-particle
forces result in a higher-level structure (superstructure), which most certainly serves as
the initial basis for crystallization. In a pure MAPbI3 dispersion of 1 mol L, we claim
that perovskite-like iodidoplumbates coexist and interact repulsively. Although specific
colloidal stability is reached, we can observe a formation of large superstructures, which
can be supported by slow relaxation times (in the sense of diffusive motions) measured
in DLS, revealing the existence of large-size domains (Figure S4.3, 9.2). The negatively
charged perovskite-like NPs are surrounded by the counter ion, here MA* and solvent.
The emergence of a corresponding EDL and differences in the electric potential can
explain the observed repulsive interactions, considering the differences in the atomic
level between the Pbl2-like and the perovskite-like formations in solution. Since these
NPs interact and result in a specific recurring distance d between the perovskite-like
structures, we can also explain the formation of larger-scale (micrometre range)
colloidal superstructure networks consisting of perovskite-like NPs as essential building
blocks in the precursor dispersion. The existence of large colloids is consistent with
results obtained by DLS in previous studies.®133146.196.197.209 |1 Figyre 18a, we report a
hypothetical model, based on the EXAFS data fit, for the formation of the double layer
in the case of perovskite-like NPs. Here, solvent molecules are not shown since they do

not appear to stay within the first solvation shell.

Aiming to investigate further the contribution of A-site cation to the perovskite precursor
dispersion, we focused on the electrostatically achieved repulsive forces and thus the
effect on the colloidal stability. Therefore, we introduced monovalent cations to the
perovskite precursor as additives, in particular the commonly used alkali cations (i.e.
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K*, Rb*, Cs™) in the form of iodide salts. Proven by D. J. Kubicki et al., Cs" is the only
element of the alkaline cations detected in the crystalline perovskite structure.l’’
However, Rb* and K" also significantly influence the perovskite crystallization, as
pointed out previously. Liquid state 2°’Pb NMR spectroscopy of MAPbIs, as well as
FAPDIs precursor dispersions with 5%, 10 % and 15 % addition of the respective
alkaline cation (K*, Rb*, Cs™), provides a clear trend only for the case of the Cs-addition,
lowering the chemical shift with higher cation concentration (Figure S4.4, 9.2). Since pure
CsPbls gives a signal at a lower chemical shift than MAPbIs and FAPDIs, the change in
the signal might be related to the coexistence of already more CsPbls-like and
MAV/FAPbIs-like precursors in the sample (Figure $4.5, 9.2). On the contrary, K* and Rb*

only show signal fluctuations, with no discernible trend.
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Figure 19. SAXS data measured on precursor dispersions. a) K* b) Rb* and in ¢) Cs*-ions added to
MAPbI; and FAPI precursor, respectively. e) Comparison of FAPbl;, MAPbI; SAXS curve to triple
cation. d) Schematically interpretation of SAXS data as proposed mechanism based on the non-classical
nucleation theory regarding the formation of superstructures, including oriented attachment. A* refers to
possible A-site cations being part of the ABX; perovskite-type structure (e.g. FA*, MA*) and C* represents
additional cations, such as the monovalent alkali metal cations discussed in this work.

The data obtained by NMR needs to be combined with further analyses to reveal what
the three alkali metals have in common and how they affect the perovskite formation,
regarding the thin film growth on a substrate resulting in an improved morphology. We
know from SANS measurements that the NP interactions play a crucial role in the
precursor dispersion. Hence, we performed transmission SAXS on MAPbIs and FAPDbI3
dispersions in the same DMF:DMSO solvent mixture. We added 5 % and 10 % of the
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alkali metals, K*, Rb™ and Cs" (Figure 19a-c, respectively) to each organic perovskite
dispersion. In both cases (MAPbI3 and FAPDI3), the scattering intensity of the single-
particle increases with increasing alkali metal content, showing a similar behavior for
the three cations (for illustrative reasons, the scattering curves of Figure 19a-c were
aligned at the maximum peak of the q value for both MAPbIs and FAPbIs). As a result,
the repulsion forces present are decreasing, and the structure factor maximum is less
pronounced, becoming broader. The broader structure factor maximum indicates a less
frequent occurrence of the specific distance d when compared to the plain perovskite
precursor. The model fit of the scattering curves separated into the respective
contribution of the structure and the form factor is displayed in Figure S4.6. The
dimensions of the cylindrical form factor used for the model fit match the perovskite-
like NP structure depicted in Figure 17¢c, thus implying a negatively charged NP surface.

The lower Coulomb repulsion by the NPs gave rise to assume that the addition of the
alkali cation is changing the previously described surrounding layers of the NP
(Figure 18c). The ion concentration, meaning especially the counter-ion (here: cation)
concentration, strongly influences the repulsive term of the total interaction potential
within the colloid. In the diffuse layer, the counter-ions are dominant. Therefore, the ion
concentration directly affects the repulsive forces and is proportional to the decay of the
electric potential (as displayed in Figure 18b). The exponential decay of the total
interaction potential goes steeper as the ion concentration increases, especially the
counter-ion concentration.'? We, therefore, expect a reduced diffuse layer with a higher

concentration of the cation.

Notably, adding the alkali salt, we added iodide as an already present part of the NP
structure itself. Moreover, the high coordinative environment of the employed
DMSO:DMF mixture does not facilitate iodide coordination (which is also added in a
relatively small amount) to the lead. Therefore, we do not expect it to modify the NP
structure substantially. This is confirmed by EXAFS (Figure S4.7, 9.2) and SAXS curves
(Figure 19), which do not show significant differences in the shape-changing from one
system to another. Consequently, we assume that the iodide, which is added to the
system via the alkali salt, is insignificant in the change of the repulsive interaction. Thus,
only the introduced counter-ion (in the form of the monovalent alkali cation) changes
the cation concentration in the diffuse layer and relevantly influences the Coulomb
repulsion forces, i.e. the stability of the NPs in the dispersion. We further performed
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DFT calculations to simulate the interaction of each considered A-site cation with the
solvent. Here we observed less interaction of the alkali cations vs MA”™, explicitly
following the trend MA* > K* > Rb*" > Cs*, which additionally makes them more mobile
in solution so that they can diffuse more freely and participate to a greater extent in the
formation of the double layer (Figures4.8, 9.2). This may also indicate slight
compositional changes in the diffuse layer, affecting the profile of the electrical
potential. Hence, we can explain the decrease of the repulsive interaction by a decreased
layer formation, resulting in lower colloid stability. The above-described phenomenon
is equally applicable to the widely used Cso.05(FA0.8sMA0.15)0.95Pb(lo.s5Bro.15)3
composition, also known as “triple cation” perovskite, which shows reduced repulsion
forces in comparison to the plain MAPbIs and FAPDIs dispersions (Figure 19). In
addition, we measured the contact angles of these dispersions on indium tin oxide-coated
substrates, supporting the trend in surface potential (Figure S4.9, 9.2). The given contact
angle already provides the first link towards film formation considering a work from X.
Xu et al. where a higher contact angle has been assigned to a dominant homogeneous
nucleation process, meaning dominant prearrangement and nucleation in the dispersion
compared to the heterogeneous nucleation.?!® In Figure 19d, we provide a schematic
interpretation of a plausible working mechanism, including the impact of the additional
cation (here: alkali cation, in the scheme represented as C*) on the nucleation and growth
process. The findings lead to the assumption that the primary influence can be assigned
to the operation of OA. Considering homogeneously dissolved precursors, as seems to
be the case for a simple Pbl2 solution, the addition of the A-site cation leads to the
formation of perovskite-like NPs that interact and create a colloidal network via OA, as
it can be typically found in non-classical nucleation theory.'®1%%211 However,
introducing now additional counter ions to the system (e.g. alkali cations), we observe
that the total occurrence of the recurrent distance d is lower (see SAXS Figure 19a-c:
broader structure factor maximum), suggesting that the general size of the formed
networks is smaller.2%® Smaller colloidal networks representing the starting point for the
different nucleation and growth mechanism would explain the observed differences in
morphology. A narrower grain size distribution with smaller dimensions can be
observed by comparing MAPDIs to the respective thin films with alkali metal addition
(Figure S4.10, 9.2).
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Figure 20. In-situ GIWAXS data during crystallization. Evolution of the thin film formation over time
and temperature. The temperature control was applied after 1 min of measurement at RT, then ramping
up to 100 °C. Using a heating rate of 50 °C/min as represented by the red bar on the x-axis with a mark
for the start of the tempering process. a) MAPbI; showing both the intermediate!®® and the dominant
perovskite diffraction peak given in black dots and red line, respectively. b) Provides the in-situ GIWAXS
data of MAPDI; dispersions, including different percentages (5 % and 10 %) of K*, Rb* and Cs*. A
comparison of the residual intensity of the intermediate phase, using the peak intensity of the (022) plane
for the case of 10 % addition is presented in c).

To combine and apply the findings in more detail with the actual thin film formation and
resulting morphology, we performed in-situ GIWAXS on the previously investigated
MAPDI3 dispersions, including the different percentages (5% and 10 %) of the
additional counter-ion. The dispersion was blade-coated on a glass substrate and
measured right away, keeping the temperature at 25 °C for the first minute and then
ramping the temperature up to 100 °C to investigate the thin film formation. As
displayed in Figure 20a, the plain MAPDI3 dispersion is directly forming perovskite,
evident by the well pronounced (110) peak at 20 = 14 ° (at 8 keV, 1.54 A). However,
another substantial contribution at the lower two theta values can be observed that can
be assigned to a known intermediate phase (MA2PbslsDMSO:) formed in the presence
of DMSO.®* Comparing this to the 5 % addition of the alkali metals in Figure 20b, we
observed that in the case of Cs™, the peaks related to the intermediate do not appear,
whereas, for K" and Rb", the intermediate peaks are still evident, although already less
pronounced compared to the plain MAPDI3 sample. To reach a more extreme scenario,
we added 10 % of the alkali metal ions, observing that the peaks belonging to the
intermediate phase become negligibly low in intensity even for the samples with K™ and
Rb* addition. As summed up in Figure 20c, only in the case of MAPbIs we observed the
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existence of the intermediate that seemed to be stable over the whole time, whereas

adding further counter-ions to the system makes the intermediate phase not extractable.
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Figure 21. Influence of colloidal stability on the nucleation process. a) Well pronounced repulsion forces
between particles enable to extraction of intermediate solvate phases during crystallization. Reducing the
strength by an additional counter-ion in the EDL leads to a faster collapse of the solvated system and turns
directly into the desired structure as shown in b).

Ultimately, the combination of GIWAXS and SAXS provides a comprehensive picture
of the perovskite nucleation and its influence by alkali cations. The more vital repulsive
forces in the plain perovskite dispersion (like FAPbls and MAPDI3s) contribute to the
stabilization of the NPs in the dispersion, leading to crystallization via solvent-based
intermediates (Figure 21). This shows that the stabilized colloidal NPs in the dispersion
can also be extracted and subsequently transformed into perovskite. Nevertheless, when
this stability is affected, e.g. with further counter-ions, this might lead to less stable NPs

in the dispersion.

Also, in this case, the approach of non-classical nucleation and growth can explain the
phenomena based on the intrinsic colloid stability of NPs in the complex fluid. These
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cannot be extracted, as they will convert into the perovskite-like structure much faster.
The concept presented in this work to explain the fundamental influence of alkali metals
on the mechanisms of perovskite formation offers the possibility of targeted
manipulation of crystallization, even beyond the simple use of additives. The relevant
layer formation (EDL and diffuse layer), which determines the speed and extent of the
OA in the crystallization process via repulsive interactions, can equally be influenced
by the solvent or sterically, e.g. by adding larger molecules to the system preventing
colloidal NPs from aggregation (2D perovskites).
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4.4 Conclusion

In this study, we provide a comprehensive picture of the structure of NPs existing in the
perovskite precursor dispersion and a thorough explanation of the essential process of
perovskite formation and how the addition of alkali cations influences it. EXAFS
analysis provides insights into lead coordination, proving significant differences
between dissolved Pbl2 and perovskite precursor NPs forming a dispersion. A model fit
confirms that Pbl2-like NPs can be considered uncharged units, whereas perovskite-like
NPs consist of charged, highly coordinated iodidoplumbates. SANS and DLS, in
combination with the DLVO theory, further reveal essential differences caused by the
structural composition of the NPs. Perovskite-like NPs compared to Pbl2-like ones tend
to form dynamic colloidal networks driven by repulsive interactions among these
charged subunits. This opens up an essential parameter about the comprehension of
colloidal dispersions: colloidal stability, which gets mainly modulated by the repulsive
interactions. In more detail, we show how the colloidal stability can be affected by
known additives such as alkali cations and explain their role in the perovskite
crystallization process. The combination of SAXS and in-situ GIWAXS allows us to
present a detailed picture of the crystallization process by OA according to the non-
classical nucleation and growth theory that can be directly applied to the perovskite
formation affected by the addition of alkali salts. This work enables adjusting parameters
already in the precursor dispersion to control the crystallization of the perovskite
systematically. Thus, paths are opened up for transferring proven tools, such as alkali
addition in organic-lead-based perovskites, to less explored compositions, like inorganic
or tin-based perovskites. The rate and extent of the OA can be controlled by the colloidal
stability as required by the fabrication process or composition of the perovskite. This
can be done not only via additives as presented here and via the solvent or sterically by

the addition of larger molecules.
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4.5 Summary & Outlook

Whereas in Chapter 3, mainly SAS has been used to characterize the Perovskite
precursor properties in the manuscript presented in Chapter 4 we provide a
comprehensive picture of the arrangements that we observe in the colloidal dispersions
under investigation. Advanced X-ray techniques such as EXAFS, SAXS and GIWAXS
in combination provide a broad picture of the crucial early stages in perovskite
crystallization. Starting from a close view on an atomic scale using EXAFS, we present
the constitution of the actual iodide coordination of lead in the MHP precursor. At the
same time, SAXS provides a different perspective, including the particle interactions,
while supporting the findings of EXAFS by matching sizes of the corresponding
scattering form factor. Subsequently, in-situ GIWAXS links the observed precursor
properties to the crystalline film and allows to directly assign the results to the perovskite

thin film properties.

Since previously only MAPDIs has been investigated the knowledge has now been
extended and applied to explain more common perovskite systems, addressing the
addition of alkali cations. Highlighting the general mechanism behind cation addition,

which is known to stabilize the perovskite absorber material in a PSC.*""18

The study highlights the specific role of the A-site cation since there are crucial
differences in the constitution of the intermediates toward perovskite formation
depending on the A-site addition. Given that the perovskite precursor solution is a
colloidal system the DLVO theory including the colloidal stability, has been introduced
to explain several effects observed in perovskite fabrication. The concept of colloidal
stability within the non-classical nucleation theory provides the relevant parameters to
influence the perovskite precursor systematically and thus the crystallization. However,
today’s literature is primarily refers to classical nucleation theories (e.g. LaMer) to
explain the perovskite crystallization behavior.?!2 Terms like oriented attachment, which
are characteristic of the non-classical nucleation theory, appear mainly in context with
perovskite crystal grain growth process.*>?'* Nevertheless, the presented data strongly
indicates that in the case of the solution based perovskite processing we observe a
crystallization mechanism following non-classical nucleation pathways going through
the OA of agglomerates which is directly correlated to the colloidal stability, as

presented in our study. Besides solvent engineering, the other parameter to
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electrostatically influence the latter is given and discussed in this work by adding further
ions (especially counter-ions) to the system. We thereby provide instruments for the
perovskite research community to systematically influence and control the
crystallization process, significantly reducing trial and error experiments and enhancing

the targeted use of specific additives.

Using different solvents is another way to change the precursor chemistry, thereby
changing the crystallization pathways. The binding strength of a solvent can be
measured using the Gutmann Donor Number?** Considering this measure in a recent
publication of D. Di Girolamo et al. underlined the relevance to study the effect of the
solvent interaction with particular regard to tin-based perovskites.?® Thus, understanding
the mechanisms and concepts behind the perovskite formation process is crucial for
further developing still less understood emerging materials. This includes tin-based
perovskites, which are currently the most promising alternatives to the lead-containing
counterparts and will be examined in greater detail hereafter.

This chapter will be discussed in further detail in Chapter 6.
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5 The Impact of Fluoride Chemistry on Tin-based Perovskites

The work was published in Angewandte Chemie International Edition, 2021, 60, 21583-
21591, with the title “Fluoride Chemistry in Tin Halide Perovskites” by Jorge Pascual,
Marion A. Flatken, Roberto Feélix, Guixiang Li, Silver-Hamill Turren-Cruz, Mahmoud
H. Aldamasy, Claudia Hartmann, Meng Li, Diego Di Girolamo, Giuseppe Nasti, Elif
Hiisam, Regan G. Wilks, André Dallmann, Marcus Bér, Armin Hoell and Antonio Abate
served as the base for the following chapter of this thesis. Jorge Pascual and the author

of this thesis contributed equally to this publication.

Figure 22. Cover illustration for Angewandte Chemie (Angew. Chem. 39/2021).

M. A. Flatken and J. Pascual conceptualized and investigated the presented research
question, they shared the responsibility for the general project administration and wrote
the original draft. M. Flatken performed the SAXS measurements and did the data
evaluation and interpretation. J. Pascual evaluated, and A. Dallmann was responsible for
recording the NMR spectroscopy data. C. Hartmann and E. Husam performed the
HAXPES measurements and R. G. Wilks, M. Bér and R. Félix evaluated and visualized
the data and R. Félix supported the original manuscript’s writing. G. Li fabricated
perovskite solar cells. M. H. Aldamasy measured and evaluated XRD. S.-H. Turren-
Cruz measured and evaluated SEM. A. Hoell is in charge of the ASAXS instrument from
HZB used to perform SAXS. A. Abate supervised, provided the resources, reviewed and
edited the manuscript before to submission. All authors contributed to reviewing and

editing the manuscript before to submission.
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5.1 Introduction

Metal halide perovskite materials have shown enormous potential for the processing of
efficient and stable photovoltaics.?'®> However, the dominant type of perovskite solar
cells (PSCs) are based on lead, a metal whose toxicity and environmental hazard can
hinder its commercial application in numerous fields.® The lead threat pushed the
scientific community to develop lead-free perovskite materials to maintain excellent
photovoltaic performance while avoiding environmental risks. In this sense, tin halide
perovskites are the best candidate to replace the dominant lead-based counterparts.?4216
Nevertheless, these materials face some difficulties related to their inherent
physicochemical characteristics.?!’ The most important one is the ease with which Sn(ll)
oxidizes into Sn(lIV) species, leading to the substantial decline in the performance
through the undesirable formation of electron traps and p-doping of the material.?!8
Previous studies have reported many origins of this oxidation, such as the solvent, 3229
the processing conditions??® or even spontaneously through disproportionation in tin-
poor environments.??* Stopping this oxidation is one of the requirements to achieve
efficient and stable tin halide PSCs. For this reason, several trials have been made
tackling the oxidation of Sn(ll). These include the use of new solvent systems to avoid
the oxidation by dimethyl sulfoxide (DMSO),2 employing reducing agents to eliminate
the content of Sn(1V), such as metallic Sn powder®! or hypophosphorous acid??? or
introducing additives for alleviating the formation of Sn(IV), like the ever-present
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Figure 23. a) Highest PCE reported in tin halide perovskites literature containing solar cell data using
SnF,, SnCly, or none of them, ordered by date until Jan. 2021. b) Comparison of solar cell performance
improvement in inorganic and hybrid tin halide perovskites before and after the addition of SnF,, extracted
from the studies in literature in which the comparison is made.
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SnF2 has achieved remarkable success as an additive in the tin halide perovskite field.
Since its first use in PSCs by M. H. Kumar and co-workers,?? it has been proven over
time as an imperative to achieve good results (Figure 23a). There is barely any good cell
performance report without SnF2; exceptional cases use SnClz,%2422% which may behave
similarly to SnF2, or 2D materials, which are another popular strategy for processing tin-
based perovskites.?26-22¢ The appeal of SnF2 in the community is such that the number
of studies not using it (nor SnCl2) quickly stagnated over the years, being in 2020 below
10 % of the total publications on tin halide perovskites in that year (Figure S5.1, 9.3). Its
success lies mainly in the impossibility to obtain photovoltaic behavior in the solar cells
fabricated without it. In Figure 23b, we collected data from studies in which solar cells
were made with and without SnF,.124223.228-234 The improvement in efficiency for both
inorganic and hybrid tin halide perovskites is enormous, with negligible efficiency for
the SnF2-free cases. One of the most reported improvements is the better substrate
coverage and film morphology obtained with SnF2,124239.235 which implies that SnF2
affects the film crystallization, a factor that remains unexplored. Nevertheless, its
addition needs to be controlled, as a too-high content of SnF: is reported to induce phase
separation.t?4230.235 Another reported effect is the ability of SnF2 to reduce the formation
of Sn(l1V) and its related defects, with the reported benefits usually being reduced
recombination?? and a blue shift of the absorption onset.?322%.237 Besides, K. J. Savill
and co-workers found that even low amounts of SnF2 are sufficient to positively impact
mitigating Sn(1V) formation in tin/lead perovskites.?® This effect on oxidation
suppression could originate from introducing a Sn-rich environment, reducing Sn
vacancies.??! This interpretation has been proposed already in the first use of this
additive by M. H. Kumar et al.??®> However, the question of what fluoride is doing and
why we do not provide the Sn-rich environment simply with a higher Snlz ratio in respect
to FAI remains unanswered. Related to this, other Sn(ll) species that could provide the
same beneficial effect were already discussed by T. Yokoyama et al.?®® Using Snl2
excess also led to good results in one of the first studies on inorganic tin halide

perovskites.?*

Overall, reports in literature consistently lead to the same results: SnF2 has a critical
positive influence on the formation of high-quality ASnXs (where A =
methylammonium (MAY), formamidinium (FA¥) and Cs*, and X = CI', Br and I) films

and holds a particular role in the stability of these materials against their oxidation to

73



5 The Impact of Fluoride Chemistry on Tin-based Perovskites

Sn(IV). These two possibly related aspects are the key to SnF2 being the predominant,
most robust additive in the tin-based perovskite field. While there has been an extensive
exploration of the impact and functioning of SnF2 in these thin films, the chemical
mechanism and influence in the processing are entirely unknown. Introducing an exact
scheme of its working procedure remains a must in the field. This move would open the

door to optimized application and help identify new additives in the future.

In this work, we explain the origin of the beneficial effects of SnF in the processing and
stability to oxidation of tin halide perovskites by studying the chemistry of fluoride in
these solutions. Using a combination of complementary solution and film
characterization techniques, we propose that the role of SnF2 is not limited to the
resulting thin film but also affects the precursor solution properties critically and hence
their processing. The study of the solution chemistry of fluoride in formamidinium (FA)-
based FASnIs precursor solutions by °Sn- and H-NMR spectroscopy reveals a
strongly predominant affinity of the fluoride anion for Sn(IV) over Sn(ll). With the help
of hard X-ray photoelectron spectroscopy (HAXPES) analysis, we show how SnF2
increases the Sn(l1) content in perovskite samples, an indication that Sn(IV) is partially
prevented from being incorporated in the perovskite film. Meanwhile, small-angle X-
ray scattering (SAXS) enables an understanding of how fluoride anion modifies
perovskite subunits' interaction in solution, generating improved homogeneous crystal
growth conditions. Furthermore, experiments with other fluoride species and SnCl2
prove that these effects are not exclusive to SnFz. Thus, the chemistry of a hard Lewis
base like fluoride, combined with the Sn-rich environment, make SnF2 a highly suitable
additive for processing tin halide perovskites.
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5.2 Experimental Details

Solution Preparation

1M FASnIs perovskite precursor solutions were prepared by adding in 1:1
stoichiometry the corresponding volume to FAI powder from a stock 1.2 M solution of
Snlz in DMSO and DMF. SnXz-containing (X = F, CI, Br, I) solutions were prepared by
adding the corresponding volume of the 1 M FASnIsz solution to the SnX2 powder,
according to its molar percentage (i.e. 5 %, 10 % and 20 % for F and 10 % for CI, Br
and ). Illustrative CsF- and NaF-containing 1 M FASnIsz solutions in DMSO were
prepared by saturating the precursor solution with the corresponding powder. The rest
of the solutions were prepared by simply dissolving the powders in DMSO close to their
saturation level (i.e. SnF2, SnClz, SnBrz, SnFa, SnCls, SnBrs and Snls at 0.5 M). SnF4
solution was heated at 80 °C for 1 min to promote dissolution. If presenting precipitates,

solutions were filtered before their characterization.

Thermal Ageing

The thermal stress of the solution was performed at 100 °C for 3 h. We took pictures

before and after the ageing treatment.

Device fabrication

Patterned indium tin oxide (ITO) glass substrates (25x25 mm, resistivity = 15 Q sq?,
nominal ITO thickness = 150 nm, patterned by Automatic Research GmbH) were
cleaned sequentially for 15 min with a 2 % Mucasol solution in water (Schulke), water,
Acetone, and Isopropanol at ~ 40 °C in an ultrasonic bath. After the substrates were
dried with N2 flow, they were treated in a UV-ozone cleaner for 30 min. A PEDOT:PSS
solution (180 pL) was spin-coated on FTO substrates at 4500 rpm for 45 s, followed by
annealing at 150 °C for 10 min in air. Before use, PEDOT:PSS dispersion was filtered
with 0.45 um PVDF filter. The substrates were transferred into a N2-filled glovebox, and
from here the rest of the processing and measuring was carried out in inert conditions,
avoiding all possible contact of the samples and devices with air. 100 pL of perovskite
precursor were spin-coated on ITO/PEDOT:PSS substrates at 5000 rpm for 70 s with a
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ramp of 1000 rpm s1. After 50 s, 200 uL of chlorobenzene as antisolvent were dripped
onto the perovskite film. The substrates were quickly transferred to a hot plate with a
program controller for 10 min at 100 °C. Finally, Ceo (23 nm), BCP (8 nm) and Ag
(100 nm)  were thermally evaporated and deposited sequentially on
ITO/PEDOT:PSS/perovskite layer in a MBRAUN ProVap 3G at a base pressure of
10® mbar. Ag was thermally evaporated through a shadow mask, where the overlap of
the ITO with the Ag stripe defined an active area of 0.16 cm?.

Current Density—Voltage Measurement

The J-V measurement is done with 1 sun equivalent illumination from an Oriel LCS100
class ABB solar simulator in an inert atmosphere without cooling. The lamp is calibrated

with a Si 1 cm? diode certified by Fraunhofer ISE.

Scanning electron microscopy, SEM

SEM images were recorded using a Hitachi S4100 or ZEISS Auriga 60 at 5 kV

acceleration voltage and 10k and 30k magnification.

Grazing Incident X-ray Diffraction, GIXRD

The measurements were conducted in the Bruker AXS D8 ADVANCE X-ray
diffractometer (multipurpose diffractometer) and Bruker AXS DIFFRAC.SUITE
software, using grazing incidence geometry. Samples were kept in nitrogen atmosphere
using half-spherical domes to avoid air oxidation. XRD pattern is collected with a step
size of 0.01 degree, for 2 seconds each step.

Small-Angle X-Ray Scattering, SAXS

The SAXS measurement was performed using synchrotron radiation at the four crystal
monochromator X-ray beamline in the laboratory of PTB (Physikalisch-Technische
Bundesanstalt) at BESSY11.1°® The SAXS instrument of HZB contains an adjustable

about 3 m long support structure with a long edge-welded bellow system to enable the
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changing of the sample to detector distance.*® The 2D scattering images were collected
by a windowless Dectris 1M PILATUS2 in-vacuum hybrid-pixel detector. The
measurements were carried out at two different distances (0.8 m and 3.7 m) at photon
energies of 10 keV and 8 keV, respectively. X-ray energies and sample to detector
distances are chosen to get the maximum possible g-range, given the comparably low
sample transmission. Thus, a g-range from 0.05 nm™ to 8.5 nm* was covered (size range
of 125.6 nm to 0.74 nm in real space). The precursor solutions were measured with an
acquisition time of 600 s with three repetitions for the short distance and long distance
to achieve good quality data and to monitor unwanted but possible changes of the
specimen over time (which can therefore be safely excluded). Due to the low
transmittance of the lead containing precursor solutions, especially thin (0.1 mm),
rectangular borosilicate cuvettes (with a wall thickness of 0.1 mm) purchased from CM
Scientific, UK were used. The total flux on the sample has been determined for each
energy using a low-scatter pinhole of germanium 500 um in diameter. For the long
distance (3.7 m) at 8 keV, we indicated 4.8x10° photons/s and 2.6x10° photons/s for the
short distance (0.8 m) at 10 keV.

Data processing: For data reduction and radial averaging to the 1D scattering pattern
the BerSAS software was used, an advanced version of the BerSAS software®®’
applicable for SAXS and SANS. All SAXS curves of the investigated samples were
fitted with the program SASHit!4°. A structure model that includes a spherical form factor
and a hard-sphere structure factor was chosen to fit all sample scattering curves to get a
general idea of the order of magnitude. The herein investigated particles were considered
as hard spheres. Thereby, these particles are assumed as incompressible, resulting in
fixed radii for each particle and an infinite repulsive force at a specific interparticular
separation. The hard spheres model neglects attractive forces but describes various
colloids in organic solvents reasonably well 163164240 \We ysed the monodisperse Percus-
Yevick approximation for hard spheres to fit the interaction of the analyzed colloidal

particles, 165240

Hard X-ray Photoelectron Spectroscopy, HAXPES

HAXPES measurements were carried out at the HiKE endstation located at the BESSYI
KMC-1 beamline at HZB.1% The HiKE endstation is equipped with a Scienta R4000
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electron analyzer, and excitation energies of 2003 eV (referred to as “2 keV”) and
6009 eV (referred to as “6 keV”) were employed, using the 1% and 3" orders of the
Si(111) crystal pair of the double crystal monochromator. To prevent beam damage
effects on the samples, measurements were conducted with a beam-attenuating (100 pm)
Be filter,?** which reduces the photon flux of the 1% order light to 25 % of the original
while transmitting >90 % of the 3" order photons. The binding energy (BE) scales of
the HAXPES measurements were calibrated by measuring the Au 4f energy region of a
clean Au foil in electrical contact with the (grounded) sample and setting the BE of the
Au 4f72 line to 84.0 eV. The pressure in the endstation’s analysis chamber during the
HAXPES measurements remained <1 x 10® mbar. To prevent/minimize exposure to
ambient conditions, samples were mounted and sealed inside a N2-filled glovebox for
transport before introduction into the HiKE endstation system. The HAXPES probing
depth is an exponential distribution governed by the inelastic mean free path (IMFP) of
the probed photoelectrons. Regardless of excitation energy, the strongest spectral
contribution comes from the sample’s surface, and with 63 % (i.e., 1/e) of the signal
coming from within the first IMFP. For the Sn 4d shallow core levels, measurements
using 2 keV and 6 keV have inelastic mean free path (IMFP) values of ~4 nm and
~10 nm, respectively.?*224® Probing the Sn 4d shallow core levels, which have a
narrower line width than the more frequently investigated Sn 3d core levels, was
preferred, as spectral contributions of Sn-related chemical species showing only minor

differences in chemical shift can be better resolved.

Liquid-state Nuclear Magnetic Resonance, *°Sn-NMR and *H-NMR

Liquid-state 11°Sn-NMR: The spectra were all acquired on a Bruker AVII 400 MHz or
Bruker AVIII 500 MHz equipped with room-temperature TBO or BBO-probe heads,
respectively. Typically, a sweep width of 504.3 ppm was used, and 64k points were
acquired, resulting in a total acquisition time of 435.81 ms. The center frequency had to
be adjusted from sample to sample in order to detect the desired signal. Therefore, a full
scan of the possible shift range was acquired (1000 ppm to -3000 ppm) on new samples.
We used a 30 ° pulse to minimize the recycle delay down to 2 s. The number of scans

thus ranged from 128 for very concentrated samples to 16k scans for very dilute samples.
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The spectra presented differences in the signal-to-noise ratio, thus the higher noise in
some spectral baselines, particularly when zooming in to show the Snls signal more

clearly. All existing signals in all spectra were identified and pointed out.

Liquid-state 'H-NMR: All other spectra were measured with standardized parameter sets
from Bruker Topspin version 2.1 (AV400) and 3.0 (AV500). For non-deuterated
solvents, a borosilicate capillary containing DMSO-d6 was introduced in the NMR tube
to allow locking. The capillaries were 1.5 mm wide, 80 mm long and 0.01 mm wall-
thick and were purchased from WJM-Glas/Muller GmbH.
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5.3 Results & Discussion
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Figure 24. a) Pictures of fresh and aged FASnl; solutions in DMSO before and after the addition of SnF,
in 10 mol%; the respective 1°Sn-NMR spectra of b) fresh and c) aged solutions; d) 1:°Sn-NMR spectra of
SnF», Snl,, SnF4 and Snl, in DMSO. Further information about solution preparation in Figure S5.3. 119Sn-
NMR spectra and solution pictures of the mixing of €) 2x Snl, and SnFsand f) 2x SnF; and Snls. The
signal magnification was adapted accordingly for illustrative purposes.

Previous works concluded that SnF2 could reduce the Sn(IV) content in solutions and
films.1%2" However, the redox activity cannot explain the multiple effects of SnF2 in
ASnXs perovskites entirely. Therefore, we postulated that SnF2 must be involved in a
different type of chemical reaction. In the early stages of tin halide perovskites
development, it was thought that a yellow color for the solution implied the elimination
of Sn(IV) through its reduction by SnF2.2%> Using NMR spectroscopy, we uncover that
Sn(IV) and SnF2 do not undergo a redox reaction, but a simple ligand exchange reaction,
producing colorless SnFs in solution. In this regard, we prepared FASnIs precursors
solutions with and without SnF2 and Sn(IV) to investigate their signature chemistry.
1195n-NMR s sensitive to Sn nuclei in different electronic environments, identifying of

the Sn species in the solution, including other oxidation states of the same nucleus.

Figure 24a depicts the change in color from orange to the pale yellow of a 1M FASnIs
solution in DMSO after the addition of SnFz. Following the same method, we added

SnF2 to a Sn(1V)-containing solution after being aged by heating at 100 °C for 3 h.
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M. 1. Saidaminov et al. and we recently described that this thermal treatment promotes
Sn(11) oxidation in DMSO solutions.'32?1® The color of the aged solution goes from an
intense red to a pale yellow to that of the fresh sample. We know that certain content of
Sn(lV) is present for the aged one, unlike the fresh solution. Still, the color after SnF2
for the aged solution is the same as for the fresh solution, suggesting that the

characteristics and species in the solution are changing, no matter the Sn(IV) content.

118Sn-NMR of the fresh solution indicates neither elimination nor formation of Sn(1V),
even though its color changes to pale yellow (Figure 24b). However, we observe the
Sn(ll) shielding resulting in a chemical shift change from -574 ppm to -604 ppm.
Regarding the Sn(ll) species (Snlz and SnFz), they cannot be differentiated in solution,
as they show up in a single signal belonging to the average electronic environment of
Sn(1l) in solution. In this sense, the addition of increasing amounts of SnF2 shifts the
Sn(I1) peak to lower chemical shift values in a fairly linear manner, as we show in
Figure S5.2. In contrast to the fresh solution, the aged FASnIs solution showed the
expected Snls signal at -2025 ppm. After adding SnF, this peak disappeared, and a new
quintuplet rose at -770 ppm (Figure 24c). To identify the newly formed species, we
measured solutions in DMSO of Snlz, Snls, SnF2 and SnFs by °Sn-NMR (Figure 24d),
indicating that the species corresponds to SnFs. This result, therefore, implies that SnF2
cannot reduce Sn(lIV) from an oxidized sample. Instead, it coordinates Sn(IV) via a
ligand exchange reaction between the fluorides from Sn(ll)F2 and the iodides from
oxidized Sn(IV)la:

Sn(IV)ls + 2 Sn(11)F2 = Sn(IV)F4 + 2 Sn(I1)12

As shown in Figure 24e, a colorless solution comprising Snl2 and SnF4 presented both
mixed species' signals in NMR. However, mixing SnF2 and Snls, the resulting NMR
species observed were Snl2 and SnFa. Consequently, the complexation selectivity of
fluoride ions towards Sn(IV) is absolute (Figure 24f). This can be easily explained by the
"hard and soft (Lewis) acids and bases" (i.e. HSAB theory) nature of the different
solution species. Fluoride is a small, non-polarizable, electronegative anion that shows
a stronger affinity for a cation of similar nature, i.e. Sn(IV), which is smaller and more
electronegative than its reduced analogue Sn(ll). This hard Lewis base character of
fluoride anions was already applied in previous works on lead halide perovskites, owing

to its ability to passivate vacancies due to their strong bonds with Pb(11).24* In the present
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case, we find that fluoride's role is connected to Sn(IVV) complexation. Simultaneously,

under-coordinated Sn(ll) passivation in the thin film should not be excluded.

The only appearance so far of this species can be found in T. Nakamura and co-workers'
work. The authors use an SnFz-selective reducing agent to effectively generate Sn(0)
nanoparticles to scavenge Sn(1V) from the solution.?*® Even though there is no particular
discussion on the formation of SnFs and it does not affect their mechanism, the 11°Sn-
NMR spectra provided in their work show the signal, also a multiplet, corresponding to
SnF4 at approximately -750 ppm when adding SnF2 to a Sn(lV)-containing solution.
This different multiplicity that the SnFa4 signal presents in 1°Sn-NMR compared to the
rest of the Sn species can be explained by coupling between the Sn and halide nuclei.
SnF4 has four chemically equivalent *°F-spins (each with spin 1/2) to couple with, which
results in a perfect quintuplet as observed. In this sense, we would expect to observe a
triplet for SnF2. However, the four coordination sites are not saturated in SnFz, and, thus,
there is an exchange with other impurity-related compounds, such as water. T. Birchall
and G. Déneés found the same behavior. They claimed that the missing coupling between
F and 119Sn is due to the exchange between different hydrated species of SnF2.24¢ Our
samples contain water since non-anhydrous DMSO-d6 was used as a solvent for the
NMR spectroscopy experiments, therefore agreeing with the previously reported
experiences. For other species, no splitting occurs since chloride, bromide, and iodide
do not have NMR-active nuclei in significant amounts or with detectable line widths.

This affinity of fluorides towards Sn(IV) can have several important implications that
may reduce Sn(IV) content in the final film. For instance, the strong preference for
Sn(IV) means that fluorides could complex it as soon as it is generated, whether from
O: in the environment or DMSO-driven oxidation.?32219 In fact, one should think if
SnF2 would be as valuable for other solvents as in DMSO, as fluorides could be critical
in sequestrating Sn(1V) as soon as it is oxidized by this solvent, making it less harmful.
The conversion of Snls into SnF4 will also prevent the Snls-driven degradation pathways
recently described by L. Lanzetta et al.?*’ Furthermore, the selective complexation of
Sn(IV) as SnF4 may hinder its ability to form any perovskite-like complex in solution.
It has been widely reported for SnF2 that this material's excess tends to undergo phase
separation.24230235 Conclusively, if Sn(IV) is retained as SnFa, it would be challenging
to incorporate this form into the perovskite lattice. Instead, it would be displaced to grain

boundaries or even removed from the film. As a result, the point defects resulting from
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incorporated Sn(IV) in the perovskite lattice can be significantly reduced. To prove this,
we compared the different Sn(IV) species' ability to coordinate with FAI by analyzing
the *H-NMR of these solutions. Figure $5.4 shows how all Snl2 (FASNI3), SnF4 and Snls
cause the splitting of the FAI aminic protons, pointing out a certain degree of interaction
between the species. However, the signals for the protons belonging to N and C are
slightly shielded in the FASnIs solution (where the formation of perovskite adducts in
solution occurs), whilst for the case of SnF4, there is no shielding, suggesting that the
interaction of SnF4 species might have a lower affinity towards perovskite precursors.
Moreover, the shift is very pronounced for Snla, which might imply strong coordination
with FAI and an increased ability to get incorporated in the perovskite, resulting in

adverse consequences for the photovoltaic properties of the films.
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Figure 25. HAXPES spectra of Sn 4d core levels of FASNI; films prepared without (“ref.”) and with
10 mol% of SnF,, Snl, (excess), SnF4 and Snls, measured using a) 2 keV and b) 6 keV excitation and
normalized to maximum intensity (after background subtraction). The used additives are labelled next to
the corresponding spectra. The grey-filled boxes denote the binding energy of Sn 4ds, of Sn-based
reference compounds reported in the literature.?37.248-250 «Sn2* pysk/X” stands for perovskite (tin halide
salt) compounds with various ASnXs; (SnX;) compositions. “Sn** pvsk/X” stands for perovskite
(organotin halide) compounds with various ASnXg (PhsSnX) compositions.

The impact of Sn(IV) complexation by fluoride in the preparation of FASnlz on the Sn
chemical environment in the resulting films was investigated via HAXPES. 10 mol% of
SnF2, Snlz, SnF4 and Snlsa was deliberately added to FASnIs perovskite precursor
solutions. Figure 25 presents HAXPES spectra of the Sn 4d energy region of FASnI3
samples prepared with and without various additives, measured with excitation energies
of 2 keV and 6 keV, respectively. It is possible to vary the probing depths of the
HAXPES measurements using different excitation energies, i.e. the 2 keV data is more

surface-sensitive than the 6 keV data (see methods section). The spectra shown in
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Figure 25 do not exhibit a line shape that resembles a single Sn 4ds;2 — 4ds2 doublet peak
(i.e., with a 3:2 = 4ds;2:4ds2 area ratio and a 4ds2 — 4ds2 spin-orbit separation of
~1.1 eV);#"®L this is a clear indication that spectral contributions from more than one
Sn chemical species are detected. Overall, the Sn 4d spectra suggest substantial
contributions in the binding energy (BE) regions (24.9 £ 0.1) eV and (26.2 £ 0.2) eV,
corresponding to values reported in the literature for Sn 4dsz of Sn-based
perovskite/halide and oxide reference compounds with Sn being in Sn?* and Sn*
environments, respectively.?37248.250.252 Bacause the Sn 4d BE values of Sn?* (SnO) and
Sn** (Sn02) oxide compounds are energetically overlapping with the respective Sn
environments expected to be present in the sample set (i.e., FASnls and the different Sn-
based additives) and O-related lines were detected in the HAXPES measurements, the
Sn 4d spectra in Figure 25 likely contain Sn oxide derived spectral features and thus
consist of more than two doublet peaks. Comparing the spectra in Figure 25a with the
spectra in Figure 25b demonstrates that the high BE Sn**-related features are more
prominent in the 2 keVV measurements than in the 6 keV, which indicates an increased
prevalence of the Sn** related species (in the form of SnO2 or SnXa4) near the surface of
samples than deeper within their bulk. However, significant differences in the line shape
of the spectra for a given excitation set reveal pronounced changes in the Sn chemical
environment of the investigated samples concerning the presence/absence and kind of
additives during processing. The spectra of samples with additives containing Sn?* or F-
display a significant increase in the low BE Sn?*-related signal. This finding seems to
be in line with the NMR results described above, that capturing Sn(IV) in the form of
fluorinated species prevents its incorporation in the films. However, the observed
variability of properties at the surface of the samples associated with handling conditions
of the Sn-based perovskite samples (as has been already reported,?®” and further
discussed in 9.3, Supporting Information, see Figure S5.5) prevents the present
interpretation of the HAXPES results from reaching further conclusions on the impact
of individual additives with statistical certainty.

As depicted previously in Figure 24a, we attribute the color change of FASnIs in DMSO
to the change in solution properties and not to the Sn(IV) content. Nevertheless, it is
crucial to understand the underlying reasons for this change, as we expect it to exhibit a

decisive influence on the crystallization dynamics.
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Figure 26. SAXS performed on different FASnl; precursor solutions. SAXS curves of FASnI; (dotted
line) compared to FASnI; with SnF, addition (solid line) in @) DMSO and b) DMF, as well as the
corresponding fit given in red in the magnified representations. ¢) Proposed nucleation and growth
mechanism in FASnl; precursor solution affected by SnF, addition, where the different forms (triangle,
quadrangle, pentagon) should schematically describe the potential variety of subunits.

Here, we perform transmission SAXS to reveal the effect of SnF2 on the perovskite
precursors in solution. A proposed nucleation mechanism indicates that SnF2 promotes
homogeneously distributed growth, yielding improvements in the overall crystal quality.
Using the SAXS instrument at BESSYII at X-ray energies of 8 keV and 10 keV
(AE/E = 2x10), we cover a g-range from 0.05 nm™ to 8.5 nm™ (size range: 209.4 nm -
0.74 nm). Figure 26a compares the SAXS scattering curve of a plain FASnls solution in
DMSO with FASnIs containing SnF2. At first sight, the comparison does not show

significant variations.

Nevertheless, by applying a model fit using the software SASfit©,*° which offers
several different form and structure factors describing various shapes of particles and
their interaction, small changes regarding the particle interplay in the high g-region can
be observed. Here, however, interpretation requires particular precaution since we are
already in the proximity of interatomic distances. The general behavior of the initial

perovskite precursor stage is highly dependent on the specific solvent environment.
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Literature shows that solvents with a lower donating number interact weakly, whereas
stronger donating solvents interact strongly with the metal of a perovskite precursor
solution.?®® Therefore, stronger donating solvents tend to hinder the iodide coordination
of the metal. Since DMSO is known to be strongly donating and hence decelerates the
perovskite crystallization process, we here include DMF with lower donating effect to
investigate further the possible influence of SnF2 on the early stages of crystallization.
Figure S5.6 shows the same effect on the color of SnF2 in DMF as in DMSO, as proof

that the same visual transformation occurred.

The evolution of a maximum in the SAXS scattering curve of FASnls in DMF given in
Figure 26b shows a clear difference compared to the scattering curve of pure FASnIs in
DMSO. The maximum emerges based on a dominant structure factor, which evolves
due to particle interaction. The mean spacing d between the mass centers of the
individual interacting particles can be calculated as discussed by V. S. Raghuwanshi et
al. using the magnitude of g at the peak maximum.**® In the plain FASnIs solution in
DMF, this results in a mean spacing d of approximately 1.5 nm. Adding SnF2 to the
solution leads to a shift of this peak maximum to higher q and, consequently, lower mean
d spacing of 1.2 nm. Besides the shift of the maximum, also the slope at lower g-values
disappears. The shallow negative slope for both DMF and DMSO solutions gives rise to
the presence of larger structures with a broad size distribution (> 100 nm) in the solution.
We propose that the larger sizes represent aggregates consisting of small interacting
subunits formed by ion-to-ion attachment. We assign these subunits to particles or
clusters in an average dimension of 0.4 nm observed in all scattering curves. In the DMF
case, we assume that these aggregates form by nearly oriented attachment (OA), as
described in the non-classical nucleation theory being pre-ordered arrangements
(Figure 26¢).1419%211 The well-pronounced structure factor peak can evidence this. It
shows the recurring distance d between subunits, representing the average distance
between the mass centers of the units and could be considered the tin-to-tin distance due
to the high electron density of tin. A specific recurring distance d can also be noticed in
the case of SnF2 addition. However, there is no negative slope at low g-values assigned
to larger higher-level structures. Therefore, we conclude that the total size distribution
generally appears to be more homogeneous; the nearly OA with the recurring distance

d of 1.2 nm might be considerably more extensive than in the plain FASnIz solution or
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even of infinite size. Additionally, we performed several runs for every sample to prove

no damage caused by the beam (Figure S5.7, 9.3).

Pre-ordered arrangements of subunits set the starting point for the further crystallization
of a thin film on a substrate. The broad size distribution of comparable smaller
aggregates might result in films including unordered pores or pinholes because solvent
evaporation leaves holes between the pre-ordered totals. Instead, the more uniform size
distribution due to a larger OA of the subunits supports homogeneously distributed
crystal growth, a suitable substrate coverage and improved film morphology, precisely
what is observed by SnF addition in literature.12230235 With the premise of the already
advanced aggregation of elements in the DMF solvent, a similar mechanism during the
late stages of enhanced crystallization may be expected for the case of DMSO. By
applying pressure via spin-coating and solvent evaporation, the concentration of FASnIs
in the solution increases. Following the evolution of SAXS scattering curves for FASnls
concentration series in DMF and DMSO, it suggests that a structure factor maximum is
formed at higher concentrations in the case of DMSO comparable to the DMF solution
(Figure S5.8, 9.3). In this sense, the observed behavior for DMF can be extrapolated to a
more advanced stage of precursor formation for the DMSO precursor solution.
Therefore, SnF2 as an additive leads to an in total more homogeneous crystallization of
the tin halide perovskite thin film, and, thus, a better morphology.

Regarding the change in solution color caused by SnF2 addition, we speculate that
fluoride modifies the coordination level of tin centers by iodide ions, hindering the
formation of colorful, highly coordinated [Snlx]?>* units. The fact that better morphology
films are obtained through the pale yellow, SnF2-containing solution points out that, with
solution color as an indication, the properties of the existing formations in solution
critically influence the crystallization dynamics of tin halide perovskites. This feature is
currently underexplored for these materials and proves to be much more complex and
sensitive than for their lead analogues due to its quite restricted processing conditions.

Other SnX2 (X=Cl, Br, I) and their influence on perovskite properties are also frequently
discussed in the literature.?*822325 We further performed SAXS on FASnIls precursor
solutions according to SnXz addition, given in Figure S5.9, to compare their respective
functionality to the SnF2 addition. Similar to the scattering curves shown in Figure 26a,
no significant influence or difference between X can be noted. However, it should not
be ruled out that they could have the same behavior difference as SnF in other solvents
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like DMSO and DMF. This confirms the need to investigate the strong dependence of
additives and compositions used for tin halide perovskites. Finally, a scattering curve
for the presence of Sn(lV) is given in the inset window in Figure S5.9, for which we
measured an aged sample of FASnls. The effect of temperature-induced degradation of
DMSO solutions on its properties seems relevant, confirming that we did not influence

unexpected Sn(IV) content in FASnls with or without SnXa.

Although SAXS detected no difference for the different SnX: additives in DMSO
solutions, they still caused a color change in a clear trend (Figure 27a). Both SnF2 and
SnClz2 led to a similar yellow coloration of FASnIs solution, while SnBr affected it more.
This trend could mean that the colorful, highly coordinated [Snix]>* iodidostannates
were hindered more strongly as the halide X is a harder Lewis base. The fresh solutions
were analyzed by *°Sn-NMR (Figure S5.10, 9.3), although no notable difference was
found except for the shielding effect from SnF2, already discussed. In this sense, SnF2 is
the only SnXz additive shifting the FASnIs signal upfield, while SnCl2 and SnBr2 go
slightly in the opposite direction. This effect correlates well with the chemical shifts in
the different SnX2-pure solutions in DMSO (Figure S5.10, 9.3), except for the Snl2 case.
Hence, the final Sn(ll) signal position might be an average value of all Sn(Il) species.
After heating the solutions, we observed that the solution's darkening was negligible for
chloride- and fluoride-containing solutions, which could be due to lower Sn(ll)
oxidation and more efficient Sn(1VV) complexation by these anions. The heated solutions
were measured by *°Sn-NMR (Figure 27a), showing that the content of Sn(1V), all in the
form of SnF4, had been significantly reduced in comparison to SnF2-free heated solution
(Figure 24a). We hypothesize that fluoride could affect DMSO and Sn(ll) environments,
maybe through the modulation of [Snix]?* adducts, making these two species less eager
to undergo a redox reaction. Also, we observed that SnCl2 addition had the same effect
as SnF2, leading to both reduction of the oxidation and the selective complexation of
Sn(1V) through the formation of SnCl4 (Figure 27c). These results prove that hard Lewis
bases like chloride and fluoride can block the formation of Sn(1V) in the solution and
their introduction into the perovskite film through two different mechanisms:
complexation of Sn(lV) and antioxidative character. Our findings agree with previous
reports on reducing Sn(IV) by adding SnF2%31:235237 SnCl,223 and suggest that many of
the other additives employed in literature for tin halide perovskites may work in the

same fashion.
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Figure 27. a) Fresh and aged solutions of FASnI; in DMSO with 10% SnF,, SnCl,, SnBr; and Snl,. An
arrow points out the difference in darkening as an effect of the ageing treatment. °Sn-NMR spectra of b)
10 % SnF»- and c) 10 % SnCl,-containing FASnI; solution before and after being aged. SnF4 and SnCl,
solutions spectra are added as indicative of the species formed under the ageing process.

To confirm that fluoride was responsible for these changes in solution, we prepared
FASNI3 solutions containing other fluoride-based compounds. Unfortunately, other
common species (i.e. CsF and NaF) had limited solubility in common solvents.
Therefore, we saturate the FASnIs solution below a 5 % molar ratio (Figure S5.12, 9.3).
Even though the concentration was lower than for SnF2, we observed the exact change

in color from orange to pale yellow, potentially affecting perovskite subunits in solution
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in the same fashion. Similarly, these solutions experienced no darkening of solutions
aged at 100 °C for 3 h in different conditions, proving the complexation of Sn(1V) in the
form of SnFa. Even though these particular additives may not be directly implementable
due to the strong influence that Cs* and Na* cations can have in the perovskite solar cells
processing and performance, these results confirm the universality of the working
principle for fluoride-based compounds. Furthermore, they suggest that SnF2 additive
may be eventually replaceable by other fluoride-based species if applied in the right

conditions.

To complete the study, we wanted to investigate how these changes in perovskite
solution properties affect the thin film formation and the corresponding solar cells
performance. We fabricated pristine FASnls films and FASnIs films with 10 % FAI
excess, 10 % Snlz, SnBr2, SnClz and SnF2. The FAI excess was included as parameter
to study both stoichiometry sides of FASnls. While there was no notable change in the
X-ray diffraction patterns (Figure $5.13, 9.3), the scanning electron microscopy (SEM)
results offered some differences among samples (Figure S5.14, 9.3). The sample with
10 % Snl2 excess was the only one showing a high density of extensive pinholes. In
contrast, the film with 10 % SnF2 was the most homogeneous one, free of pinholes and
other minor irregularities that are present in the rest of the films, agreeing with previous

papers that used SnF2 on its beneficial effect on morphology. 24230235

There is an evident change in the resulting grain size with the changing halide element
(Figure $5.15, 9.3). Fluoride led to the smallest average grain size (568 nm) compared to
chloride (629 nm) and bromide (623 nm). These results are orthogonal to those reported
previously, where fluoride!?* and chloride?”® were said to increase the perovskite
crystals' grain size. However, tin halide perovskites' sensitive nature implies that
significant changes can be expected from minor modifications in the perovskite
composition or processing. Therefore, the effect of halides introduction can vary from
study to study. Also, stoichiometry in pure FASnls perovskite strongly affects the
pinhole density and the average grain size. The largest size was found for equimolar
FASnIs (695 nm), which went down when increasing or decreasing the Snlz ratio
(647 nm and 568 nm, respectively). Moreover, SnF2 addition impacts the size
distribution, which is significantly narrowed to plain FASnlz thin film. These
observations agree with the results by SAXS, assuming that a uniformly nearly OA in
solution leads to a more homogeneous distribution of the grain sizes in the film.
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We then used these films for solar cells to investigate any possible trends between
additives and performance. In this sense, adding a small portion of tin halides to FASnls
solutions seems beneficial for the device performance, showing some positive trend
when moving to lower size halides (Figure S5.16, 9.3). Though it appears that smaller
halides — harder Lewis bases — work better by having a more decisive influence in the
processing, chloride was the exception. Even though NMR and SAXS found SnCl2 to
have very similar behavior to SnF2, the resulting devices yielded no efficiency,
suggesting that chloride brings other factors into play. Previous works point out how
chloride can be incorporated in the lattice and its tendency to form massive
aggregates,??#?% making its application not as trivial as SnF2 and requiring a more
careful optimization. We suspect SnClz2 could mimic SnF2 to some extent in these
solutions if the processing conditions are adjusted accordingly. It is also worth noting
the slight improvement in efficiency produced just by using a 1,1:1 Snl2:FAI
stoichiometry (i.e. 10 % Snl2 excess), despite the content of irregularly sized pores
(Figure S5.14, 9.3). This matches well with the results in previous works,?*2% proving the

importance of providing a Sn-rich environment in the film.
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5.4 Conclusion

SnF2 is a widely used additive for tin and lead/tin halide perovskites, systematically
showing the same beneficial effects in all reported studies: perovskite films with lower
Sn(1V) content and improved morphology. We uncovered the different roles of fluoride
in SnF2 on Sn(1V) complexation and colloidal arrangement in the precursor solution. By
studying the fluoride chemistry in perovskite solutions and films with different
complementary techniques, we demonstrated that the fluoride in SnF2 has a critical role
in reducing Sn(lV) content in the precursor solution and the final perovskite film. We
showed by NMR the selective complexation of Sn(IV) in the form of SnFa, which
HAXPES revealed a lower tendency to get introduced in the film than Snls. Moreover,
we showed how the introduction of SnFz in perovskite solutions increases their stability
against the oxidation caused by DMSO. This antioxidative character was also found for
SnClz, meaning that many other reported additives for tin halide perovskites may also
block Sn(ll) oxidation by simple tuning of solution properties. Apart from reducing
Sn(IV) content in the thin film, SAXS measurements on the related precursor solutions
evidenced that fluoride alters the essential formation of pre-organized perovskite
clusters. We identified an advanced colloidal arrangement in DMF compared to the
DMSO solutions that are notably influenced by the addition of SnF2. We assigned this
arrangement to an advanced nucleation process in DMF compared to DMSO. Finally,
based on our findings, we proposed a nucleation mechanism that occurs in solution and
is affected by the SnF2 addition resulting in improved overall crystal quality. In this
sense, the effect of SnF2 on the film processing will be strongly determined by the

environment in which it is applied (i.e. solvent, perovskite composition).

Consequently, there is an immediate need to fundamentally understand and optimize
solution properties, their processing, and study the effect of additives. As we are doing
in this study with the example of SnF2 as pioneering work and an impulse for further
research. Overall, we presented a complete comprehensive picture of the working
mechanism of SnF in tin halide perovskites processing and provided the community
with the guidelines for finding new additives with specific chemical properties to

complex Sn(1V) species and regulate the crystallization selectively.
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5.5 Summary & Outlook

Tin based PSCs represent currently the most promising candidate for replacing the still
common lead containing counterparts. Concerning this new emerging material, the
fundamental understanding of processes is crucial to derive further insights to improve
their properties systematically. Here, giving the example of SnF2 addition, we have
presented a widely spread approach used to engineer tin-based PSCs and push them to
higher efficiency and better film morphology. We provide a concise image of the
working mechanism highlighting the importance of a well comprehensive precursor
solution characterization. Triggered by an evident observation of a change in color of
the precursor solution, we uncover the selective mechanism of fluoride capturing
Sn(1V). The formation of SnF4 prevents the incorporation of Sn(IV) in the bulk of the
perovskite thin film, which has been supported by HAXPES measurements proving the
increase of Sn(ll) species in bulk as well as the higher probability of Sn(IV) near the
surface. Further characterization of the perovskite precursor solution reveal insights into
the formation of the polycrystalline thin film via a nearly OA based on the non-classical
nucleation theory. The addition of SnF2 thereby initiates a narrower size distribution of
formed dimensions in the solution, leading to more homogeneous crystal growth and

thus better crystal quality.

Based on the findings presented in Chapter 5, we expect that the future development of
tin halide perovskites will necessarily have to go through the fundamental understanding
and optimization of solution properties. Processing and studying the effect of additives
is mandatory for their targeted use, reflecting the study’s fundamental approach within
the example of SnF2 as pioneering work and an impulse for future research. Overall, we
presented a complete comprehensive picture of the working mechanism of SnF2 in tin
halide perovskites processing and provided the community with the guidelines for
finding new additives with specific chemical properties to complex Sn(IV) species and

regulate the crystallization selectively.

This chapter will be discussed in further detail in Chapter 6.
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6 Discussion & Perspective

The presented work highlights the importance of fundamental insights into the precursor
chemistry of metal halide perovskites (MHP) initial solutions. Whereas in perovskite
solar cell (PSC) research, the trial and error approach has traditionally led to a fast and
successful evolution of their PV properties, it is becoming increasingly difficult to
improve those effectively, especially concerning the PCE getting closer to the theoretical
limits. Thus, we introduce a change of perspective to approach the further development
differently. In doing so, we take a step back from the conventional PSC characterization
towards the origins of the early stages of crystallization observable already in the
precursor solution. We can provide detailed insights to explain mechanisms that result
in particular MHP thin film properties. Knowing the mechanism behind those
parameters can be used systematically to adapt the precursor properties to special needs,
e.g. crystallization dependence on the fabrication process or unique photovoltaic (PV)
properties controlled by compositional changes.

Thereby, within the scope of this thesis, we established the application of small-angle
scattering (SAS) as a suitable characterization technique to analyze precursor solutions
for the processing of PSCs. Especially in combination with other characterization
techniques, we were able to provide a comprehensive picture of the MAPbI3 perovskite
precursor’s chemistry. Beyond that, we applied the generated knowledge to more
complex systems, including the addition of alkali cations and tin-based perovskites that
can be considered as one future alternative MHP material to preserve a sustainable, lead-
free environment. In the following, the major outcome of the individual studies is

presented, followed by an overall discussion and perspective of the complete thesis.

Small-Angle Scattering Revealing Halide Perovskite Precursors

We present SAS as a direct nanostructural technique to characterize the colloidal nature
in perovskite precursor dispersions. The existence of a dynamic colloidal network is
proven, influencing the initial stages of crystallization. Based on prevailing forces in the

solution (attractive and repulsive), we demonstrate the ordering of an optimal recurrent
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distance of about 2 nm between colloidal particles. Those nanoparticles (NPs) of

approximately 1 nm size are arranged to form superordinate quantities of about r = 2 um.

The temperature dependency provided in Figure 15 shows the reversible character of the
actual dynamic colloidal arrangement and offers further information about the
interactions between the NP subunits. In the case of the specimen under investigation,
we observe that these arrangements already break down with comparably low energetic
effort. In conclusion, the NPs of the superordinate formations must be connected via
relatively weak forces, such as van der Waals forces or simple physical entanglement.®:
In 2019, S. Pratap et al. report the aggregate formation as one interpretation of their
findings.1% However, following the respective 1SO definition (ISO/TS 80004-2:2008.),
in the case of the MAPbIs precursor solution, we can instead assume to have dynamically
formed agglomerates present with weakly bound subunits consisting of high-valent
iodidoplumbates. This fact underlines the need to study fundamental interactions in
solution since these determine the nucleation and growth mechanism of the material. In
addition, external factors, such as changes in temperature and concentration critically
affect the reproducibility of PSC fabrication. Therefore, we need to understand the
underlying mechanism and effect of these factors in MHP precursor solutions, in order
to address tailor-made needs of customers in the future. The work presented in Chapter 3
serves as an initial fundament for rethinking the traditional research style in MHPs,
proposing deeper understanding as a more effective method to gain better control on the

system.

Colloidal stability - a Critical Factor Influencing the Perovskite Formation

Reproducibility and stability as crucial factors concerning the PSCs fabrication have
been commonly addressed through compositional engineering of simple perovskite
compositions like MAPDI3 or FAPbI3 1125625 |n this context, there has been an increased
focus in recent years on the addition of alkali metal salts into the precursor solution of
perovskites to enhance the stability and reproducibility of PSCs by achieving higher
crystal quality of the thin film absorber.>"18257 In Chapter 4 we elucidate this phenomena
from the precursor perspective. We apply a well-established concept from colloid
science, colloidal stability, and use it to the perovskite precursor systems. Covering a

broad range of techniques, involving synchrotron radiation, we reveal the structural
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formation of the colloidal subunits first addressed in Chapter 3. Supported by in-situ
GIWAXS and SAXS, we can go beyond and explain the underlying working mechanism
of the use of additional alkali cations towards thin film formation. The model of colloidal
stability thereby provides the relevant parameter that defines why some precursor
compositions form via a solvent-intermediate state, whereas this is suppressed when

adding alkali cations.

The addition of alkali salts is just one proof of the applicability of the concept of colloidal
stability. Moreover, the model provides further parameters to influence the respective
forces acting in the precursor solution. Thus, it serves as an impulse to better develop
and understand a diversity of mechanisms, such as solvent engineering??%® or the
addition of larger molecules?®®2%°, which can slow down the crystallization process. We
state that, especially when looking for suitable compositions for industrial PSC
production in the future, it is essential to create knowledge on the working mechanism
behind processes that are already applied but not well understood. Regarding future
applications, mechanisms could also be pre-designed with a specific target to reduce

trial and error and implement changes more effectively.

The Impact of Fluoride Chemistry on Tin-based Perovskites

Fluoride chemistry strongly improves the polycrystalline thin film formation process of
tin halide perovskites through the addition of SnF2. In Chapter 5, we evidenced that the
fluoride anions selectively coordinate and remove detrimental Sn(1V), while positively
influencing the colloidal properties in solution. The presented study describes the
working mechanism of SnF2 and highlights the importance of solution chemistry for
controlling crystallization and Sn(lI1) oxidation in tin halide perovskites.

Considering the environmental and toxicological implications of lead, PSCs need to
become lead-free to be considered as genuinely sustainable technology.?*® Tin-based
perovskites are currently the frontrunners in the race to replace it, based on their close-
to-ideal bandgap and reduced toxicity.?*#21® However, since the first reported values in
2014, those PSCs lag far behind their expectations. Besides, the PCE reached a plateau
around 10-15 %, and lab-to-lab reproducibility remains the primary concern.?#2'® One
promising way to tackle these challenges is to enhance the crystal quality and surface

coverage of the absorber layer by controlling the fast crystallization of tin-based
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perovskite systems.?® In this sense, SnF2 has shown substantial benefits in improving
the morphology and crystal quality.?°Previous studies confirm that a controlled
crystallization process is the key to reach a good surface coverage.®® The lab-to-lab
reproducibility of the application of SnF2 benefits made it the most widely employed
additive for this kind of PSCs. Previous works provided insights into the characteristics
of SnFz-containing thin films, trying to shed light on its working mechanism.?®
However, the effect of SnF2 on the precursor solution and hence the processing was

missing.

In Chapter 5, we hence apply the knowledge gained from the precious studies to study
the chemical nature of the tin-based perovskite precursor solution. ldentifying the
working mechanism of SnFz will promote the targeted application of additives,
especially concerning newly emerging materials. In addition, the knowledge gained
from the previous chapters will apply to SnF2 and tin perovskite solutions, uncovering
specific environmental implications like solvent and perovskite composition. Thus, this
work is pioneering as it addresses the fundamental understanding of solution processes
to optimize PSC fabrication. Chapter 5 provides a comprehensive picture of the working
mechanism of SnF2, highlighting the solution chemistry and beyond. Based on this
study, we offered initial guidelines to find further additives to systematically regulate
the crystallization and handle the difficulty posed by Sn(IV).

Perspective

The remarkable progress in the fast-growing research field of PSCs has led to a constant
striving for ever-improving efficiencies and PV properties. The increase of PCE within
record time is unique. However, the research community is now experiencing a
transformation to understand processes and mechanisms fundamentally. The PCE of
lead-based PSCs is about to approach its theoretical limit, surpassing the 25 % mark
already 36261262 Based on this already fantastic value, other crucial factors towards
future-oriented commercialization receive increasing attention. It moreover remains
challenging to reproduce and implement the results on a large scale. Along with the
potential for scalability of PSCs, the toxicity of lead and thus its replacement is of
societal interest. To tackle the reproducibility of these high efficiencies and further
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develop alternative materials without the toxic metal lead, such as tin-based perovskites,

can only be achieved through a deeper understanding of the material’s chemical nature.

Thus, using this thesis, we provide a comprehensive picture of the complex system of
precursor chemistry and relevant parameters for process control, such as (I) environment
impact based on concentration and temperature (11) the addition of counter ions to reduce
the diffuse layer surrounding the NPs and (I11) the targeted use of additives to selectively

eliminate unwanted components to ensure a more homogeneous crystal growth.

All these parameters (1) to (111) (addressed in Chapter 3 to 5, respectively) can help to
influence the crystallization process for future application selectively. Additionally, we
expect to encourage the scientific community to think out of the box to find new
processes according to the customer needs.

Structure of a Primary Oriented Agglomerates
Primary Particle Particle Attachment

\ T~
/ |

10 1 107! 102 1073

I T
o B S S

10 102 103 104

XAS
WAXS
SAXS
LS

Figure 28. The interplay of complementary methodologies to provide a comprehensive picture of the
complex precursor chemistry of MHP.

We have studied MHP precursors concerning the various influences across a various
dimensions, combining complementary methodologies as depicted in Figure 28. We can
provide structural insights on an atomic level about the crucial differences between

simply dissolved Pblz solution and the actual MAPDbI3 precursor dispersion. Those NPs

98



6 Discussion & Perspective

interact strongly, due to the decay of electric potential, which the surrounding EDL and
diffuse layer influence. Forming large islands in solution that can be considered as
dynamically-formed agglomerates based on their comparably weak inter-particle

interactions that are in the range of several micrometers in the case of MAPDIs.

Further fundamental insights about the MAPbI3 precursor systems could be achieved by
a deeper analysis of the whole concentration range of the respective precursor mixture.
To complete the understanding provided in this thesis focusing on concentrations used
for direct PSC application, we extended the series presented in Chapter 3 by measuring
SAXS from particularly low concentrations. The preliminary data is provided in
Figure S6.1. Interestingly we observe a negative slope evolving for concentrations below
0.1 mol Lt This might serve as an exciting starting point to further improve
fundamental insights of the nuclei formation in MAPDI3 precursor solution. However,
further research and analytical methods would be needed to investigate the structures
even before the actual formation of the NPs addressed within the scope of this work.

Furthermore, in a recently submitted concept paper, we point out the emerging need of
replacing the solvent DMSO for tin-based PSCs since it results in the oxidation of Sn(ll)
to Sn(1V). Here we also see the need to apply the knowledge provided within the scope
of this thesis to systematically search for alternatives that can still result in good
morphology and surface coverage. Preliminary data of SAXS measured on tin-based
precursor solutions on the base of different solvents is shown in Figure S6.2. It already
provides insights into the strong impact of solvents and their donor ability on the
colloidal chemistry of the precursor. However, further complementary data are needed

to be able to make stronger statements.

In conclusion, we believe that this work identifies parameters and a new perspective
required to meet the various challenges that lie ahead on the road towards the
commercialization of PSCs. The effectiveness of the work is reflected by the numerous

possibilities for application in subsequent projects.
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7/ Summary

Climate change leads to an urgency to promote alternative renewable energies and raise
their accessibility to society. Solar energy generation represents a particular spotlight in
this regard. In terms of advanced materials for solar cell applications, metal halide
perovskite solar cells (PSCs) are at present an indispensable part of research for the
future. Metal halide perovskites (MHPs) are crystalline semiconductors gaining
increasing attention as low-cost, high-performance materials for optoelectronics. Their
processing from solution at low temperature is compatible with the fast manufacturing
of thin film devices, including solar cells and light-emitting diodes or photodetectors.
Therefore, understanding the coordination chemistry in MHP precursor solutions would
allow the vision of controlling the thin films crystallization, their material properties and
final device performance. This thesis presents a change of perspective towards a
fundamental understanding of the perovskite precursor solutions used for solar cell
production. We elaborate on main parameters to systematically influence the precursor

solution for long-term process control.

One main focus lies in applying a direct nanostructural technique to characterize the
colloidal structure of perovskite in precursor solutions. Small-angle scattering is
particularly adept at measuring nanoparticles in solution. We can apply this technique
to perovskite precursor solutions in standard processing concentrations while avoiding
beam damage and further sample treatment. We provide insights into the precursor’s
chemical nature while covering several perovskite compositions. We uncover structural
insights about the precursor in the most common system of methylammonium lead
iodide (MAPDI3) and then expand the knowledge towards more complex applications,
thereby addressing the influence of nanocompositional engineering using the example
of alkali cation addition. We propose a detailed working mechanism on how the alkali
cations act to suppress the formation of intermediate solvate phases and improve the

quality of the thin film crystallization.

Furthermore, this work elucidates the crystallization process of a tin-based perovskite
composition (FASnls) influenced by fluoride chemistry. The commonly added tin
fluoride (SnF2) captures selectively undesired oxidized Sn(IV) already in the precursor
state in solution, which prevents its incorporation into the bulk crystal and reduces the
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defect density of the material. In addition, SnF2 leads to a more homogeneous crystal

growing process, resulting in a better crystal quality of the thin film material.

Consequently, this study offers a detailed characterization of the complex system of the
perovskite precursor chemistry and provides parameters relevant for process control.
Hence, the knowledge presented serves as a basic building block with the potential to
pave the way for the industrial implementation of perovskite photovoltaics.
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9.1 Supporting Information to Chapter 3
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Figure S3.1. Recorded SANS curves (Runl, 2, 3 and 4) of a MAPDI; perovskite solution (1.3 mol L) at
20 °C.
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Figure S3.2. Recorded SAXS curves of a MAPbI3 perovskite solution (1 mol L™2). The 1%t and 2" run
were measured with a time difference of 4.5 h.
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Figure S3.3 DLS on MAPbI; perovskite precursor solution (1 mol L). A selection of fitted correlation
curves for different angles is demonstrated in (a). In (b) the resulting I" versus g? plots with the
corresponding fits are shown for MAPDI; and filtered MAPDI .

Table S3.1. Estimated collective diffusion coefficients and hydrodynamic radii.

Sample Deon / pm?/s Rn/ nm

Slow fast Slow fast
MAPDI3 0.091(9) 318(3) 2300(300) 0.67(3)
MAPDI; (filtered) 0.109(20) 327(8) 2000(400) 0.65(3)

In the scope of this work, the focus is set on the fast mode, which is why a measurement
time of 30 s / angle was chosen (especially suitable for the size of interest). However,
that time is not sufficient to completely cover the observed slow mode. Thus,
fluctuations occur in the linear fit given in the inset of Figure S3.3b. To fully measure the
slow mode several hours measurement time would be needed, which is not in the scope
of the current work. The numbers given in Table S1 for the slow mode should be taken

as rough estimations based on the chosen fitting model, assuming a Fickian behavior.
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e §(a) Pbl, in DMF:DMSO (6:1) | L (b). . MAPbI;in DMF:DMSO (6:1)

1]

ppm 1

(C) Component log10(D / m*2/s) D Ry
value error m*2/s™1 error nm error
DMF -9.24 -0.16 5.75E-10 | 2.18E-10 0.37 0.14
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Figure S3.4. DOSY on Pbl; (a) and MAPbI; (b) precursor solutions, whereby in the case of Pbl, the
diffusivity of the solvents become evident and in (b) the diffusivity of MAPbIs. The theoretically expected
particle size is derived from the diffusion constant according to the Stokes-Einstein equation, tabulated in

(©).

Diffusion Ordered Spectroscopy (DOSY) reports diffusion coefficients for individual
resonances in a *H NMR spectrum. Given in Figure S3.4 we can directly correlate the *H-
NMR peaks with their diffusion and thus provide related information about the
respective molecule.

Using the Stokes-Einstein equation (depicted below) the hydrodynamic radius of a
particle can be derived. In addition to the signals that can be clearly identified, we
observe a signal corresponding to the chemical shift of the methyl groups of DMF, which
has a different diffusivity compared to the other signals associated with DMF. We
assume that this occurs as some of the solvent molecules coordinate with Pblz in solution
and therefore show a different diffusivity. However, to explain this in more detail,

further measurements would be necessary and would exceed the scope of this paper.
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Figure S3.1. Increasing Intensity and decreasing mean d-spacing of Perovskite Precursor solution
depending on the concentration.
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Figure S3.2. Thin film characterization of drop-casted MAPbI; films. (@) SEM pictures and (b) XRD
pattern of crystalline films drop casted using precursor solutions in concentrations of (0.1, 0.4, 0.8 and
1.2) mol L%

The SEM images show that with a concentration of 0.1 mol L no obvious grain
structure can be observed whereas the size of the grains evolving at 0.4 mol L seems
to increase with increasing concentration. The increasing grain size with concentration
goes in line with the observation of stronger inter-particle repulsive interaction in
solution, measured with SAXS (Figure 16, main text). The XRD pattern of the drop-
casted thin films demonstrates that in case of 0.8 and 1.2 mol L the (110) and (220)
planes are most predominant in the polycrystalline thin film, which is common for the
spin-coated thin films used for device preparation. Instead, at lower concentrations from
0.4 towards 0.1 mol L, the (110) and (220) planes almost disappear in favor of the
diffraction peak of the (200) plane, which becomes predominant for the 0.1 mol L™ case.

Furthermore, only the sample of 0.1 mol L™ shows the presence of a peak at 20 = 12.6°
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corresponding to the (001) diffraction peak of Pblz, whereas in all other concentrations

no formation of Pblz2 can be observed.
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Figure S4.1. Model fit of neutron scattering curves of Pbl, and MAPbIs precursors. Model fits were
performed using SASfit software*’. The fit parameters for each sample are provided below. For the form
factor the width parameter s, the radius R and the length of the cylindrical form factor L are tabulated and
for the structure factor the hard-sphere interaction radius Rus and the volume fraction f, as well as the

overall variance of the fit 62
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Figure S4.2. Total interaction potential (TIP) as sum of the attraction potential and the repulsion potential
(EDL). Change of the TIP as a consequence of counter-ion addition is presented by the dashed black line.
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Figure S4.3. Average sizes determined by DLS.
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Figure S4.4. 27Pb-NMR on precursor solutions. FAPbl; and MAPbI; solution with the addition of
different percentages of alkali metal addition.
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Figure S4.5. 2°’Ph NMR on precursor solutions. FAPbI; in comparison to complete substitution of the

A-site cation by an alkali metal.
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Figure S4.6. Model Fit of SAXS Scattering curves. Model Fits were performed using SASfit software!4,
a) Dotted line shows the model Fit using a cylindrical form factor (F(q)) and hard sphere structure factor
(S(@))). The Form factor contribution is shown in green, the measured data of MAPbIs, MAPbI; with
5 vol% Csl and 10 vol% Csl are presented as solid line (from left to right). A comparison of the structure
factor contribution of each sample is displayed in b) as well as the respective parameters in an inset: the
hard-sphere interaction radius Rus, and the volume fraction f,. ¢) provides schematically the chosen form
and structure factor based on the lead coordination as shown in Figure 17 (main text). The scheme is
accompanied by a table containing further fit parameters, such as the width parameter s, the radius R, the
length of the cylinder L and the variance of the fit 62
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Figure S4.7. EXAFS of perovskite precursor dispersions. MAPbI; compared to MAPDI3, including 5%
addition of alkaline salts, KI, Rbl and Csl. For clarity the respective curves are shifted in y-scale.
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Figure S4.8. DFT calculations of A*(solv), complex formation energy. Esom, as a measure of the solvent-
cation interaction, evaluated for A = K, Rb, Cs, MA; n = 1 and 2; solv = DMSO (straight line) and DMF
(dotted line). Overall MA* shows the highest affinity to be coordinated by solvents and Cs* the lowest.
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Figure S4.9. Results of contact angle measurement of FAPbls, MAPDI; and triple cation perovskite
solution all in a concentration of 1 mol L.
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Figure S4.10. Evolution of the grain size distribution with alkali addition. A comparison of plain MAPbI;
thin film to MAPbI; with the addition of 5% KI, Rbl and Csl, respectively, where a) shows the overall
size distribution presented by the calculated diameter of a grain area (determined using the software

ImageJ?™), assuming a circular shape of the grains. The mean diameter is given on the top right of each
graph. The corresponding SEM images are depicted in b).
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9.3 Supporting Information to Chapter 5
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Figure S5.1. Number of scientific publications per year using SnF,, SnCl, or none of them. The green

line, linked to the right-side vertical axis, illustrates the decline in the relative number of studies based on
strategies that avoid the use of SnF; or SnCl,.
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Figure S5.2. 1%Sn-NMR of 1 M FASnI; perovskite precursor solution in DMSO and with different
molar concentrations of SnF,.
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Figure S5.3. 1*%Sn-NMR of SnF; in different concentrations in DMSO. More in detail about these and
other solutions preparation, Snl, was dissolved at 1 M, while Snls, SnF; and SnF4 were saturated (up to
0.5 M). However, as we show in this figure this should not affect the comparison, as SnF, signal barely
shifts with solution concentration. SnkF, is more restricted to interactions with the solvent due to the higher
complexation degree by fluoride ions and therefore would show even lower signal shift.
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Figure S5.4. 'H-NMR of FAIl, FASnl;, FAI +SnF, and FAI + Snls solutions in DMSO at 1:1
stoichiometry. The range was restricted to 6 to 10 ppm for better resolution of the FAI protons.
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Figure S5.5. Hard X-ray photoelectron spectroscopy (HAXPES) spectra of Sn 4d core levels of three
nominal identical FASnl; films prepared with 10 mol% SnF,, measured using a) 2 keV and b) 6 keV
excitations and normalized to maximum intensity (after background subtraction). The samples were
measured on separate dates, in the order denoted by the labels.

Figures S5.5 and S5.5b display HAXPES spectra of Sn 4d core levels of three FASnIs films
prepared with 10 mol% SnF2 (using the same recipe) measured using 2 keV and 6 keV,
respectively. The three nominally identical samples were prepared and measured on
separate dates but following the same procedures and parameters. Differences in Sn
chemical environment, which can be specially observed for the 2" sample, indicate
variations in sample properties despite an identical sample preparation process, the
reason for which is likely due to a fluke in the conditions in one (or more) of the sample
production (e.g., fluctuations in precursors, glovebox conditions, etc.)/handling (e.g.,
non-optimal selection of sample area to be cut and mounted for
measurement)/transporting (e.g., improper sealing)/measurement (e.g., fluctuation in
characterization vacuum conditions, duration between sample preparation and
measurement, etc.) steps. However, these observed spectral variations should be
considered when examining the Sn 4d spectra shown in the main section, as they are in
most cases more pronounced than the differences between individual spectra as a result
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of the different additives. Therefore, reaching statistically-relevant outcomes, beyond
the conservative conclusions presented in the main text, on the impact of individual

additives would require measuring multiple sets of this sample series, a task beyond the

scope of the present work.

Figure S5.6. Picture of fresh 1 mol L' FASnI; solution in DMF (left) and after addition of 10 % SnF,
(right).
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Figure S5.7. Reproducibility of SAXS measurements in different runs using the example of FASnl; in
DMSO (1 mol Lt). Beam damage can be excluded.
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Figure S5.8. SAXS scattering curves for FASnls in different concentrations in DMF (left) vs DMSO
(right). Evolution of the structure factor peak goes beyond the limited window of the respected g-range

in SAXS. Still, the trend is identifiable.
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Figure S5.9. SAXS scattering curves of FASnI; solution in DMSO compared to FAShI; with 10 % of SnF,, SnCl,
SnBr; and Snl,. In the small inset, the FASnI; scattering curve is plotted in direct comparison to an aged solution.
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Figure S5.10. ®Sn-NMR of 1 M FASnI; solutions with 10 % molar concentration of SnX, additives
(X=F,Cl, Br, I).
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Figure S5.11. %Sn-NMR of FASnl;, SnF;, SnCl,, SnBr; and Snl, in DMSO. FASnl; and Snl, were
prepared at 1 mol L™, while SnF,, SnCl, and SnBr, were at 0.5 mol L.
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Figure S5.12. From left to right, heated 1 mol Lt FASnI; solutions in DMSO first saturated with CsF and
NaF, then heated and first heated, then saturated with NaF and CsF.
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Figure S5.13. XRD of thin films of pristine FASnl; and containing a 10 % excess of FAI, Snl,, SnBr,,
SnCl, and SnF,.
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Figure S5.14. SEM of thin films of pristine FASnIl; and containing a 10 % excess of FAI, Snl,, SnBr»,
SnCl; and SnF,.
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Figure S5.15. Grain size distribution from the SEM of thin films of pristine FASnI; and containing a
10 % excess of FAI, Snl,, SnBr;, SnCl, and SnF. 50 grains were measured for the statistics of each
sample.
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Figure S5.16. Performance of solar cells based on pristine FASnI; and containing a 10 % excess of FAI,

Snl,, SnBr,, SnCl; and SnF..
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9.4 Supporting Information — Preliminary Data
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Figure S6.1. SAXS concentration series of MAPbI; precursor solution. Covering concentrations from
0.001 to 1.2 mol L in a stoichiometry of 1:1 in a solvent mixture of DMF:DMSO, 6:1.
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Figure S6.2. SAXS curves of FASnI; precursor solutions using different solvents. The measured samples
were prepared in a concentration of 1 mol L™ in 2ME (rose), DMF (blue), DMSO (green) and HMPA
(yellow) respectively. The differences in the high g-region indicate significant changes of the colloidal
interactions depending on the Gutmann Donor Number Dy of the solvent.?%4
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