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ABSTRACT

In the frame of a world fighting a dramatic global warming caused by human-related activities,
research towards the development of renewable energies plays a crucial role. Solar energy is one of
the most important clean energy sources and its role in the satisfaction of the global energy demand
is set to increase. In this context, a particular class of materials captured the attention of the scientific
community for its attractive properties: halide perovskites. Devices with perovskite as light-absorber
saw an impressive development within the last decade, reaching nowadays efficiencies comparable to
mature photovoltaic technologies like silicon solar cells. Yet, there are still several roadblocks to
overcome before a wide-spread commercialization of this kind of devices is enabled. One of the critical
points lies at the interfaces: perovskite solar cells (PSCs) are made of several layers with different
chemical and physical features. In order for the device to function properly, these properties have to
be well-matched.

This dissertation deals with some of the challenges related to interfaces in PSCs, with a focus on the
interface between the perovskite material itself and the subsequent charge transport layer. In
particular, molecular assemblies with specific properties are deposited on the perovskite surface to
functionalize it. The functionalization results in energy level alignment adjustment, interfacial losses

reduction, and stability improvement.

First, a strategy to tune the perovskite’s energy levels is introduced: self-assembled monolayers of
dipolar molecules are used to functionalize the surface, obtaining simultaneously a shift in the vacuum
level position and a saturation of the dangling bonds at the surface. A shift in the vacuum level
corresponds to an equal change in work function, ionization energy, and electron affinity. The direction
of the shift depends on the direction of the collective interfacial dipole. The magnitude of the shift can
be tailored by controlling the deposition parameters, such as the concentration of the solution used
for the deposition. The shift for different molecules is characterized by several non-invasive
techniques, including in particular Kelvin probe. Overall, it is shown that it is possible to shift the
perovskite energy levels in both directions by several hundreds of meV. Moreover, interesting insights

on the molecules deposition dynamics are revealed.

Secondly, the application of this strategy in perovskite solar cells is explored. Devices with different
perovskite compositions (“triple cation perovskite” and MAPbBrs3) are prepared. The two resulting
model systems present different energetic offsets at the perovskite/hole-transport layer interface.
Upon tailored perovskite surface functionalization, the devices show a stabilized open circuit voltage
(Voc) enhancement of approximately 60 meV on average for devices with MAPbBrs, while the impact
is limited on triple-cation solar cells. This suggests that the proposed energy level tuning method is
valid, but its effectiveness depends on factors such as the significance of the energetic offset compared

to the other losses in the devices.

Finally, the above presented method is further developed by incorporating the ability to interact with
the perovskite surface directly into a novel hole-transport material (HTM), named PFl. The HTM can
anchor to the perovskite halide ions via halogen bonding (XB). Its behaviour is compared to that of

another HTM (PF) with same chemical structure and properties, except for the ability of forming XB.



The interaction of perovskite with PFl and PF is characterized through UV-Vis, atomic force microscopy
and Kelvin probe measurements combined with simulations. Compared to PF, PFI exhibits enhanced
resilience against solvent exposure and improved energy level alignment with the perovskite layer. As
a consequence, devices comprising PFl show enhanced V. and operational stability during maximum-
power-point tracking, in addition to hysteresis reduction. XB promotes the formation of a high-quality
interface by anchoring to the halide ions and forming a stable and ordered interfacial layer, showing
to be a particularly interesting candidate for the development of tailored charge transport materials
in PSCs.

Overall, the results exposed in this dissertation introduce and discuss a versatile tool to functionalize
the perovskite surface and tune its energy levels. The application of this method in devices is explored
and insights on its challenges and advantages are given. Within this frame, the results shed light on XB

as ideal interaction for enhancing stability and efficiency in perovskite-based devices.



KURZFASSUNG

Im Kampf gegen den menschengemachten Klimawandel spielt die Forschung und Entwicklung von
erneuerbaren Energien eine tragende Rolle. Solarenergie ist eine der wichtigsten griinen
Energiequellen und von steigender Bedeutung fiir die Deckung des globalen Energiebedarfs. In diesem
Kontext hat eine bestimme Materialklasse aufgrund ihrer attraktiven Eigenschaften die
Aufmerksamkeit der Wissenschaft erregt: Halogenid-Perowskit. Perowskit-Solarzellen haben im
letzten Jahrzehnt eine beeindruckende Entwicklung durchgemacht und erreichen heutzutage
Effizienzen, die mit weit entwickelten Photovoltaik-Technologien wie Silizium-Solarzellen vergleichbar
sind. Jedoch existieren immer noch mehrere Hiirden, die einer marktweiten Kommerzialisierung dieser
jungen Technologie im Wege stehen. Eines der kritischen Probleme befindet sich an den Grenzflachen.
Perowskit-Solarzellen bestehen aus mehreren Schichten mit unterschiedlichen chemischen und
physikalischen Eigenschaften. Damit die Solarzelle bestmdglich funktioniert, miissen diese
Eigenschaften aufeinander abgestimmt sein.

Diese Dissertation beschaftigt sich mit einigen Herausforderungen im Zusammenhang mit
Grenzflachen in Perowskit-Solarzellen, dabei liegt der Fokus auf der Grenzflache zwischen Perowskit-
Absorber und der angrenzenden Ladungstransportschicht. Insbesondere werden organische Molekile
mit spezifischen Eigenschaften verwendet um die Oberflache des Perowskiten zu funktionalisieren.
Dadurch wird eine Bandanpassung erreicht, Grenzflachenverluste reduziert und die Stabilitat der

Solarzellen erhoht.

Zunachst wird eine Strategie zum Anpassen der Bandenergien vorgestellt: Selbst-organisierende
Monoschichten dipolarer Molekiile werden auf die Perowskit-Oberflache abgeschieden, um diese zu
funktionalisieren. Dadurch wird eine Anpassung des Energie-Levels im Perowskiten und die Sattigung
von ungebundenen Elektronenbindungen (engl. dangling bonds) an der Oberflache erreicht. Die
Richtung der Energielevel-Verschiebung hdangt von der Richtung des kollektiven Grenzflachen-Dipols
ab. Der Betrag der Energielevel-Verschiebung kann Gber die Depositionsparameter wahrend der
Schichtherstellung eingestellt werden. Die Energielevel-Verschiebung bei der Verwendung
verschiedener Molekile wird mit Hilfe verschiedener non-invasiver Charakterisierungsmethoden
untersucht, insbesondere mit der Hilfe von Kelvin-Sonde Messungen. Diese Messungen ermdoglichen
interessante Erkenntnisse Uber die Dynamik der Deposition der Molekile. Es ist moglich die

Energielevel in beide Richtungen um mehrere hundert meV zu verschieben.

Als Zweites wird die Anwendung dieser Stategie in Perowskit-Solarzellen erforscht. Solarzellen mit
Perowskit-Absorbern unterschiedlicher Zusammensetzung (“Dreifach-Kationen-Perowskit” und
MAPbBr3) werden prapariert; die beiden Modellsysteme besitzen dann unterschiedliche energetische
Offsets an der Perowskit-Lochleiter Grenzflache. Mit einer malRgeschneiderter Funktionalisierung der
Perowskit-Oberflache zeigen die MAPbBr; Solarzellen eine permanente Verbesserung der offene-
Klemmen-Spannung (engl. open circuit voltage, V,c) um durchschnittlich 60 meV, wahrend der Einfluss
auf die Solarzellen mit Dreifach-Kationen-Perowskit gering ist. Dies zeigt, dass die vorgestellte

Methode zur Bandanpassung funktioniert, aber ihre Effektivitit zudem von weiteren Faktoren



abhangt: Die Relevanz des energetischen Offsets im Vergleich zu anderen Verlustmechanismen
beeinflusst unter anderem die Effektivitat der Funktionalisierung.

AbschlieBend wird beschrieben, wie die prasentierte Methode zur Bandanpassung weiterentwickelt
wird, indem das Vermoégen, mit der Perowskit-Oberflache zu interagieren, direkt in einen neuartigen
Lochleiter (,,PFI“) integriert wird. Der Lochleiter kann sich Gber Halogenbindungen an den Perowskiten
anlagern. Das Verhalten von PFl wird verglichen mit dem eines anderen Lochleiters (,,PF“), welcher die
fast gleiche chemische Struktur und sehr ahnliche Eigenschaften aufweist, ausgenommen der Fahigkeit
eine Halogenbindung zu formen. Die PFI-Perowskit und PF-Perowskit Interaktion wird durch UV-Vis
Spektroskopie, Rasterkraftmikroskopie und Kelvin-Sonde Messungen, kombiniert mit Simulationen,
charakterisiert. Beim direkten Vergleich von PFl und PF zeigt sich die Bildung der Halogenbindung in
einer bei PFl verbesserten Widerstandskraft gegen Losungsmittel und Bandanpassung zum
Perowskiten. Beim Folgerichtig zeigen Solarzellen mit PFl zusatzlich zu einer verringerten Hysterese
einen hoheren V. und eine erhdhte Stabilitdat wahrend des Betriebs unter Maximum-Power-Point
Tracking

Zusammenfassend stellt diese Dissertation somit ein vielseitiges Werkzeug zur Funktionalisierung von
Perowskit-Oberflachen und der dadurch erreichten Bandanpassung vor. Die Anwendung dieses
Werkzeugs an Solarzellen wird erprobt und Einsichten in seine Vorteile und Nachteile erlangt. Die
Halogenbindung wird als spezifische Interaktion identifiziert, die sich ideal zur Steigerung von Effizienz

und Stabilitat von Perowskit-basierten optoelektronischen Bauteilen erweisen kdnnte.
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]. . INTRODUCTION

1 INTRODUCTION

THE BIG PICTURE - fighting global warming

Ven/ce November 13“7 2019[”

During the night between the 12" and the 13" of November 2019 an exceptional acqua alta (the local
term for the periodical extraordinary high tide, i.e. sea level rise > 110 cm) hit Venice in combination
with a violent storm. The sea level rose to 187 cm: San Marco Square, the lowest part of the city, was
under more than 1 m of water, 80 % of the city was submerged, the water combined with the strong
wind brought severe damages to homes, businesses and landmarks, boats (like the Gondola in the
picture above) were stranded. It was the second highest tide in the recorded history! and the worst of
the last 50 years. However, what is worrying is not the single exceptional event, but the fact that until
~ 1950 in average 2-3 events of acqua alta were recorded every 10 years, after that the numbers
started to increase almost exponentially, reaching 95 events between 2010 and 2020 with a peak of
26 only in 2019.7 It is true that Venice is slowly sinking because of subsidence (~ 1 mm/year),

however the extraordinary increase in frequency of particularly high tide events is linked to a less

1 Official recording started in 1872.
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natural factor: the global warming induced by human activities since the industrial revolution.®
According to predictions, in 100 year Venice will be at high risk of floods covering 97 % of its territory,
and in a similar situation will be several other costal sites in the Mediterranean sea."

The case of Venice is just a small example of the effects of the ongoing climate change and much more
drastic events are currently taking place all over the world. Glaciers are melting, forests are burning,
ocean currents are collapsing. On the 9t of August this year (2021) the Intergovernmental Panel on
Climate Change (IPCC), which is the United Nations body for evaluating climate change, published the
new assessment report.® The results are not a surprise yet they are scary, and the message is clear:
the human influence has warmed the atmosphere leading to unprecedented climate changes. It is still
possible to limit global warming to 1.5 °C, but rapid and large scale reductions of greenhouse gas
emissions have to start now. The next UN Climate Change Conference will take place in November in
Glasgow. Based on the new IPCC report, the objectives of the Paris Agreement!”! will be re-discussed
with the aim of enhancing the efforts in the fight against global warming and ensure the goal of

reaching net-zero? by 2050.

Itis clear that in the current situation the research towards the development of renewable energies is
more important than ever. Currently hydroelectric, wind, photovoltaic and bioenergy are the main
sources of clean power, but they produce only the 25% of electricity generation. To keep the global
temperature below 1.5 °Cit is necessary to reach an almost complete decarbonisation of the electricity
sector by 2050. The aim is to expand the installed generation capacity of renewable power from 2800
GW to over 27700 GW in the next 30 years, with the renewable energies producing the 90% of the
required electricity and the remaining 10% divided between natural gas and nuclear power. In this
context, wind and solar energy are supposed to lead the way, providing 63% of the total electricity

requirements.®!

At the moment 95% of photovoltaic energy is produced by crystalline Si solar modules, which can
provide efficiencies up to 24.4%° and 25+ years certified stability.”’ However, despite its success, Si is
not an ideal candidate as light absorber, indeed it has low absorption coefficient, indirect bandgap and
it requires high temperatures manufacturing processes. Therefore, research is currently shifting
towards other semiconductors, especially the so-called thin-film solar cells. The name already
highlights one feature of these solar cells: the reduced thickness compared to Si (few um instead of
hundreds of um). This is an interesting characteristic because it allows to expand the applications of
these kinds of devices, for example producing flexible and light modules that can be integrated in
buildings or used in loT. Thin-film solar cells include cadmium telluride (CdTe), copper indium gallium
selenide (CIGS), organic semiconductors or dyes and halide perovskites. The latter in particular
attracted the attention of the scientific community in the last decade, quickly becoming one of the

most promising alternative to Si solar cells.[*"

2 Net-zero refers to the target of reaching a complete balance between the amount of emitted and absorbed

greenhouse gasses.

3 The value refer to the modules on the market. The record lab monocrystalline Si cell reached 26.7% efficiency.
2
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HALIDE PEROVSKITE SOLAR CELLS - a brief introduction

Halide perovskites are a class of materials with composition ABX3, where A is monovalent cation, B a
divalent metal and X a monovalent anion. The sites can be occupied by different atoms and molecules,
as long as the structure remains stable. This depends on the dimensions of the ions and itis determined
by a quantity called Goldschmidt tolerance factor.** For example, A is often methylammonium (MA?*),
formamidinium (FA*) or Cs*, B is primarily Pb?* or Sn?*, and X is an halide, mainly I, Br or CI. The
electronic structure is determined by the choice of ions forming the ABX3 structure and it is mainly
dependant on the energy levels of the metal and halides ions, while the A cation has orbitals with
energies more deep within the bands.*? The variety of possible combinations for A, B and X leads to a
broad range of possible bandgaps, going approximately from 1.2 eV to 3.5 eV.[**! Therefore, perovskites
are a particularly versatile class of materials, with tunable optoelectronic properties and

stoichiometry.!*4

Halide perovskites were first used in solar cells in 2009 as development of dye-sensitized solar cells.!**]

Indeed, in these first devices, the perovskite was deposited on a TiO; scaffold and it was covered with
a liquid electrolyte. The solar cells had low efficiency and stability, but proved the possibility of using
perovskite as light absorber. A major breakthrough happened in 2012, when the substitution of the
liquid electrolyte with the solid hole-transport layer 2,2’,7,7’-tetrakis-(N,N-di-p-methoxyphenyl-
amine)-9,9’-spirobifluorene (spiro-OMeTAD) pushed the efficiency of the devices up to around
10%.1%%Y71 From this moment the interest of the scientific community drastically increased, triggering
an exceptionally fast development that lead to a record efficiency of 25.5% by 2020.1'8! Nowadays,
perovskite solar cells are an established technology at the lab level, able to produce efficient devices

with different structures and features.!**2%

The reason behind the success of perovskite-based devices lies in the combination of cheap and easy
fabrication methods with appealing properties such as direct (and tunable) bandgap, high absorption
coefficient and long diffusion length.[?Y These properties are per se not unprecedented in
semiconductors, however their combination within one kind of material is unique.?? The source of
these features is in the perovskite ionic nature, the large lattice constant and the anti-bonding coupling
between Pb s orbitals and | p orbitals. This results in unique defects properties.?*! A large part of the
perovskite defects have shallow energy levels, i.e. their energy is close to the energy of the bands
edges. In this case, the defects are basically harmless, indeed trapped charges can easily escape if
thermally or optically excited.!?* Perovskite is thus generally defined as defect-tolerant and, because
of this characteristic, devices can reach high efficiency, in spite of the presence of a high density of
defects in the material. On the other hand, the perovskite ionic nature is also responsible for one of
the main sources of losses in perovskite solar cells: ion migration.?® lons in the perovskite material are
highly mobile and, upon light and bias, they migrate through the device, leaving behind defects and
accumulating at interfaces. This increases non-radiative recombination and results in phenomena like

hysteresis. ¢!
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Thanks to their exceptional properties, perovskites can be a valid alternative to Si or can be used in
combination with it in so-called tandem solar cells.?”? However, despite their success, perovskite solar
cells are still a young technology and require further research before being ready for a full-scale
commercialization. For example, one of the main limitations, and probably the most relevant, is the
operational stability. Perovskite solar cells degradation can indeed be induced by several factors. These
can be extrinsic, such as humidity, heat, and UV-light, or intrinsic, like ion migration and charge
accumulation.® In this regard, an important role is played by interfaces. The properties of interfaces
not only affect the stability of perovskite-based devices, but they are also an additional source of non-
radiative recombination and they determine the efficiency of the charge transfer.!?!
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MOTIVATION AND OUTLINE

“God made the bulk; surfaces were invented by the devil.” — Wolfgang Pauli

The surface is the most vulnerable part of a material. Within the bulk every atom is surrounded by
other similar atoms. On the surface, however, the material is abruptly interrupted, leaving the atoms
undercoordinated and free to interact with what surrounds them. This affects the physical and
chemical properties of the material, determining its behaviour.

A more general term for surface is interface, indeed a surface is nothing else than an interface where
the second layer is air or the vacuum. In devices like solar cells interfaces play a crucial role and their
careful optimization with respect to the adjacent layer is responsible for important improvements in
efficiency and stability.?”! In fact, as the Nobel prize winner Herbert Krémer stated, “in many cases,
the interface is the actual device”.?%

Perovskite solar cells are generally formed by an absorber (the perovskite itself), two charge transport
layers and two external contacts. Each of these layers has interfaces, which need to be optimized so
that their physical and chemical properties match. As per definition of interface, between the different
layers there will be defects related to structural imperfections and dangling bonds.?*! Additionally,
perovskite is typically a polycrystalline material. As a result, the film presents grains, whose boundaries
are areas of high concentration of defects.®! The interfacial defects are an important source of
recombination, moreover they are responsible for phenomena like the aforementioned hysteresis and
ion migration, which hinder stability and performance in devices.®?! This is in particular true for the
interface between the perovskite and the subsequent layer, because of the complicated perovskite
surface stoichiometry arising from the varied nature of the ABXs structure. A common method to
mitigate the negative impacts of interfacial defects is by surface passivation, of which coordinate
bonding via Lewis bases or acids is a common approach.3!

From the energetic point of view, the different layers of a perovskite solar cell need to be aligned in
order to efficiently extract charge carriers, meaning they need to be disposed as a “staircase”, thus
allowing electrons to flow towards lower energies and holes towards higher energies. Every interface
between layers correspond to a step in this energetic staircase. The importance and effect of the
dimension of this step is a heavily debated topic and will be discussed in Section 3.2, however, in
general, a too big or misaligned step is source of non-radiative recombination and it poses a barrier to
charge transport. This can cause severe losses in devices, especially a reduction of the open circuit
voltage (Voc).?¥ Indeed, under illumination, the Fermi level within the perovskite semiconductor and
the solar cell splits into a hole and an electron quasi-Fermi levels. The energetic difference between
these two levels, denoted as quasi-Fermi level splitting, determines the V.. of the device. In presence
of large interfacial offsets the quasi-Fermi levels cannot completely extend from the perovskite to the
external contacts without bending, and thus reducing V... Moreover, energy level offsets cause an
exponential increase in charge carriers density in the transport layers, which results in enhanced
recombination. 3¢



1 . INTRODUCTION

In light of this, it is clear that interfaces are a critical part of semiconductor-based devices, and
especially of perovskite solar cells. They are source of losses and require particular optimization.
However, at the same time, the interfacial properties can be adjusted, becoming a tool to enhance the
performance and stability of perovskite-based devices.

This work studies and discusses the tuning of the interfacial properties of halide perovskite with the
adjacent hole-transport layer. The focus is in particular on the energetic alignment, with the objective
of giving some guidelines to systematically adjust the energy levels depending on the requirements of
the stack in the device.

The dissertation is structured as follows:

Part | gives the background information relevant for the understanding of the studies here presented.
In particular, Chapter 2 presents the fundamentals of semiconductor physics from the point of view of
photovoltaic and solar cells, followed by an introduction to the properties of halide perovskites and
related devices. Chapter 3 dives deeper into the role of interfaces in perovskite solar cells, reviewing
properties, challenges and different surface functionalization strategies. Chapter 4 briefly describes
samples and devices preparation processes, together with the main characterization techniques used
throughout this dissertation.

Part Il shows the main results obtained during the course of my doctoral studies. Specifically:

Chapter 5 shows how to tune the perovskite energy levels by functionalizing its surface through
assemblies of dipolar molecules. This method is known in organic and inorganic semiconductor physics,
but it was never systematically applied to the perovskite layer. The study shows that it is possible to
control direction and magnitude of the energy levels shift, obtaining a variation up to approximately
600 meV in both directions. In particular, the direction depends on the direction of the dipole, while
the magnitude depends on the molecules’ deposition parameters, such as the solution’s
concentration. The energetic shifts are characterized through different techniques and for different
molecules, revealing insights on the relation between the deposition dynamics, and the molecules’ and
surface’s features.

Chapter 6 explores the application in perovskite solar cells of the method exposed in Chapter 5. Devices
are prepared using the same overall stack but different perovskite compositions, namely the so called
triple-cation (with a bandgap of 1.6 eV) and MAPbBr; (with a bandgap of 2.3 eV). Because of the
difference in bandgap, the two systems present different offsets at the perovskite/hole-transport layer
interface. Specifically, approximately 300 meV in the first case and 800 meV in the second. The
perovskite is functionalized in order to reduce this offset. For this purpose, different molecules are
chosen depending on the requirements of the system. The functionalization is performed for different
solution concentrations in order to evaluate the relation between measured energy levels shift and
effect on the solar cells. In both cases a correlation between open-circuit voltage (Vo) enhancement
and measured energy levels shifts is noted. The improvement is limited to 10 mV in the case of triple-
cation devices, therefore drift-diffusion simulations are performed to further support its relation to an
energy level alignment adjustment. Solar cells with MAPbBr; show, instead, a clear trend in V.,
culminating with an enhancement of approximately 60 meV for a solution concentration of 20 mM.
Based on these results, consideration on the effectiveness of the energy level tuning method
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depending on the systems are presented. Moreover, the relation between the measured energetic
shifts and the actual Vo improvement is commented.

Chapter 7 investigates the advantages of using a novel hole-transport material (HTM) that can interact
with the halide ions on the perovskite surface via halogen bonding. In this case, the functionalization
ability is incorporated directly within the HTM, without the need of an additional molecular interlayer.
The behaviour of the material, named PFl, is compared with a reference HTM (PF) with same structure
and optoelectronic properties, but without the ability of forming halogen bonding. Thanks to halogen
bonding PFI can form a more ordered layer compared to PFI, improving the interface with the
perovskite. The interaction of the two materials with the perovskite is explored through density
functional theory simulations, Kelvin probe, ultraviolet-visible spectroscopy (UV-Vis) and atomic force
microscopy (AFM). By comparing PFl and PF, the simulations support the presence of halogen bonding
for PFI, Kelvin probe measurements indicate an improved energy level alignment, UV-Vis and AFM
show increased resilience to solvent exposure. Devices are prepared with both HTMs, and their
performance and operational stability assessed. Solar cells with PFI present reduced hysteresis and a
Voc enhancement of about 20 meV. The results are compatible with a reduction of recombination due
to the improved energy level alignment and a limited ion migration due to the interaction between PFI
and the I ions on the perovskite. This is also reflected in improved operational stability, determined
through ageing measurements performed for 500 h under continuous maximum power point tracking.

Chapter 8 summarizes the findings from Chapters 5, 6 and 7 and comments on the results. Based on
this some considerations to take into account when employing the presented energy level tuning
method are given. Finally, some remaining unclear aspects are discussed and research questions for
future works are proposed.
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2 FUNDAMENTALS OF
SEMICONDUCTORS AND SOLAR CELLS

This section presents the basic scientific concepts relevant to this dissertation. The backbone of this
work lies in semiconductor physics, with a focus on the role of the materials’ energetics. The relevant
guantities are here presented and shortly discussed, followed by a description of semiconductor
junctions and their role in solar cells. The physics of photovoltaics and the working principles of solar
cells are discussed. Finally, halide perovskite solar cells and their most relevant characteristics are
[37-42]

introduced. For a more detailed description it is possible to find several comprehensive books,

which were used as reference in addition to the works cited throughout the chapter.

2.1 Relevant energetic quantities

The energetic properties of a solid define its optoelectronic and electronic responses. This is
particularly relevant in devices, where the parameters characterizing the energetics govern the overall
electronic transport. Therefore, before going into details, it is important to present the most relevant
quantitates underpinning the behaviours examined throughout this dissertation.[**** A simplistic

representation of the fundamental energetics of a semiconductor is reported in Figure 2.1a.

Bands and band edges. In a solid material the electron energy states broaden into electronic bands.
The valence band (VB) is the highest energetic band filled with electrons, while the conduction band
(CB) is the lowest energetic band, which becomes occupied only when electrons are excited. In the CB
the electrons can move freely. The energy states with highest energy in the VB form the valence band
maximum (VBM) and the states in the CB with lowest energy form conduction band minimum (CBM).
VBM and CBM are generally referred to as transport levels or band edges, and are the parts of the
electronic bands relevant to charge transport. Based on the molecular orbital theory, their equivalent
in organic semiconductors are the highest occupied molecular orbital (HOMO) and the lowest

unoccupied molecular orbital (LUMO).

Bandgap. The bandgap (Eg) is the energetic difference between VBM and CBM. In other words, Eg is

the energy that an electron needs to obtain in order to jump from VBM to CBM. For semiconductors

9
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Figure 2.1. (a) Simplistic representation of an energy diagram of a semiconductor with the main energetic quantities: band
edges (CBM/LUMO and VBM/HOMO), Fermi level (Ef), bandgap (Es), work function (WF) and vacuum level (Evac). Adapted
from Kahn A., Mater. Horiz. 3 (2016). Copyright © 2016 Royal Society of Chemistry. (b) Representation Eyac at the surface
(Evac(s)) and at infinity (Evac(e°)). In (1) change of Eyac from close to the surface (Evac(s)) to infinity (Evac(=2)). (2) Variation of
electron density p(x) inside and outside a solid: the electrons “spill out” and form an interfacial dipole. (3) Step in the electron
potential energy induce by the interfacial dipole. Adapted from Cahen et al., Adv. Mat. 15 (2003). Copyright © 2003 Wiley.

the bandgap generally ranges from 0.5 eV to 4 eV.*?! It can be direct or indirect, depending on the
momentum of VBM and CBM. If their momentum is different, an electron needs a phonon (lattice
vibration) in addition to a photon to reach the CBM. This makes the general photon absorption
probability lower and therefore, when used in solar cells, indirect bandgap semiconductors (such as Si)
need a thicker absorber layer compared to direct bandgap semiconductors (like GaAs and halide

perovskites).

Fermi level. The Fermi level (Ef) is the hypothetical energy level that has a 50% probability of getting
occupied by an electron. In semiconductors, E¢ is located within the bandgap and its position is crucial
for the electrical properties of the solid. Indeed, if Ef is close to CB, the transport of electrons is
facilitated. Conversely, if Ef is close to VB, the transport of holes is favoured. Er can be influenced by

the doping concentration in the material.

Vacuum level. The vacuum level (Evac) is generally defined as the energy of an electron at rest outside
asolid. It isimportant to distinguish between surface (or local) vacuum level (Evac(s)) and vacuum level
at infinity (Evac(=°)). Evac(e°) is a theoretical concept and cannot be determined experimentally. It
represents the energy on an electron at rest at infinite distance from the solid and it is common to all
materials in a system. Eyac(s), instead, is the energy of an electron at rest right outside the surface of
the solid and it is the actual reference for the experimental measurement of a material’s energetic
levels. The local vacuum level is affected by surface dipoles and, in crystals, it depends on the exposed
facet.*” The change in Evac from the surface to infinite distance is represented in Figure 2.1b: at the

surface the solid is abruptly interrupted, resulting in electrons spill out (Figure 2.1b(2)), which creates
10
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an interfacial dipole. The electrons potential energy is increased (Figure 2.1b(3)) and thus Eyac, which
then slowly decays until Eyac(ee). A detailed discussion on the distinction between Eyac(s) and Eyac(e°)
is provided by Cahen et al.*. If not differently specified, in this dissertation the term Eyac refers to

EVAc(S).

Work function. The work function (WF) of a material is directly connected to the concepts of Eyac and
Er. It is described as the energy necessary to remove an electron from the solid, i.e. the energetic
difference between the Er and Evac. Theoretically, there is a WF referred to Eyac(ee) and a WF referred
to Evac(s), however also in this case the relevant quantity is the local one. WF is composed of a bulk
and a surface component, which are challenging to separate experimentally. The bulk WF is the
dominant one, while the surface WF takes into account interfacial charges redistribution and dipoles,
resulting in an additional positive or negative potential step. The surface WF determines the behaviour
at the interface.

lonization energy and electron daffinity. The ionization energy (IE) is the energy difference between Eyac
and VBM, therefore IE represents the energy necessary to remove an electron from the VBM. The
electron affinity (EA), complementarily to IE, is the energy difference between Eyac and CBM, therefore
it represents the energy gained by dropping an electron from Eyac to the CBM. The experimental
determination of IE and EA corresponds to the identification of the position of VBM and CBM,

respectively.

2.2 p-njunction

When two or more semiconductors are put into contact they form a junction. The above described
energetic quantities adjust their reciprocal position according to specific requirements and form what
is called a band diagram. In particular, upon contact, Ef has to be aligned, while keeping Evac continuous

and preserving the energetics.

Junctions between semiconductors with different doping are at the base of semiconductor electronic
devices and are called p-n junctions. Specifically they comprise a p- and n-doped material. They are
referred to as homojunctions if the two semiconductors are the same material and heterojunctions if
the semiconductors are different. The behaviour is similar in the two cases, with the main difference
arising from discontinuities between the transport bands due to the different bandgaps. These
discontinuities can be described as “cliffs” or “spikes” (Figure 2.2b) and form potential steps that could

act as barriers.

The behaviour of p-n heterojunction is schematically represented in Figure 2.2, together with the band
diagrams corresponding to the condition before and after contact. A p-type material has a high

concentration of holes, while an n-type material has a high concentration of electrons. As a
11



2. FUNDAMENTALS OF SEMICONDUCTORS AND SOLAR CELLS

p-doped n-doped Bvac g S S §
eh
0. 0% e .. e 18 EA,| WF, | IE,
*“B.% *SUE%s 00 e v |
o oalifpe o, WE ] V.
13 | T A
° . ¢
e®e " o Boo® a8 : i i Y v
F-—=== v o
VBM
® e 0> 0,y
e® ol 0o 0@
@ T % " ®
o e © .. ®
®_0 4_..
e o © 4 eov® @ g
o S ® _o
0%e® 0000 0%
Etiets Buac g
® o® - [+ o 0 @ . 't
8 o W ®, CBM K 'y
[ ] - = [ ] 4
o° W ee T EA,| WF, | IE
° .. Py _ + +§.. o WEF, Ep cliff n ‘ n n
= . v
0% ° - +0®% . i l_ V.
diffusion current VBKA y spike Eg"
— > \N \

drift current

Figure 2.2. (a) Schematic representation of a p-n heterojunction in dark. From top to bottom: p- and n-doped
semiconductors before contact, materials after contact with electrons and holes diffusion, formation of depletion region
with electric field (Efielq), diffusion current and drift current. (b) Band diagrams related to the corresponding situations on
the left side. Before contact the materials are aligned according to the vacuum level (Evac), after contact the Fermi levels (Ef)
align. CBM and VBM are conduction band minimum and valence band maximum, WF is the work function, Eg is the bandgap,

EA and IE are electron affinity and ionization energy.

consequence, when a p-n junction is formed, electrons and holes start to diffuse towards the region
with opposite charge until reaching equilibrium (Figure 2.2a — middle). This results in an area at the
interface called depletion region, which is depleted of electronic charges and contains the charged
defects (dopants) left behind by the diffused carriers, i.e. positive impurities in the n-type
semiconductor and negative impurities in the p-type semiconductor. The depletion region creates an
electric field which opposes the diffusion process and generates a current in opposite direction called
drift current. In absence of external bias, an equilibrium is reached when the diffusion current equals
the drift current, and a potential is present across the junction (Figure 2.2a — bottom). This potential,
called built-in potential (Vyi), corresponds to the voltage that can be measured from a solar cell with
that junction and it is given by the difference in WF of the two semiconductors. Vi can also be

expressed in terms of carrier concentration:

kgT n-p
Voi = Ll”( 2> 2.1

12



2. FUNDAMENTALS OF SEMICONDUCTORS AND SOLAR CELLS

Where n is the electron concentration in the n-type material, p is the hole concentration in the p-type
material, n;is the intrinsic carrier concentration, e the elementary charge, ks is the Boltzmann constant

and Tis the temperature.

If a p-n junction is illuminated photogenerated electron-hole pairs are created and, thanks to the
electric field, holes move towards the p-type contact and electrons towards the n-type contact. If an
external load is connected to the contacts a current can be extracted.

2.3 p-i-njunction

It is also possible to form a junction with an intrinsic semiconductor sandwiched between the two
doped layers. In this case, the junction is referred to as p-i-n junction. An energy diagram is sketched
in Figure 2.3 in equilibrium (Figure 2.3a) and upon illumination, in the case open circuit voltage
condition (Figure 2.3b). In a p-i-n junction the potential is fixed by the doped layers and varies linearly
between them. If the system is not in equilibrium, for example under illumination, the carrier
population cannot be represented by a single Fermi level. To describe a situation of deviation from
equilibrium it is necessary to introduce the concept of quasi-Fermi levels, which represents the
electrochemical potentials of electrons and holes separately (Ef, and Ef, in Figure 2.3b). The separation
of Er under illumination is called quasi-Fermi level splitting (QFLS) and it is directly related to the
voltage obtained from a solar cell at open circuit conditions.®® In a solar cell the intrinsic
semiconductor acts as absorber and photo-generates charges, which are then transported through the

doped layers.

2.4 Solar spectrum and photovoltaic etfect

The energy generated by the sun thanks to nuclear fusion is emitted in form of radiation and reaches
earth with an intensity of 1353 W/m? in free space.*” However, the atmosphere is attenuating the
solar irradiance because of scattering from dust particles and absorption from air molecules.
Therefore, the actual energy flux reaching the surface depends on the distance that the photons need
to travel through the atmosphere. The parameter to account for the spectrum attenuation is referred
to as optical air mass (AM) and the standard value for the evaluation of solar cells is AML1.5,

corresponding to the spectrum on the surface at a tilt of 48° compared to the equator and giving an
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Figure 2.3. Sketch of the band diagram of a p-i-n junction in equilibrium (a) and at open circuit voltage (b), with electron and
hole quasi-Fermi levels (E¢” and E¢P, respectively), and quasi-Fermi level splitting (QFLS).

energy flux of about 1000 W/m?. Figure 2.4 displays the spectra corresponding to AMO and AM1.5,

where AMO refers to the solar spectrum outside the atmosphere.

Light can be converted into electricity thanks to the photovoltaic effect. A photon absorbed by a
material generates an electron-hole pair. Normally, these charges would recombine. However, in
presence of an electric field such as the one created in a p-n or p-i-n junction, they can be collected
and extracted to generate current. Photons can be absorbed only if their energy (hv) is larger than the
material’s bandgap Ec. If hv < Eg the photons will be transmitted through the material. On the other
hand, if hv > Eg, the photons will be absorbed, but the excited electrons will lose their excess energy

by thermalisation and relax to the conduction band.

2.5 Solar cells parameters

Characterization of the performance of solar cells is commonly performed by applying a voltage sweep
to the device in light or dark conditions and measuring the resulting current density. The analysis of
the curve obtained by plotting voltage and current density as y- and x-axis respectively (JV curve) can
give significant information on the photovoltaic behaviour of the solar cell. A standard JV curve and
the main parameters of a device measured in light or dark are represented in Figure 2.5. The most
important photovoltaic parameters are open circuit voltage (Voc), short circuit current (Jsc), maximum
power point (MPP), and fill factor (FF). The V. is the voltage of the device at open circuit, i.e. with no
current flowing, thus it is the maximum voltage achievable by the solar cell. Ji is the current density
when the device is short circuited, i.e. when the voltage is 0 V. MPP represents the combination of

current and voltage that gives the maximum power output of the device.

14
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Figure 2.4. Solar irradiance spectrum outside the atmosphere (AMO0) and from earth’s surface with a tilt angle of 48° (AM1.5).
Plotted using ASTM G173-03 reference spectra provided by NREL.[46]

FF is given by the following formula:

V
FF = mpp Jmpp 2.2

‘/OC ]SC

Where Vwpe and Juep are voltage and current at MPP. This parameter gives the proportion between the
ideal behaviour (i.e. if the JV curve would be a rectangle with Jsc and Vo as sides - dashed lines in Figure
2.5), and the real behaviour (where Jmer and Ve define the rectangle). Therefore, it is a measurement
of the quality of the device. A perfect solar cell would have a FF of 1, but generally a real (and good)

device has a FF of 0.80-0.85. FF is often expressed as percentage.

The ratio of the power output (Pout) and the input power (Pin) provides the power conversion efficiency
(PCE) of the device:

P, V FF %
PCE — out . 100 — OC]SC . 100 — ]MPP MPP . 100 23
Pin p; P;

Where generally Pi, is 1000 W/m?, since the measurements are performed in sun simulators that can
reproduce the AM1.5 spectrum.

The maximum theoretical efficiency of a single junction solar cell is given by the Shockley-Queisser
limit and depends on the bandgap and the incident spectrum./”’ However, since the spectrum is
standardized at AML1.5, the relevant parameter is the bandgap. The maximum efficiency for a single
junction solar cell (33.7%) can be achieved with a bandgap of 1.4 eV.
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Figure 2.5. Example of standard JV curves in light (light blue) and dark (dark blue) with the different photovoltaic parameters:
maximum power point (MPP) with relative current (Jmep) and voltage (Vmer), open circuit voltage (Voc) and short circuit current
(Jsc).

2.6 Halide perovskite solar cells

Perovskite is a material with a wide range of applications, especially in the field of optoelectronics.!®

531 This section will focus on introducing this compound and its properties from the perspective of its

use in photovoltaics. In view of the next chapters, special attention is posed to the electronic structure.

2.6.1 Properties of halide perovskites

The name perovskite refers to all the materials with a structure related to CaTiOs, a mineral that was
discovered in 1839 by Gustav Rose and that was named after the mineralogist Lew Alexejewitsch
Perowski.® This structure is described as ABXs, where A is a monovalent cation, B a divalent cation
and X an anion.> The most common perovskites can be classified as metal oxides (X=0), metal sulfides
(X=S) or as metal halide perovskites (X=F/Cl/Br/l). The latter is the case relevant to this dissertation.
The ABXjs structure is displayed in Figure 2.6a for the cubic aristotype. On the left the single unit cell,
on the right a different common representation showing the characteristic corner-sharing octahedra.
The structure can tilt and form orthorhombic or tetragonal structures depending on temperature
and/or pressure.®®8 |n the case of metal halide perovskites, the cation A can be either organic or
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Figure 2.6. (a) Representations of the ABXj3 lattice structure. Specifically, on the left the unit cell in cubic aristotype structure
with a sixfold coordinated metal B. The octahedron is surrounded by eight monovalent cations A. On the right, an alternative
representation with corner-sharing octahedra caging the A cation. A are the cations (for example methylammonium — MA*,
and formamidinium - FA*), B smaller divalent cations (generally Pb2* or Sn2*), and X anions (halides in the case of this
dissertation). (b) Energy levels of the most common perovskite compositions. (b) Reproduced from Tao et al., Nat. Com. 10

(2019). Copyright © 2019 Nature.

inorganic, thus including a wide range of possibilities, from MA* (methylammonium - CHsNHs*) and FA*
(formamidinium - (NH),CH,*) to Cs* or Rb*. The divalent metal B is often Pb?*, although now the
scientific community is trying to shift to the less toxic Sn%*.5°%% The halide X is generally I, Br or CI".

The choice of ions for A, B, and X directly affects the electronic structure of perovskite, indeed Eg can
be tuned by changing the composition. For example, mixing or substituting I" with Br~ or Cl" leads to an
increase of Eg, while changing Pb?* with Sn?* can reduce Eg. Moreover, the dimension of A can affect
the lattice size and thus Eg as well. Overall, it is possible to tune Eg approximately from 1.2 eV to 3.5
eV.[1382] An overview of the variations of the energetics depending on the composition is displayed in
Figure 2.6b. In general, the metal and the halides are the atoms contributing to the energy of the band
edges, while the orbitals related to the A cation lie deeper within the bands. In particular, the VBM is
mainly determined by Pb(6s) and I(5p) orbitals, while the CBM by Pb(6p) and I(5p) orbitals, therefore

VBM and CBM possess s-orbitals and p-orbital character, respectively.[t26263!

The elements that can form the ABXs structure are determined by a parameter called Goldschmidt

tolerance factor and defined as follows:*%
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R4+ R,

t= —2 * 2.4
\/E(RB + Rx)

Where Ra, Rs and Rx are the ionic radii of A, B, and X respectively. The tolerance factor can predict
which combination of materials can give a stable ABXs structure depending on their ionic radius.
Specifically, stable 3D perovskites are obtained if 0.8 < t < 1.4 According to the tolerance factor,
perovskite can be formed with a variety of ions, resulting in a system characterized by optoelectronic
tunability, but also complex stoichiometry. The impact of these factors will be discussed in Section 3.1.

The first milestone for the use of perovskite in solar cells was set by Miyasaka’s group in 2009,
obtaining perovskite-based dye-sensitized devices with a PCE of 3.8 %.1>! A second important step was
taken in 2012 when 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-
OMeTAD) was introduced as solid hole-transport layer in two works submitted separately but almost
simultaneously by the groups of Miyasaka and Snaith!*”! on one side, and Park and Gratzel!*®! on the
other, both obtaining more than 9 % efficiency. From that moment the interest of the scientific
community in perovskite solar cells (PSCs) increased rapidly, leading to a fast improvement, which in

less than 10 years resulted in a record efficiency of 25.5 %.[8!

The reason for the success of the perovskite material in photovoltaic applications lies in its unique
combination of desirable optoelectronic and structural properties, #2921 some of which have been
described above. In particular, perovskites possess a direct (and tunable) bandgap'® with a high
absorption coefficient'®® and good absorption in the solar spectrum. Moreover, long diffusion
length!®”%8! |eads to relatively low recombination, in spite of the high defect density. The reason behind
this is the soft and polar character of perovskite, and the nature of the defects, which are not all
harmful, as will be discussed in Section 3.1.1. This characteristic leads directly to another advantage,
i.e. the opportunity of depositing perovskite through different - fairly easy and cheap - low temperature

fabrication processes.!®

These properties are not unprecedented and were already observed in other semiconductors.
However, what is unique is their combination within one class of materials./?? Indeed for example high
efficiency, stability and long lifetimes are characteristics of the so-called 1** generation solar cells (for
example crystalline Si devices), but they also require expensive and energetically demanding
fabrication processes. On the other hand, 2" generation devices (for example cadmium telluride —
CdTe — or copper indium gallium selenide — CIGS — solar cells) are cheap and easy to produce, but
generally possess low efficiency and stability. PSCs include many of these desirable characteristics,

making them a particularly attractive alternative photovoltaic technology.

Nevertheless, PSCs have also some disadvantages, which so far limited the commercialization of this
kind of solar cells. In particular, one of the main challenges arises from stability.””” The factors affecting
PSCs stability can be divided into extrinsic and intrinsic. Extrinsic factors are related to the external

environment, like humidity, heat and UV light, while intrinsic factors depend on processes within the
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Figure 2.7. (a) Schematic of standard energy level alignment of a n-i-p PSC, with the perovskite absorber sandwiched
between an electron transport layer (ETL), a hole transport layer (HTL) and two electrodes (TCO is a transparent conductive
oxide), showing the direction of the charges flow. (b) Different architectures of perovskite solar cells (PSCs). Reproduced
from Saliba et al., Chem. Mater. 30 (2018). Copyright © American Chemical Society.

material, such as ion migration or charge accumulation.!?®% Moisture, for example, can have relevant
effects depending on the composition, in particular water degrades Pbl, and MAI. Moreover, water
ingress is enhanced by spiro-OMeTAD.[”? Heat can induce layer instabilities (for example spiro-
OMeTAD crystallizes at temperatures over 80°C, which leads to device degradation!”>’4) and the
migration of atoms across the layers (especially Au migration is detrimental for devices).””! UV-light is
mainly a problem for metal oxide layers, for example it activates deep levels traps in the widely used
TiO,, and this is a source of recombination.[’® Some of these issues can be solved through proper
encapsulation. However, intrinsic factors are more difficult to eradicate. Nevertheless, it has been
shown that in some cases degradation is reversible.”! This is leading to a re-valuation of the standard
parameters and tests to assess stability, in order to tailor them according to the characteristics of
PSCS4.[77'78]

2.6.2 Device structure

Perovskite solar cells generally consist of an absorber layer (the perovskite itself), sandwiched between
two charge transport layers (CTLs) and two contact layers (Figure 2.7). Upon illumination, the
perovskite absorbs the photons, which produce photo-generated charges. These charges are then
extracted through the (often doped) electron- and hole-transport layers (ETLs and HTLs, respectively)
and finally collected by the external contacts. Generally, one of the contacts is a metal with suitable
WEF, the other one is a transparent conductive oxide (TCO) and it allows the transmission of light to the

absorber. In order to have efficient charge extraction and low recombination, the different layers

4 The current testing conditions and requirements are optimized for Si solar cells.
19



2. FUNDAMENTALS OF SEMICONDUCTORS AND SOLAR CELLS

should have a favourable energy level alignment (ELA),B*7 i.e. they should be arranged like a
“staircase” (Figure 2.7a), with descending energetic steps for the electrons and increasing energetic
steps for the holes. The energetic step is referred to as offset and it is particularly relevant in terms of
recombination and V... For example, the presence of a big offset between perovskite and HTL in the
case of wide bandgap perovskites greatly limits the potential of these kinds of devices.%®! The
importance and impact of the offset will be discussed more in detail in Section 3.2.1, which is
specifically dedicate to ELA.

The first PSCs had a n-i-p structure with TiO, as ETL (n) and spiro-OMeTAD as HTL (p), but within the
years new materials started to be synthesized or “borrowed” from organic or dye-sensitized solar cells.
Nowadays, both n-i-p and p-i-n architectures® (see Figure 2.7b) are widely employed and can reach
high efficiencies.!* In devices with n-i-p structure the TCO is generally FTO (fluorine tin oxide), typical
ETLs are TiO, (compact or a combination of mesoporous and compact) and SnO,, and HTLs are often
spiro-OMeTAD or PTAA (Poly(triaryl amine)). On the other hand, p-i-n devices commonly use ITO
(indium tin oxide) as substrate, PTAA or PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate) as HTLs, and BCP (bathocuproine) or fullerenes, such as C60, as ETLs. However, research
towards finding novel more stable and efficient CTLs is constantly in progress, as testified by the many
examples reported in reviews for either HTLs®2#! or ETLs!®%], At the same time, some works show
working PSCs without HTLB%%® or ETL%2 3lthough in this case one of the challenges to overcome is

indeed the energetic misalighment between perovskite and electrodes.

5 Itis worth noting that there is evidence that perovskite is actually not intrinsic, but more p or n doped depending
on the substrate.[>>337] Therefore, it would be more correct to talk about p-n-n or p-p-n junction. However, for
the sake of simplicity, in this dissertation devices will be still referred to as p-i-n or n-i-p.
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3 THE ROLE OF INTERFACES

Interfaces are of utmost importance in any solid-state device. Since the birth of semiconductor devices
in the late 19" century, scientists noticed deviations from Ohm’s law in presence of junctions between
different materials.!®® Soon it was recognized that these anomalies were related to the contact itself,
even though a physical understanding of the phenomena took another 50 years to be developed.!*”

The problems rise from the nature of surfaces themselves: the abrupt termination of a material results
in an irregular layer with dangling bonds, leading for example to the formation of surface states,
possible chemical reactions, and changes in the energetics and the material structure. It is therefore
clear that interfaces play a primary role in the determination of a material’s properties and in the

device functionality.*>!

This is particularly true in the case of hybrid organic-inorganic perovskite solar cells (PSCs). As described
in Section 2.6.1, the perovskite absorber is formed by several elements and molecules arranged with
a fairly complex stoichiometry. This is reflected at the interface with the adjacent layer, resulting in
diversified surface terminations, comprising both organic and inorganic elements. Moreover,
perovskite films are deposited through many different processes, which result in films with different

features and defects.[?%°7!

Standard PSCs are a stack of five layers, namely a transparent conductive oxide (TCO) substrate, an
electron transport layer (ETL), the perovskite absorber, a hole transport layer (HTL) and a conductive
contact, generally a metal (Figure 2.7), which correspond to as many interfaces, either between the
materials or with the external environment. However, often there are even more interfaces due to the
presence of interlayers.®® Additionally, the perovskite layer is generally polycrystalline, thus further
interfaces can be found in the form of grain boundaries, and grains are likely to have different exposed
facets, meaning different surface terminations.!*” It is therefore clear that within a PSC, and especially
between perovskite and the adjacent layers, there are many and complex interfaces. This has a great
impact on performance and stability of the solar cells, indeed exposed surfaces and metal-
semiconductor or semiconductor-semiconductor junctions determine the electronic and transport

properties of devices.!?*!

The next sections will focus on a more detailed description of such interfaces, especially that between

the perovskite and the subsequent layer, and on the related effects on charge transport.
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3.1 Features of perovskite and its surface

This section will discuss the characteristic of the perovskite layer and surface in terms of different
terminations and defects. First, the different kind of imperfections will be presented, then the related
effects will be explored.

3.1.1 Defects and recombination

The variety of different techniques*® for the deposition of perovskite films inevitably leads to surfaces
with different morphologies, chemical composition and electronic properties.®® Traditionally, the
most common method is spin-coating,!**'°" which already produces a high degree of variation on the
final result depending only on spinning program, annealing conditions, and eventual vacuum-drying!*%?!
or hot-casting.!’®® However, several other techniques are widely used and offer the possibility to tune
the surface properties in different ways. For example common methods include co-evaporation,*%4

vapour deposition, %! slot-die coating!*°® and inkjet printing.[*%”!

All these methods allow obtaining state-of-the-art devices, nevertheless little is known about the
characteristics of the surface. Many theoretical studies have been devoted to the understanding and
prediction of the surface termination. For example, the surface could be MAI-terminated or Pbl,-
terminated, and different facets seem to be favoured depending on the structure (i.e. tetragonal,

) [108-

orthorhombic and cubic 1100 However, these studies are generally restricted to ideal stoichiometric

surfaces and are limited by the finite set of parameters needed for the simulations. Experimental

III

investigation of the “real” surface structure is in principle possible through techniques like LEED (Low
Energy Electron Diffraction) or STM (Scanning Tunneling Microscopy), but the requirement for these
experiments make the application on perovskite challenging, therefore it is possible to find only a few

related studies.*!

What is clear from experimental and theoretical investigations is that the nature of the processes
employed to form the perovskite layer leads to polycrystalline films with non-stoichiometric surfaces,
grain boundaries and imperfections in the crystal structure.'?#32112 Nevertheless, it is known that one
of the benefits of perovskite as absorber is to be defects tolerant,***! allowing the devices to reach
high performances in spite of a high concentration of defects. This is an advantage compared to other
semiconductor-based devices, such as Si solar cells, that require high purity materials in order to be
efficient.'**) However, defects are still one of the main causes of energy loss in perovskite solar cells,
being related to phenomena like ion migration and hysteresis, and thereby affecting fundamental

parameters such as recombination and charge transport.
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Figure 3.1. (a) lllustration of the main defects in perovskite and the induced interfacial non-radiative recombination losses.
Reproduced from Niu et al.,, J. Phys. Chem. Lett. 12 (2021). Copyright © 2021 American Chemical Society. (b) Scheme
representing defects from an energetic point of view: (1) new energetic level introduced by a localized defect. (2) charge
trapping kinetics. (3) defects induced recombination in a band diagram. Adapted from lJin et al., Mater. Horiz. 7 (2020).
Copyright © 2020 Royal Society of Chemistry.

The perovskite defects are generally grouped as extrinsic or intrinsic. Extrinsic defects are those related
to interactions with the environment or the adjacent layers: they are generally caused by
undercoordinated atoms at the surface and grain boundaries!***! and they are considered the main
source of non-radiative recombination losses in PSCs.[*1%117] The discussion in the experimental part of
this dissertation will mainly deal with these kinds of defects. Intrinsic (or native) point defects are
crystallographic defects: they arise from lattice imperfections and they are typically divided into
vacancies, anti-site and interstitials. Vacancies are created when an atom is missing from its lattice site,
while an atom occupying a wrong site is called anti-site. Interstitials arise, instead, from atoms residing
in between sites. In the exemplary case of MAPbIs, it is possible to identify 12 native point defects,
specifically MA, Pb, and | vacancies and interstitials, together with the anti-site occupations MAgpy ,
MA,, Pbma, Pby, lvwa, and 1p,.?Y An overview of the different defects and related non-radiative

recombination losses is sketched in Figure 3.1a.

Defects have energy levels different from those of the conduction band and valence band edges. If
their energy places them outside the bandgap they do not pose a problem. Indeed, it would not be
favourable for the charges to occupy those states. However, if the energy levels of the defects are
lower/higher than the conduction band/valence band edge, than the free carriers can energetically fall

into them and get trapped, as represented in Figure 3.1b.B%4 At this point, it becomes important
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how deep within the bandgap is the defect located. If the defect is shallow, i.e. with energy close to
that of the band edges, the trapped charge can escape with an additional energy (activation energy),
which can be given thermally or through optical absorption. In this case, the effect of the defects is
merely to slow down the movement of the free carriers through trapping-detrapping processes,
reducing the effective mobility of the carriers. On the other hand, if the defect is deep within the
bandgap, a trapped charge carrier will likely recombine. Indeed, in this case, the probability of re-
emission is low compared to the probability of recombination. These electrons/holes are likely to
recombine with a hole/electron emitting a phonon instead of a photon. Such non-radiative
recombination process is called Shockley-Read-Hall (SRH) or trap-assisted and it is considered an
important loss mechanism in all semiconductor applications, including solar cells*822% Other relevant
recombination mechanisms are band-to-band (generally radiative) and Auger recombination. SRH,
band-to-band and Auger recombination are generally described in a simplified way through the

following rate equation:

dn 3.1

where dn/dt describes the rate at which carriers decay, n the charge carriers density and k3, k> and k;
are the rate constants for the three kinds of recombination processes, respectively. However, at the
surface we have to consider an additional recombination path given by dangling bonds and crystal
imperfections. These defects are mostly positively or negatively charged and thus they attract electron
and holes, making the surface site of particularly high recombination. The surface recombination is
generally a type of SRH recombination and therefore it contributes, together with the bulk
recombination, to the first order recombination, linearly dependent on the charge carriers density n.
The surface recombination is characterized by a parameter called surface recombination velocity (S, in
units cm/s), which represents the movements of the free carriers towards the surface. For this
recombination to happen the carries need to diffuse to the surface, therefore the recombination rate
depends also on diffusivity (D) and thickness (d). Specifically, the surface recombination coefficient (ks)

can be expressed as:

4d?  d\ "
_ (242 3.2
ks = (nZD * 5)

Where the first term accounts for the time needed to diffuse to the surface and the second for the
actual recombination. In thin-film solar cells the surface recombination is considered to be dominant
with respect to the bulk and the main source of recombination. A common technique to overcome

losses due to surface recombination is surface passivation, which will be discussed later in Section 3.3.
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3.1.2 Ion migration

It is well known that perovskites, being an ionic crystal, exhibit ion migration.?>*?! |ons constituting
the material can migrate across it because of bias or light, leaving defects behind and accumulating at
the interfaces.*?%23! |n general, one can distinguish between bias-driven ion migration and diffusion
induced by a gradient in vacancy concentration. In practice, it is difficult to separate the two
phenomena, therefore in this dissertation the term “ion migration” will refer to both field-induced

migration and diffusion.

A lot of research has been devoted to the understanding and characterization of ion migration: even
if the calculated activation energies differ from study to study, it is commonly recognized that iodides,
thanks to their low activation energy, constitute the largest fraction of the mobile ion density. On the
other hand, Pb** ions possess very high activation energy and therefore tend to reside stably at their
sites.[!l MA* ions have relatively high activation energy as well, but it has been shown that they can
migrate, albeit comparably slowly.*?*l MA* defects do not introduce deep traps, therefore they are not
particularly harmful. However, the removal of MA* from the unit cell can modify the crystal structure

and eventually lead to degradation.!*?¢!

When bias is applied or when perovskite is stimulated by light, the mobile ions tend to move and
migrate across the material. As a direct consequence, the migrated ions leave behind vacancies or
other defects that are typically charged and become recombination centres. Moreover, they tend to
accumulate at the interfaces with the CTLs, resulting in a partial screening of the built-in electric field,
negatively impacting carrier collection. This further enhances recombination and it is one of the main
causes of hysteresis in JV curves.2%?"l Interestingly, Domanski et al. showed that the losses related to
ion migration can be recovered if the devices are let in dark for a comparably short amount of time,
i.e. overnight.”Y This is a very important result since, in real-world applications, devices undergo a
natural day/night cycle, which would then allow PSCs to recover these losses during the night and

restart “fresh” in the morning.

3.1.3 Hysteresis

The term hysteresis represents a difference between reverse and forward scans in JV curves, where
reverse scan goes from Vo to 0 V and forward scan from 0 V to V.. In presence of hysteresis the second
scan that is performed has often reduced efficiency, mainly related to a reduction in FF and sometimes
Voc.?®! This phenomenon has been brought to attention in the perovskite field by Snaith et al. in
2014.128 |n that report the authors also highlight how hysteresis depends on factors such as scan rate
and device architecture. This dependence on measurement conditions and device structure makes it

particularly problematic to compare devices coming from different laboratories. In order to obtain
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reliable results, it is therefore always strongly suggested to accompany results from JV curves with
stabilized power outputs.””*?8 For example, maximum power point (MPP) tracking measures the
devices efficiency variation on a longer time scale (typically at least 100-200 s) in order to take into
account any transient effects due to ion migration.

lon migration (in particular halides ions migration!*?)) is currently considered the main cause of
hysteresis.[212%130 |nitially the presence of a large defect density in the perovskite and its ferroelectric
properties were also proposed,!*?® but soon discarded by further measurements.*?>*3! As described
in the previous section, under bias or light ions moves across the perovskite absorber and tend to
accumulate at the interfaces with the CTLs layers forming thin charged layer called Debye layers.[2%132]
The Debye layers generate an additional electric field, which, if it works against the built-in electric
field, leads to inefficient charge transfer. In particular, hysteresis happens because the migrated ions
have a slow response and cannot redistribute fast enough. This is also the reason of the hysteresis
dependence from scan rate: at slow scan rate the ions are fast enough to redistribute without causing
hysteresis, at high scan rate ions basically do not have time to react and therefore can cause only small
damage. However, at intermediate scan rates, we incur in the situation described above and JV curves

exhibit noticeable hysteresis. 3!

The relation between ion migration and hysteresis has been proven by many theoretical
works, 26121134 byt it is challenging to obtain experimental evidence of the mechanism itself, although
techniques like Kelvin probe force microscopy, impedance spectroscopy and galvanostatic
measurements have proven useful to investigate ion migration.!*?!! Some studies associate hysteresis,
at least partly, to accumulation of charges at the interfaces, claiming an interplay between this
phenomenon and ion migration.!!3>1%! Therefore, the understanding of the processes behind

hysteresis is not trivial and requires more investigation.

In any case, it is clear from all the studies that hysteresis is strongly connected to interfaces and a bad
junction results in inefficient charge transport. This can be mitigated by any treatment that helps to
increase charge carriers extraction, for example larger grains and passivation.[*3”138 Another possibility
is, instead, to tune the properties of the surrounding CTLs.!*33! The interfaces with the adjacent layers

are indeed of paramount importance for the functionality of PSCs.!*3
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3.2 Interaction of perovskite with adjacent layers

So far we have discussed the characteristics of the perovskite material and especially its surface, which,
in a device, corresponds to the interface with the adjacent layer. Regardless of the structure, the
perovskite film is generally sandwiched between two CTLs and two electrodes. The properties of these
materials and their relation are fundamental for the functionality of devices, indeed they determine
charge transport and extraction of the photogenerated carriers. It is possible to summarize the most
relevant features for a CTL in a few points:

a. Good optical transmittance in order to minimize optical losses and maximize absorption in the
perovskite layer.

b. High electrical conductivity to optimize charge transport.
Absence of pinholes, which would cause current leakage and shunts.

d. Well-matched energy level alignment (ELA) for minimal energy loss and efficient charge

transport and extraction.

Among these points, ELA is particularly related to interfaces and it will be the focus of this dissertation.
ELA indeed plays an important role in charge transfer and it is strictly connected to recombination, but

it also stands out as particularly challenging to obtain and evaluate.[1#79140

As already introduced in Section 2.6.2, the different layers are ideally energetically disposed as a
“staircase”, where electrons can flow towards lower energies along CBM/LUMO levels and holes can
flow towards higher energies along VBM/HOMO levels. In this regard, there are mainly two barriers
that can be an obstacle to charge transfer: extraction and injection barriers. We speak of extraction
barrier when there is a misalignment between perovskite and CTL impeding the flow of majority
charges between the two layers, for example if the perovskite VBM lies energetically higher than the
HTL HOMO level. In this case devices would show loss of current around V.. and reduced FF. An
injection barrier is instead present in case of a large offset between perovskite and CTL, with for
example the HTL HOMO level much higher than the perovskite VBM. This would limit the quasi-Fermi
level splitting and thus cause a Vo loss.**! Therefore, it is important to have well-matched energy

levels with appropriate offsets for efficient charge transfer.

Before going deeper into a discussion of ELA, it is noteworthy to highlight that for every material within
a stack there are two kind of interfaces: the buried (or bottom) interface and the top interface. The
difference is relevant because the two interfaces undergo different formation processes and this
results in different defect structure and electronic alignment. In particular, the buried interface
depends on the substrate underneath, which acts as template for the material’s growth. While the top
interface is already formed when the next layer is deposited.!?®**? This interface is also the one
responsible for eventual interactions with subsequent layers or with external agents (while exposed)

and, as mentioned above, it can be rather complicated. Moreover, not all deposition methods are
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suitable on perovskite, therefore special care need to be considered when choosing the CTL to be
deposited on top. For these reasons, the top interface requires particular attention and optimization.

3.2.1 Energy level alignment and charge transport

The ELA at the interface between perovskite and the adjacent layers is one of the main sources of V.
losses in PSCs. Indeed, Vo should ideally correspond to the QFLS within the absorbing layer. This
happens if the quasi-Fermi levels (QFLs) are able to expand from the perovskite to the contacts without
encountering barriers. Because of the combination of interfacial recombination and the presence of a
big offset at the interface for the transport of majority carriers, the QFL at that interface has to bend,
introducing a mismatch between QFLS and V.. and thus proportionally reducing the external Vg In
particular this is observed when the offset is bigger than 200 meV, in the case of smaller offsets the
QFLs can remain flat and avoid Vo loss.3*#1%! An example is illustrated in Figure 3.2a for the case of a
p-i-n device with offset between the perovskite VBM and the HTL (poly(triaryl)Jamine — PTAA -
specifically) HOMO level. Simulations and experiments were performed with different common
perovskite compositions and lead to the same conclusion: a QFLS-V,. mismatch is present in case of
offset between energy levels. Misalignment between energy levels is also a source of non-radiative
recombination: energy level offsets exponentially increase the charge carrier density in the CTLs, i.e.
exponentially increase the interfacial recombination.’*®44 Thus, since V.. depends logarithmically on

the recombination rate, this means that an offset is directly proportional to a Vo loss.

Therefore, CTLs induce additional non-radiative recombination and causes V.. losses, severely
detrimental for devices. By characterizing top and bottom perovskite interfaces, and comparing QFLS
and V,c measurements for both n-i-p and p-i-n stacks, it was found that the most relevant energy losses
happen at the top perovskite interface.** To represent the situation at Vo from the point of view of
recombination losses, it is useful to make a comparison with a bucket filled with water (Figure 3.2b).[*4°]
The photo-generated current is the stream of water and the water level in the bucket is the achievable
Voc. Some of it is lost through the holes, i.e. bulk or surface recombination and other mechanisms. The
losses will be dominated by the biggest hole, which, for well-performing devices, correspond to the
interface of the perovskite with the transport layer on top. The condition of the device is important for
the relevance of this conclusion, indeed, if for example the perovskite is highly defective, than the high
recombination within the material would dominate. Thus, it is of great importance to determine the
predominant loss channel before drawing any conclusion on the reasons for an eventual improvement

in devices performance upon modifications.

This discussion is focused on the role of ELA in the determination of V., however there are other

factors affecting this parameter. Especially, as also commented in Section 3.1.1, defects play an
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Figure 3.2. (a) Drift-diffusion simulations of QFLS and V.. in a p-i-n device with aligned (left) and misaligned (right) CTLs. A
reduction in Voc and QFLS-Vo. mismatch due to an energy offset (AEn,;) between the perovskite and the HTL is evident in the
second case. Eg ¢/n are the QFLs, E. and Ey are conduction and valence band. (b) Representation of recombination losses at V.
in an inverted perovskite solar cell. The water stream is the generated current density from the sun, the level of the water is
the Vo and the holes represent the different bulk or interfacial recombination losses. Any hole causes a reduction of the
water level and thus of V.. Reproduced from Stolterfoht et al., Energy Environ. Sci. 12 (2019). Copyright © 2019 Royal Society
of Chemistry.

important role: defect recombination in the bulk or at interfaces are often also a cause for V.
losses.[115117.146-149) | |ight of this, in order to optimize interfaces and extract the maximum Vo it is
important to combine different strategies. In particular, special attention should be put in (i) obtaining
properly matched energy levels, (ii) optimize the perovskite material itself and (iii) reduce interfacial

recombination losses through passivation.

3.2.2 Determination of PSCs energetics

Considering the importance of ELA for devices, the determination of the energy levels of the different
layers and their respective alignment is an important task. The most common techniques to measure
the energetics of a material are ultraviolet photoelectron spectroscopy (UPS), inverse photoemission
spectroscopy (IPES), Kelvin probe (KP), Kelvin probe force microscopy (KPFM) and cyclic voltammetry
(CV). The first two can give the most detailed and precise information regarding the energy levels of
the analysed material and they are the generally the technique of choice for works focused on the
characterization of the perovskite electronic structure. However, this kind of measurement requires
ultra-high vacuum condition and a careful handling of the samples in order to avoid contamination.
With UPS being a very surface sensitive technique, the presence of impurities can easily result in
misleading results. Moreover, the measurement is performed with a high energy UV source, which
could affect the results. KP, KPFM and CV, together with photoemission spectroscopy at ambient
pressure (APS), are instead non-intrusive methods that require milder conditions. The latter

techniques will be discussed in more detail in the methods section.
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Figure 3.3. Variations on perovskite energetics. (a) Statistics on the different IE values for MAPbI3 found in literature. (b)
Variation of MAPbl; work function (Wf) depending on the substrate. (c) Dependence of IE on MAPbl; composition. (d) Shift
of Fermi level for a cycle of measurements in different atmospheres (Air->N,—->vacuum->N,->Air) (a-c) Reproduced from
Olthof et al., APL Mater. 4 (2016). Copyright © 2016 APL Materials. ). (d) Reproduced from Hu et al., Adv. Energy Mat. 10
(2020). Copyright © 2020 Wiley.

The experimental measurement of energy levels in PSCs and their alignment is quite challenging, as a
consequence the results are varied and sometimes contradictive. Figure 3.3a, for example, reports
different values found in literature for the ionization energy of MAPDbI; films, showing a variation that
covers more than 1 eV. The reason behind these discrepancies lies in the relatively high number of
factors that can influence the results or the measurement itself. The energy levels can indeed be
affected by internal and external factors. Internal factors can be considered for example substrate,
perovskite composition, ion migration or the presence of dipoles. External factors are instead related

to the measurement conditions and technique, as well as to the data analysis approach.

Dependence on the substrate

A dependence of the perovskite WF on the substrate and its doping level was soon discovered for thin
layers by Miller et al.1*** in 2014, and shortly after confirmed by Schulz et al.*>* for thick MAPbIs layers
(350-400 nm). Both groups report similar findings, in particular it seems like the perovskite is almost
intrinsic if deposited on a p-type substrate (i.e. high WF), while E¢ shifts close to the CB in case of an n-
type substrate (i.e. low WF). The peculiar doping behaviour was further analysed by Caputo et al.,!*>?
suggesting an interaction with the substrate as driving mechanism. This seems to indicate that the WF
of the substrate dictates the perovskite ELA. Indeed, since there is no evidence of changes in structural
and optical properties, the modification of the perovskite doping character is likely due to the bottom
interface rather than the bulk. This is particularly interesting in the case of thick perovskite layers,
indeed, since the measurements on these studies were performed via UPS on top of the perovskite
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film, it means that the change in Ef is propagated throughout the whole film. A correlation between
WEF of substrate and perovskite can be found also by comparing the results from other research groups
(Figure 3.3b), although from this graph it is also evident that, even when using the same substrate,
different works report quite different perovskite WF values. This therefore stress again the scattering
of results due to the aforementioned reasons.

Light and atmosphere influence

More recently, some studies highlighted the effect of the measurement environment and light
exposure on the experimental results. In particular, Hellmann et al.*>3 performed photoelectron
spectroscopy on vacuum deposited MAPbIs-based devices both in dark and in light. Interestingly, the
measurements in dark show that the absorber layer is n-type independently from the substrate, in
contrast with the works mentioned above. The measurements in light reveal a shift of the Fermi level
towards mid-gap in case of p-type substrates and no shift for n-type substrates. The authors therefore
suggest to pay particular attention to unintentional illumination during the experiments, indeed even
a small amount of light could affect the measurement and lead to a wrong data interpretation. The
impact of atmosphere on the energetics of different kind of halide perovskites was instead explored
by Hu et al.*>¥ (Figure 3.3d). What stands out from this study is the effect of vacuum on the energy
levels. Indeed, while measuring in air or N, does not seem to affect Ef, going to high vacuum induce a
shift of Er towards the CB. The doping is then maintained even with a return to normal pressure, but it
can be recovered by heating the substrates. The doping effect is ascribed to a passivation due to air

exposure and a subsequent desorption of these molecules in vacuum.

These results rise some doubts on the substrate-dependent ELA discussed in the beginning, which
could then be related to the condition of the measurement rather than a real substrates-induced shift.
Further studies are needed, but it is clear that particular attention is needed when measuring the

perovskite energetics.

Composition and stoichiometry variations

As discussed before, the perovskite layer has a complex composition. This is one of the advantages of
PSCs since it allows an easy tuning of the bandgap. Obviously, it also means that the energy levels will
be different depending on the composition (see Figure 2.6b from Section 2.6.1) and therefore the
possible combinations for ELA are many. Most of the studies that performed a detailed determination
of energetics are focused on the most common perovskite compositions, especially MAPbI3,[72:140,153,155]
There is also a very complete work from Tao et al.'®!, where a wide range of Pb- and Sn-based
perovskites are energetically characterized. However, for example, it is rare to find an accurate
determination of the energy levels of the so-called “triple cation perovskite”, which is maybe the most
used composition nowadays.!**® This underlines the complexity of the energetic landscape in the field

of PSCs and the need for more characterization studies. Nevertheless, it is possible to make some
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common observations. For example, it has been shown that switching halides from | to Br and Cl leads
to a progressive increase of the bandgap!** mainly related to a downshift of the VB.[*4%*71 On the other
hand, metal-substitution leads instead to a shift of the CB,**®*>*! although mixed-metal compositions
showed variation in both CB and VB.*>*! In general passing from Pb to Sn decreases the bandgap.**

A complex composition is also reflected in a complex stoichiometry. Variations in the precursors mixing
ratios and/or the fabrication process can lead to (voluntary or not) non-stoichiometric films and
consequent change in energetics. For example MAPbI; was shown to change from n-type to p-type
depending on the Pbl,/MAI ratios!*®” and to have a VBM dependant from the MAI concentration.!*6Y
A representation of the variation on the IE of MAPbI; depending on MAI and Pbl, excess is reported in
Figure 3.3c.! Additionally, the presence of defects, interfacial dipoles and phenomena like ion
migration can also affect the energy levels by changing the offset at the interface. In the case of
presence of defects or ion migration the charge accumulation causes bend bending, which can be
advantageous or not depending on the bending direction and stack configuration.*6>1%3 The effect of

interfacial dipoles will be described in details in Section 3.3.4.

Insight into good practice for the study of energy level alignment

Some comments can be made in light of the wide range of variation and interpretation on ELA that can
follow from all above described factors affecting the measurements. It is clear that the precise
determination of the energetic values characterizing the perovskite material is quite challenging. It is
of course of the utmost importance to pay particular attention (within the confines of the respective
equipment and/or lab limitations) to the samples handling and to external factors, such as atmosphere
and light exposure, keeping the same condition throughout the experiment. Nevertheless, this will
anyhow likely lead to different results from one research group to another, even if only for differences
in the setups and the possibility of controlling the measurement environment. Therefore, a
comparison among the values obtained with the different measurements in the same set of
experiments is more important than absolute numbers. Indeed, absolute numbers might be imprecise,
however the difference between them would not be affected if the factors causing the error influence
all the measurements in a similar way. Although of course some factors might have unknown different
effects depending on the properties of the material, as in the case described above, where light affects
or not the measurement depending on the doping of the substrate. Continuous new studies are
needed in order to characterize all the possible parameters affecting a measurement, so that it is
possible to take them into account during an experiment. Moreover, it is also important to state in a
clear and detailed way the condition of the measurements, so that other research groups can
effectively reproduce and/or compare results. This should be mandatory in good scientific practice,

but it is especially relevant in the perovskite solar cells field.
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Is energy level alignment actually relevant?

So far it has been discussed why a good ELA is important for obtaining efficient PSC, and many

n.[140.164-169 Neyertheless, there are also

theoretical and experimental works support this interpretatio
several papers showing experimental evidence of little to no correlation between V. and energy
levels.['7°7174 The importance of ELA is currently a heavily debated topic and it is not possible to give a
straight answer. However, there are several factors to take into account when debating energetics and

their relation, which could help justifying the discrepancies among the results.

First of all, there is the problem of the precise determination of energy levels discussed in above. Due
to the difficulties of such measurements, most of the times the values used for discussing ELA are taken
from literature or from the pristine materials, not in the actual stack. Thus, they do not necessarily
reflect the actual specific situation in a device. In the cases where the energetics are actually
experimentally determined, the measurements can be affected by factors like the illumination source,
atmosphere or characteristics of the setup, possibly leading to a misinterpretation of the real
alignment. Moreover, often the energetics of every layer are estimated separately and according to
vacuum level alignment. This is the standard and a generally accepted procedure, but it not always
gives a true picture of what happens in the complete device, where Fermi level alignment occurs.
Regarding this, a measurement of the different layers in the actual stack used in devices would be
always preferable. In addition, the exact relation between the energy levels at the surface and in the
bulk is not always clear. This is relevant considering that generally techniques for the measurement of
energetics are surface sensitive. Last but not least, QFLS and consequently Vo can be limited by other
components of the cell, for example the perovskite bulk or an interface different from the one under
analysis. In this case, that specific examined offset might actually not dominate, hence its effect is

minor.

In conclusion, there could be situations where the ELA is less important than other aspects limiting the
performance of the device and it is furthermore possible that the independence of the results from
energetic offset is due to factors affecting the measurement or imprecision in the values used for the
comparison. In general, the prospect exists that sometimes single energy levels do not play a central

role, however obtaining ELA throughout the device is fundamental for its functionality.

Unfortunately, it is currently unavoidable to encounter the above-mentioned obstacles, and it is
difficult to disentangle the different effects and draw actual conclusions. However, it is important to

take these factors into consideration when discussing ELA in PSCs.
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3.3 Functionalization as strategy

As described in the previous section, the perovskite layer is a polycrystalline film that contain a high
number of different kinds of defects in the surface or in the bulk. These imperfections are generally
detrimental for the devices’ functionality, leading for example to recombination or ions migration, and
in general hindering not only their efficiency, but also their stability. The most dangerous kinds of
defects are those with energy deep within the bandgap, since they cause non-radiative recombination.
Shallow defects are instead generally considered harmless, however they can easily migrate across the
layers, causing unfavourable charge accumulation or hysteresis. For these reasons, it is of paramount
importance to eliminate these imperfections and mitigate ion migration. The most common approach
to achieve this purpose is the passivation of these defects by molecules that can interact with them.!*”"]
An overview of the most common perovskite imperfections and related passivation techniques is
represented in Figure 3.4.

Due to the ionic nature of perovskite, the defects are generally positively or negatively charged. To
deactivate such defects it is possible to exploit passivation methods such as conversion, ionic bonding
or coordinate bonding.*3 Conversion consists in chemically transforming surface and grain boundaries
to a material with wider bandgap, thus eliminating the defects and obtaining a more favourable ELA.
In case of ionic bonding, instead, there is the complete transfer of one or more valence electrons from
one atom to the other, therefore anions and cations can serve as passivators for ions on the perovskite
surface. Here we will focus more on last, but maybe more common, case: coordinate bonding.[’® This
kind of passivation involves sharing two electrons coming from the same atom and thus forming what
is called a Lewis adduct.[*””!

3.31 Coordinate bonding: Lewis acids and Lewis bases

As a general definition, a Lewis base is a molecule with an electron pair not involved in bonding and
which thus can be donated to another molecule (a Lewis acid) to form a dative bond, the result is
generally referred to as Lewis adduct. On the other hand, a Lewis acid is a molecule with an empty
orbital, which can accept an electron pair from another molecule (a Lewis base), again forming a Lewis
adduct. At the perovskite surface the crystal structure is abruptly interrupted, leaving many unpaired
electron or holes forming dangling bonds. For example, it is possible to find halide ions with free
negative charge or Pb?* ions with positive charge. As a consequence, passivating these imperfection
with Lewis acids or Lewis bases has proven to be a successful technique.3!

Functionalization via Lewis bases is particularly used, mainly because of the wide range of molecules

which are compatible with the passivation of Pb?*.[178183] For instance good Lewis bases are molecules

with functional groups containing nitrogen or sulphur, but also oxygen or phosphorus, since they all

possess a lone pair of electrons to share with the Pb?* ions. This approach was first introduced in the

PSCs field by Noel et al.,*’® who treated the perovskite surface with thiophene and pyridine, and

further developed with derivatives of these molecules.*15 A molecule that showed to be particularly
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Figure 3.4. Different kind of imperfections in the perovskite layer and possible passivation techniques. Reproduced from Chen
et al., Chem. Soc. Rev. 48 (2019). Copyright © Royal Society of Chemistry 2019.

successful in reducing recombination is trioctylphosphine oxide (TOPO),!*8¢718! which highlights the
positive effect of passivation with oxygen and phosphorus, although the application of this specific
molecule in devices might not be ideal because of the long insulating aliphatic chains.

Lewis acids are instead employed for the passivation of halide ions. However, in the case of perovskite
functionalization, it would be more correct to talk about molecules that behave like Lewis acids.
Indeed, the interaction is not due to the presence of an empty orbital, but to the electron accepting
capability of these molecules because of their specific features. For example, commonly used and very
effective “Lewis acids” are fullerenes, which attract electron density from the halide ions thanks to
particular aromatic properties related to their spherical shape.! Another example is given by
molecules capable of halogen bonding, which possess a narrow area of positive electrostatic potential
that can interact with the halide ions on the perovskite surface. This kind of bond is particularly
important for this dissertation, therefore it will be described in detail in the next section.

3.3.2 Halogen Bonding

Halogen bonding (XB) is a kind of non-covalent interaction that is gaining more and more interest in
the scientific community and it is particularly useful to construct supramolecular assemblies. The first
XB complexes were prepared already a couple of centuries ago,!**” but it took decades of research to
reach a good understanding of the nature of this interaction and even more to unify and rationalize all
the findings.* Finally, a consensus was reached in 2013 leading to an official IUPAC definition: “A
halogen bond occurs when there is evidence of a net attractive interaction between an electrophilic
region associated with a halogen atom in a molecular entity and a nucleophilic region in another, or

the same, molecular entity” .[*%]
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Figure 3.5. (a) Schematic representation of halogen bond (XB), where X is the electrophilic region and Y the nucleophilic
region. (b) Electrostatic potential distribution for XB donors with different halogens, blue and red are areas of negative and
positive potential respectively (specifically the colour ranges are: red, greater than 27 kcal/mol; yellow, between 20 and 14
kcal/mol; green, between 12 and 6 kcal/mol; blue, negative). Reproduced from Cavallo et al., Chem. Rev. 116 (2016).
Copyright © 2016 American Chemical Society.

Before discussing the application of XB as functionalization strategy, it is useful to describe
characteristics and properties of this interaction in order to clarify its advantages.

Definition and properties

Halogens are highly electronegative atoms, thus they are considered sites of high electron density. This
allow them to form attractive interactions as electron donors (nucleophiles). However, when an
halogen (X) is covalently bonded to another or more atoms (R) the electron density distribute
anisotropically: the more negative electron density due to the three pairs of unshared electrons form
a belt around the central part of X and orthogonal to the bond, while the outermost region of X
possesses lower electron density and is named o-hole.'®*'** This region can form attractive
interactions with electron-rich sites, therefore bonded X atoms act as electrophiles. The situation is
schematized in Figure 3.5a, where R—X is a molecule with a halogen atom X (electrophile) and Y is an
electron-rich entity (nucleophile). The o-hole is centred on the R—X axis and it corresponds to the
yellow/red areas (areas of positive potential) in Figure 3.5b. The intensity of the attraction depends on
the electronegativity and polarizability of the X atom, specifically it increases with polarizability and
decreases with the electronegativity, therefore it scales with the order Cl < Br < |. Generally, F, despite
being an halogen, is not considered an XB donor as it does not form a o-hole. It’s interactions with
electron rich entities possess slightly different features and are generally referred to as fluorine
bonds.1*%

Qualitatively XB is similar to the well-known hydrogen bond (HB), however it is more selective and
directional. In general, XB possesses the following features: directionality, strength tunability,

hydrophobicity and donor atom dimensions.[16:197]
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Directionality

Directionality is directly related to the position and size of the o-hole. This region is indeed narrow and
confined on the elongation of the R—X covalent bond (see Figure 3.5b). Therefore, the area of
interaction is very limited and, when upon interaction the nucleophile Y enters the o-hole, the R—X:--Y
bond is forcibly around 180°. The directionality also depends on the strength of the bond: short and
strong bonds are more directional than long and weak ones. In general the bond angle decreases with
reduction of polarizability, for example for C—X::-N systems it is around 170° if X is | and 155° if X is
C1.*%! Directionality is one of the most important features of XB, indeed it promotes the formation of
ordered and homogeneous molecular layers.

Strength tunability

The XB interaction strength depends on the different character of the o-hole, i.e. on the XB donor and
its features. In general, it increases with the polarizability of the X atom and the electron withdrawing
ability of the moiety it is connected to, thus the bond strength follow the Cl < Br < | order. This is clearly
visible in Figure 3.5b, where the compound with | has the strongest positive electrostatic potential,
highlighting a well-defined o-hole. Therefore, one strategy to tune the XB strength is changing the X
atom. Another way to affect the o-hole magnitude and thus the bond strength is to modify the
hybridization of the C atom bound to the XB donor: the electron withdrawing ability increases with the
s component is sp-hybridized orbitals, therefore the bond strength depends on the hybridization
according to the order [C(sp)—X] > [C(sp?)—X] > [C(sp?)—X].l*¥ In general, any modification of the
electron withdrawing ability of R will affect the bond strength, which therefore can be tuned by
choosing moieties with desired characteristics. For example, the partial or total substitution of H with
F in aromatic rings is a common method to increase the electron withdrawing ability and thus obtain
a highly positive o-hole.!*!

To summarize, the XB strength can be tuned by (i) single atom mutation, (ii) changing the sp-
hybridization of the C atom bound to the XB donor and (iii) modifying the electron withdrawing ability
of the moiety X is bonded to. This feature makes of XB a particularly versatile tool, moreover the
strength of the bond is high compared to other non-covalent interactions.

Hydrophobicity

The presence of X atoms lead to hydrophobicity and lipophilicity in molecules, especially in case of
perfluorocarbons compounds. This is very relevant in terms of applications, for example lipophilicity is
particularly important in drug design since it controls the transport and absorption of the drug.!?” On
the other hand, and more relevant to this dissertation, the hydrophobic nature of molecules with XB
ability allows the formation of layers that can also protect the material they are deposited on from
possibly degrading factors such as moisture.
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Donor atom dimension

Halogen atoms possess bigger Van der Waals radii than hydrogen (1.47, 1.75, 1.85 and 1.98 A for F, Cl,
Brand I respectively compared to 1.20 A for H). For this reason XB is more sensitive to steric hindrance,
which can affect the stability of a system,?°!! therefore this feature can be exploited to promote stable
bonds.

These properties of XB are now well known and they have been thoroughly characterized.**® The o-
hole concept is commonly used and it can mostly explain the behaviour and properties of halogens as
electrophiles. However, there is a longstanding debate on the nature of XB, for which theoretical
investigations play a major role.?° Initially, the attractive interaction was ascribed to charge transfer
phenomena, particularly in studies employing strong XB donors where there was a net electron density
transfer.[29%204 | gter on, electrostatic attraction became the predominant interpretation because of
the analogies between XB and HB.!2%>2%! |n reality, the answer likely sits in the middle and the
interaction is the results of a combination of different elements. For example, a decomposition of the
interaction energy was possible thanks to a method based on symmetry-adapted perturbation theory
(SAPT) and density functional theory (DFT): the results revealed a mixed electrostatic-dispersion
energy for XB complexes.!?*”! Overall, it is likely that XB attractive interaction is due to several different

components, of which the dominant one might depend on the system, the interacting partners and

the environment.[2%%

Applications

Thanks to the above described properties XB has been widely exploited in the field of functional
materials and crystal engineering.!?®! For example hydrophobicity proved useful for aiding the
transport of small ions,?°! while thanks to the large size of halogen atoms it was possible to design
efficient all-inorganic light-emitting crystals?*”! and the tunability allowed the study of light-responsive

polymers. 211

In the field of PSCs, XB can be particularly useful for the formation of ordered interlayers. Indeed XB
donors can interact with the iodide ions present on the perovskite surface. Thanks to the directionality
and strength of the XB interaction, the resulting layer will be ordered and homogenous, promoting a

neat interface and adjusting the material structure.

Halogen bonding started to attract attention in the PSCs field a few years ago, after Abate et al.
functionalized the perovskite surface with an XB donor, iodopentafluorobenzene (IPFB), promoting
charge transfer and reducing recombination thanks to the screening effect of the molecule on the
charge of the iodide ions.?*? These results inspired Zhang et al. to study the effect of this molecule
and XB functionalization in PSCs from a theoretical point of view.?** Their work clearly shows that IPFB
preferably bind to the I ions on the surface, where it resides stably and it reduces charge trapping.
Moreover, the calculations reveal that the relative position of the perovskite atoms is modified upon
adsorption, improving the material structure. An experimental evidence of the improvement in

crystallization in presence of XB is provided by Bi et al.?'*, where XB donors are used as additives to
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the perovskite solution. The presence of XB interactions lead to improved crystallinity and enhanced
stability in devices. In PSCs the improvement in stability is generally accompanied by an increase in V.

when XB donors are used as interlayers. 21526

Because of its features, it is particularly challenging to experimentally identify XB in solid state
materials and especially in perovskite. Several techniques, including vibrational spectroscopy and UV-
Vis, have been reported for the detection of XB in solution,?*”) however the data interpretation is
difficult and it can lead to misinterpretations. The most widely used technique to measure XB is nuclear
magnetic resonance (NMR), both in solid state and solution, monitoring mainly *C and *°F chemical
shifts.[216218] |n particular, Ruiz-Preciado et al. performed a thorough investigation of 1,2,4,5-
tetrafluoro-3,6-diiodobenzene on perovskite using the more versatile 2D NMR.!?'®! NMR can be an
effective technique to detect XB, however a careful sample preparation is necessary, for example by
functionalizing nanoparticles of perovskite. Considering the challenges of experimentally determining
XB, the measurements are often accompanied or substituted by density functional theory (DFT)

simulations!?>2% or first principle studies.?*3!

The application of XB in PSCs is still relatively new and it is possible to find only a few related works.
Nevertheless, it is possible to identify some common and reproducible advantages among these
studies. Specifically, the presence of XB donors, either as additives or interlayers, seems to lead to an
improvement in the crystal structure, together with enhanced Vo and stability in devices. These results
make of XB a particularly promising interaction for the improvement of PSCs and it is likely that its use

will soon spread in the field.

3.3.3 Self-assembled monolayers

Self-assembled monolayers (SAMs) are a particularly interesting case among the different interface
engineering techniques.??%22%1 A SAM is defined as a molecular assembly that spontaneously form on
a substrate by adsorption. It is typically composed of an anchoring group, a linker and a functional
group. Thanks to the anchoring group, the molecules interact with the surface and assume an ordered
distribution, which is one of the advantages of using SAMs for functionalization. The linker is generally
an aliphatic chain and controls the supramolecular structure via Van der Waals interactions. The
functional group plays also an important role since it has the capability of changing the surface
properties. These kinds of layers can be deposited through different techniques.!?*®» Among the most
common we can identify (i) liquid-phase deposition, where the substrates are immersed in a solution
of the molecule to deposit, (ii) spin coating, where the film is deposited exploiting centrifugal force,
and (iii) vapor deposition, in which the substrate is exposed to an environment saturated with the

molecule.
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In the PSCs field, SAMs are mainly used on top of the metal oxide layer, because the smooth surface
makes the formation of an ordered layer easy and effective.??'22% The roughness of the perovskite
poses some challenges in this regard, however it is still possible to achieve the formation of SAMs on
the perovskite layer and it has been proven to be beneficial for devices.[**®2%%! Thanks to the different
kind of dangling bonds, the perovskite surface is indeed a good platform for the formation of SAMs
with different features and the above described functionalization strategies can all potentially lead to
the formation of SAMs. Nevertheless, the characterization of monolayers in perovskite remains
challenging and it requires sophisticated techniques, for example x-rays reflectometry or transmission

electron and scanning electron microscopy.

Itis also important to point out that it seems like SAMs formed via XB functionalize the surface but do
not “passivate” it, at least not with the characteristics that this term generally imply, i.e. they do not
change the optoelectronic properties of the perovskite.?'>?' |t has been proposed that in presence
of an interfacial dipole, which is also present in case of XB, the passivation effect is given by the
anchored molecules that electrostatically screen the charge from the ions they are interacting

with.[212,225]

Overall, SAMs are particularly interesting because of their stability and ordered distribution. They can
reduce the non-radiative recombination by binding to the surface defects, but also positively affect
morphology and crystal structure.??®22”] Moreover, SAMs can form dipole moments at the interface,

thus affecting the energy level alignment.[168:228:22°]

3.3.4 Dipolar molecules and their effect on energy level alignment

The presence of dipolar molecules at an interface can deeply affect its electronic properties and it is
therefore a useful tool for tuning ELA and charge transfer in devices.?3! As represented in Figure 3.6a,
an interfacial dipole layer creates an abrupt drop in electrostatic potential from the negative charge to
the positive charge side. The vacuum level (Evac) is therefore shifted, changing the energetics (i.e. WF,
IE and EA) of the material at the interface. Specifically Evac will shift upwards, leading to higher WF, if
the dipole points to the surface of the functionalized material (with the dipole defined as from negative
to positive). While Evac will shift downwards, leading to lower WF, if the dipole points towards
outside.!?2>231 The shift is proportional to the dipole moment per area and, in an ideal case, can be
expressed by the following formula:?3%

AEVAC = _& 3.3

EOEeffA

Where ge is the charge on an electron, u the dipole moment of an isolated molecule, A is the area,

the vacuum permittivity and e is the effective dielectric constant introduced for compensating the
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Figure 3.6. (a) Representation of the vacuum level (Evac) shift induced by the insertion of a dipolar layer at the interface
between an electrode and a semiconductor. E¢ is the Fermi level, ® is the work function, A is the Eya step. Adapted from
Chen et al., Am. Chem. Soc. 43 (2020). Copyright © 2020 American Chemical Society. (b) Change in electrostatic energy
induce by a point dipole (top) and a compact array of dipoles (bottom). Adapted from Zojer et al., Adv. Mat. Int. 6 (2019).
Copyright © 2019 Wiley.

effect of depolarization, i.e. the reduction of the net dipole of a molecule due to the electric field

originating from the surrounding molecules.

As a consequence the WF also shift linearly with the dipole, indeed, in presence of a dipolar layer and

ignoring an eventual band bending, the interfacial WF (WF') is given by:

WF! = WFq, + AEyqc 3.4

However, when talking about interfacial dipole due to surface functionalization with specific
molecules®, we have to consider that the net dipole is given by different components. Specifically, we
have to take into account the intrinsic dipole of the molecules and the dipole related to the
interaction.?33¥23% The total dipole is simply given by the sum of the different components. The intrinsic
dipole of a molecule is generally known or it can be fairly easily calculated. It can also be tuned by
adding moieties or substituting part of the molecule, for example aromatic rings can increase
polarizability. On the other hand, the interaction part is not trivial to determine, as different factors
comes into play and contribute to a charge exchange phenomena. For example, there is a repulsion
between the electron clouds of substrate and adsorbed molecule, generally referred to as Pauli
pushback. Moreover, in case of covalent bond, a charge rearrangement takes place, while for
coordinate bonding the hybrid orbitals are strongly localized either at the molecule or at the substrate

and a net fractional number of electrons is transferred.232234

Other important considerations to make related to the actual Evac shift caused by dipolar layers regard

the orientation of the molecules and their packing. First of all, it is important to remember that only

% Interfacial dipoles are also formed naturally, for example because of charged defects or charge accumulation.3!
However, this is beyond the scope of this section, which focuses on surface functionalization via molecules and
the effect of such treatments.
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the part of the dipole which is perpendicular to the surface contribute to the shift. Therefore, u in
equation 3.3 is actually better expressed as:

U= U cos@ 3.5

Where Ly is the intrinsic dipole and 0 is the angle between the molecular axis and the surface (i.e. 8 =
0° means perpendicular orientation). As a consequence, a strong intrinsic dipole does not always
results in a strong WF shift. This also directly relate to the second consideration: the packing of the
layer and the coverage play an important role in determining the effective change in energetics. 232234
As visible in Figure 3.6b (top), if we consider a single point dipole the electrostatic potential is strongly
perturbed in the vicinity of the molecule, but the effect fades away rapidly and it is not relevant on a
bigger scale. The situation is different, instead, in presence of a packed array of dipoles (Figure 3.6b —
bottom): in this case there is a superposition of the potential of the different molecules, which results
in a definite step in electrostatic potential, i.e. different Evac left and right of the molecules layer.
Therefore, an ordered and compact layer of molecules stacked perpendicularly to the surface is
fundamental for obtaining the maximum Evac shift. Moreover, a compact layer allows the molecules
to maintain more easily an up-right position and thus having a bigger part of their dipole contributing
to the total shift. Although the effect of a compact dipolar layer will be eventually limited by the

depolarization due to the dipole-dipole interaction.!23>23€]

The discussion so far assumed ideal infinite layers, which is obviously different from actual cases,
where for example there will likely be potential “leaks” due to defective layers and inhomogeneities.
Moreover, it is particularly challenging to characterize the actual energetics shift induced by the
dipoles. Energy levels characterization is generally performed through surface sensitive techniques,
thus measuring directly on the functionalized substrates. However, in devices other layers will be
deposited on top and a possible interaction with the subsequent layer can change the overall effect of
the dipoles. Directly measuring the real interface within the device is difficult because it is now buried,
nevertheless there are some approaches that allow such an investigation, for example delamination
of the top layers or cross sectional measurements via KPFM. 237238 These specifics sample preparation

techniques are, however, particularly invasive, thus the characterization might not be accurate.
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4 METHODS

This chapter presents the most relevant preparation and characterization methods used for the
experiments described in the next chapters. In particular, the preparation of samples and devices will
be presented, together with their performance, energetic and optical characterization. The purpose is
to give a general overview of the processes and a qualitative idea of the working principles and possible
characterizations with the different techniques. For a more detailed description of the specific
measurements the reader is referred to the Appendix.

4.1 Samples and devices preparation

The films for either samples characterization or devices preparation were prepared through solution-
based processes, with the exception of the deposition of the metal contact in devices (Au), which was

thermally evaporated on the substrates.

The general layout of the devices corresponds to that described in section 2.6.2 for the n-i-p
architecture. Specifically, TiO; was used as ETL. First a compact layer was deposited on FTO through
spray-pyrolysis,*! followed by a mesoporous layer, spin-coated and annealed. Doped 2,2',7,7'-
Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-OMeTAD) was spin-coated on
top of the perovskite layer as HTL, except in Chapter 7, where two novel HTMs are introduced. Finally,
Au was evaporated as top contact. For the optical characterization via ultraviolet-visible spectroscopy
(UV-Vis) and photoluminescence spectroscopy (PL) the perovskite films and the other layers of interest
were directly deposited on glass. The energetic characterization, instead, requires a conductive
substrates, thus the films were either deposited on ITO or prepared as devices up to the required layer.

All the steps were performed in N; filled gloveboxes, except for the ETL deposition.

The perovskite film was prepared through the standard spin-coating one step process with anti-solvent
treatment*®” and annealed for 30 min or 1h depending on the composition. The perovskite mainly
used for the experiments in this dissertation was the so-called “triple cation”, with composition
Cso.05(FA0.8sMAg 15)0.95Pb(lo.ssBro.15)s, except for Chapter 6, where also MAPbBr; was employed. The two

compositions required different spin-coating programs and anti-solvent drop moments.
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Additional molecular assemblies were employed in this dissertation with the aim of functionalizing the
perovskite surface. These molecules were deposited as monolayers between the perovskite and the

subsequent layer. Special deposition techniques are required in order to obtain such monolayers and
thus will be described in details in the following subsection.

All samples and devices analysed in this dissertation were prepared by the author.

4.1.1 SAMs deposition

Chapters 5 and Chapter 6 discuss the tuning of the perovskite energetics through SAMs of dipolar
molecules. Among the different techniques for obtaining such layers mentioned in Section 3.3.3, it has
been chosen to use liquid-phase deposition. For this purpose, specific beakers able to vertically hold
several substrates were employed. Moreover, the beakers could also be sealed with a cap in order to
avoid solvent evaporation during the deposition. The perovskite coated samples were placed in the
beakers right after the annealing step, paying attention not to expose the films to air. This is of utmost
importance for the purpose of functionalizing perovskite, indeed air can interact with the surface
through the dangling bonds and thus cancelling or at least affecting the outcome of the SAM
deposition. The beakers with the samples were then filled with a solution of the molecule to be
deposited and let rest in the dark for a defined period of time (generally 20 min), after which the
samples were extracted one by one and rinsed with the solvent in order to wash away eventual

agglomerates and residuals.

Through this technique it is possible to achieve ordered monolayers of molecules, although in the case
of perovskite it is challenging to obtain direct experimental evidence of the characteristic of the layer.
Indeed the roughness of the surface poses a problem for the detection of such thin films, and it is

necessary to rely on indirect characterization.

Another possibility is the direct spin coating of the molecules solution with appropriate concentration
and spinning speed. However, by comparing samples prepared with these two methods, it seems like
the former gives more reproducible and stable results. This is probably because dipping the substrates
in the solution allows for a slow deposition, where the molecules orderly bind to the perovskite’s

undercoordinated ions, thus forming a more homogeneous layer.

In light of this, the “dipping method” has been the technique of choice for the experiments discussed

in this dissertation, with the exception of the second part of Chapter 6, i.e. the deposition of urea on

MAPbBTrs. In that case the molecules were deposited through spin-coating. The choice was due to the

difficulty of finding a solvent dissolving urea but not the perovskite layer (important requirement for
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1 2 3 4

Figure 4.1. Description of the procedure for SAM deposition via “dipping method”: the perovskite is spin coated (1) and
annealed (2), then the substrate is dipped for 20 min in a solution of the desired molecule at a specific concentration (3)
and finally rinsed with the solvent for removing agglomerates and residues (4).

the dipping method). In this case, a technique like spin-coating allows the solvent and the perovskite
to be in contact for just a short period of time, allowing the deposition to happen with a limited damage

to the surface.

4.2 Devices characterization

As mentioned in Section 2.5, the most common way to characterize the behaviour of solar cells is
through the analysis of the JV curve. In most of the cases JV curves are not recorded under real sun,
but using devices able to simulate the AM1.5 solar spectrum. This allows to compare the results among
different labs and to obtain measurements independent from the location and weather conditions.
The sun simulator used in this dissertation was a Wavelabs Sinus-70 LED class AAA. The light intensity
was calibrated with a Silicon reference cell from Fraunhofer ISE and JV scans were performed in air
with a Keithley 2400 SMU, controlled by a measurement control program written in LabView. The
sample holder was also connected to a so-called pixel switch allowing the individual measurement of

up to six solar cells (pixels) on the same sample.

The routine measurements consists of a first JV scan in light, followed by MPP-tracking of the best
pixel, JV scan in dark and finally a second JV scan in light in order to check for possible light soaking
effect.!?*) The MPP-tracking is particularly important because it records the power output variation
over a certain amount of time, thus giving a stabilized efficiency. This is more reliable than the PCE
from the JV scan, which can be affected by transient phenomena, like ion migration. The technique
used to measure MPP-tracking is called “perturb and observe” method?** and consist in applying a
certain voltage based on the previous JV scan, then increasing/decreasing this voltage by a small value:

if the power output increases than the voltage will be increased/decreased again, otherwise it will
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change to the opposite direction. Typically at least 120 s of MPP-tracking are advisable to obtain a
reliable stabilized power output, but it depends on the device characteristics and can vary from case

to case.!?*?

MPP-tracking is also important because it helps evaluating the operational stability of the device. This
can be assessed through specific systems, generally called “ageing setups”, which perform MPP-
tracking for long periods of time.?** In addition to the MPP-tracking these instruments can also control
the atmosphere (for example switching between air and N;) and the temperature. Moreover, it is
possible to filter out some parts of the solar spectrum, for example UV-light is detrimental for TiO; and
if not filtered could “hide” the degradation mechanism of interest coming from other layers. Although
the addition of a UV-blocking filter can lower the irradiance to approximately 800 W/m? because of
the UV cut-off and the diffusion properties of the filter. Assessing the operational stability of devices

is particularly in the prospect of real-world applications.

The stability measurement showed in Chapter 7 were measured in N, atmosphere and with UV-

blocking filter in a custom-built high-throughput ageing setup.

The devices characterization was performed by the author, except for the ageing measurements.

4.3 Optical characterization

Optical characterization can give important information about the material quality, losses and
electronic properties, for example it is possible to infer the recombination mechanisms and dynamics
or the absorbed light and bandgap. Moreover, optical characterization techniques are not destructive.
The next subsections will describe two of the main optical characterization methods that have been
employed in the experiments of this dissertation: ultraviolet-visible (UV-Vis) and photoluminescence
(PL) spectroscopies. These two techniques are complementary, indeed UV-Vis is based on the
transition from ground state to excited state (absorption), while PL analyses the transition from excited
state to ground state (photoluminescence). A comprehensive description of techniques for the
perovskite characterization is given by a book edited by Pazoki, Hagfeldt and Edvinsson, but with

contributions from many experts of the field, and it includes also optical characterization.?**
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4.3.1 UV-Vis spectroscopy

In UV-Vis spectroscopy the light absorption of the sample is recorded for different wavelengths (A),
from ultraviolet to the visible range and sometimes to the near infrared (UV-Vis-NIR in this case). When
light is shone on the sample, part of it is absorbed and the rest is either reflected or transmitted. The

absorption is given by the Beer-Lambert law:[24°!

I
A =logqg (1—) 4.1
0

where A is the absorbance, o is the intensity of the incident light and | is the transmitted or reflected
intensity. When measuring the transmitted light, /1o is the transmittance (T) and is generally given in
%. When measuring the reflected, light 1/l is the reflectance (R) and it represents the light reflected
from the sample in comparison to the light reflected from a reference sample (that gives lo). Perovskite
samples show significant reflection and scattering due to the polycrystalline nature of the material and
this can lead to distorted results. In order to account for all reflected and scattered light it is thus

advisable to use an integrating sphere.

From UV-Vis measurements it is also possible to calculate the bandgap Ec. A rough estimation can be
done by looking at the wavelength corresponding to the slope in transmission measurements and to
the peak in reflection measurements. Indeed Planck’s Law says:

hc

E= .
7 4.2

with h being the Planck’s constant, c the speed of light and A the wavelength. E in this case corresponds

to the bandgap energy. However, it is more precise to estimate Eg from the so-called Tauc’s plot.

This method requires the calculation of the absorption coefficient o from the absorbance data

according to the formula:[2¢!

23034

® d

4.3

with A the absorbance an d the sample thickness. The absorption coefficient is also given by the

following expression:

Al —Ey)"
«@=—
hv

4.4
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(ahv)l/n Ay — A E, 4.5

Where n =% for direct bandgap semiconductors. Therefore it is possible to obtain Eg from the intercept

1/n

of the fit of the linear part of the slope obtained by plotting (ahv)"" against hv.

In this dissertation UV-Vis measurements, both in reflection and transmission mode, were used in
Chapter 7 to evaluate the degradation of the materials upon solvent exposure. The setups used were
a Perkin Elmer LAMBDA 1050 UV-VIS spectrometer for the reflectance measurement and a Cary 5000
UV-Vis-NIR spectrophotometer for the transmission measurement. The measurements were
performed by collaborators with the assistance of the author.

4.3.2 Photoluminescence spectroscopy

When a material is illuminated with light, it absorbs the photons with energy bigger than its bandgap.
Thanks to this energy electrons are excited from the VBM to the CBM and, if they are not extracted or
if they do not recombine non-radiatively, they will radiatively recombine with a hole and emit a
photon. This phenomenon is called photoluminescence (PL) and the re-emitted photons for the
different wavelengths create the PL spectrum. Like for UV-Vis measurements, an integrating sphere is
generally used to collect the emitted photons. According to Equation 4.2, the A of the peak in the PL

spectrum correspond to Eg.

The ratio between the emitted and absorbed photons (De and @4 respectively) define the PL quantum
yield (PLQY) and itis a measure of the recombination in the material. Indeed the PLQY can be expressed

in terms of recombination current as follow:

b Jraa  Jraa Jraa 4.6
Q ¢A ]G ]R ]rad + ]non—rad

where Jg is the generation current and Jr is the total recombination current expressed as combination
of radiative (Jrag) and non-radiative (Jnon-rad) recombination currents. At Vo there is no net current
flowing and thus Jg = Jr. Therefore the higher the PLQY the lower the non-radiative component is. As
described in Section 3.1.1, non-radiative recombination is caused by defects with deep energy that
trap the charges and thus prevent them from recombining radiatively. High PLQY, so low non-radiative
recombination, is sign of a good quality material with a low density of deep traps. More information
regarding the evaluation of charge recombination and charge collection can be obtained through time
resolved PL measurements (TRPL), which monitor the emission of the material over time after a short

laser pulse.
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From the PLQY it is also possible to calculate the QFLS. Indeed the QFLS can be expressed as:©*°

QFLS = QFLS,44 + KzT - In(PLQY) 4.7

where QFLS;.q is the radiative limit for the QFLS of the material. This sets the maximum V.. achievable
and corresponds to the situation of PLQY =1, i.e. zero non-radiative recombination. This is a very useful
relation, since it allows to explore the relationship between Vo and QFLS.

Overall, PL measurements contain much useful information. Here the description has been limited to
the analysis directly employed in this dissertation, where PL has been mainly used for the derivation
of the QFLS and for monitoring the recombination processes (Chapter 7). The measurements were
performed by collaborators.

4.4 Energetic characterization

As discussed in Section 3.2.2, the accurate determination of the energy levels of a semiconductor, and
particularly of perovskite, is not an easy task. Techniques used for this purpose are surface sensitive
methods such as photoemission spectroscopy (PES), Kelvin probe (KP), Kelvin probe force microscopy
(KPFM) and cyclic voltammetry (CV). The most widely used PES techniques for energetic
characterization are ultra-violet photoemission spectroscopy (UPS) and inverse photo-emission
spectroscopy (IPES).?*”! The former is based on the measurement of the kinetic energy of electrons
emitted from the material upon absorption of UV light and it can determine the ionization energy and
WEF. The latter consist in directing a collimated electron beam at the sample and measure the emitted
photons giving the energetic position of the CBM. The two methods are complementary and together
allow a detailed and complete analysis of the energetics of the material, however they generally
require ultra-high vacuum conditions, which is not optimal for analysis involving molecular
monolayers, as in the case of this dissertation. Therefore the energetic characterization for the
experiments described in the next chapters has been conducted through less invasive techniques, in
particular KP, KPFM, CV and ambient pressure PES (APS), which will be introduced in this section.

4.4.1 Kelvin probe

The KP method!?*®! measures the difference in WF between two materials forming the two sides of a

parallel plate capacitor. The KP working principle in the case of two different metals is schematically
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represented in Figure 4.2. Specifically, Figure 4.2a shows the two materials when still separated: they
are electrically neutral and the Eyac is common. When connected through an external circuit (Figure
4.2b), the charges will flow from the material with lower WF to the one with higher until equilibrium
is reached and Eg is aligned.
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Figure 4.2. Representation of the working principle of the Kelvin probe. (a) Electronic energy levels of sample and probe before
contact. E¢S and E¢P are the Fermi levels of sample and probe, WFs and WF; are the respective work functions, Eyac is the local
vacuum level and d is the distance between the materials. (b) After sample and probe are short-circuited a current i flows
from the sample (lower WF) to the probe (higher WF) until equilibrium (E¢S = E¢P). An electric field, i.e. a drop in Eyag, is present
in the gap due to the accumulation of charges and it is called contact potential difference (CPD). (c) An external bias equal and
opposite to the CPD is applied and cancels out the potential difference.

As a result an electric filed is present in the gap between the materials causing a drop in Evac, which is
referred to as contact potential difference (CPD) and it corresponds to the difference between the WFs
of the metals. The value of the CPD would be easy to calculate if capacitance C and stored charge Q
were known, indeed for parallel plate capacitors Q = C-V, where V in our case is the CPD. However, the
precise value of Q is difficult to estimate. The problem of the determination of the CPD was solved by
Lord Kelvin,?* who proposed to apply an external bias (Vcpp) to the system (Figure 4.2c). If the applied
voltage is equal and opposite to the CPD, then the capacitor is discharged, Evac is aligned and the
difference between the WF of the materials corresponds to Vcep. At this point, considering that WFp is

known, it is straightforward to calculate WFs, indeed:

Verp = Ayr _ WFEs; — WFp 4.8
e e

In practice, Vcep is identified by inducing a periodical vibration to the probe.?*® This way the

capacitance between the materials is varied, changing the charge in the capacitor and creating a

current flow. When the applied voltage is exactly Vcep the capacitor is discharged and the current flow

is zero. Currently the most common technique to induce the probe vibration is to connect the

electrode to a piezoelectric ceramic.!?°%

Itis of course important to ensure that WFp remains constant during the measurement, for this reason
it is common practice to use inert materials as reference, like for example Au. Using a metal probe is

also particularly reliable because the WF of metals does not change with light. This feature is
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furthermore interesting when measuring a semiconductor. The KP method is indeed also applicable
when the sample is a semiconductor and not a metal, as in the exemplary case used for the
explanation. The working principle is exactly the same, but the interface possibly presents band
bending. Thanks to the inert nature of the probe, it is possible to use KP to measure the variation of
the semiconductor’s WF with light, since in this case the light-induced WF shift comes only from the
semiconductor. The variation of CPD for a semiconductor under illumination is called surface

photovoltage (SPV).

KP has been the main tool used in this dissertation for the characterization of the energy levels shifts
discussed in Chapter 5, Chapter 6 and Chapter 7. The setup was a custom-built KP consisting of a
vibrating gold mesh driven by a piezo electric crystal (Kelvin probe and CPD controller by Besocke Delta
Phi). The samples were measured in N, but it was necessary to mount them in air, thus a short air
exposure was unavoidable. All the measurements with Kelvin probe were performed by the author. In
order to obtain more reliable results, most of the relevant measurements were then repeated by

collaborators using a KPFM mounted inside a N; filled glovebox.

4.4.2 Kelvin probe force microscopy

The Kelvin probe force microscopy (KPFM) is based on the same working principle of the KP method,
but it uses a modified version of the atomic force microscope (AFM).12522%31 The AFM can measure the
topography of a sample by probing the surface with a conductive tip, whose movement is monitored
by studying the optical deflection of a laser shining on the tip itself. The tip is kept vibrating with
constant amplitude (or frequency) and this amplitude is affected by any tip-sample interaction. A
feedback circuit modifies the tip-surface distance so that the vibration amplitude is kept constant,
recording this way the surface morphology. If tip and sample are electrically connected there is a

potential between them and the force acting on the tip is defined as:

2 dz

d /1 v2dc 4.9
— —_(—C 2)_
dz \2

where C is the capacitance, V the voltage and z the tip-sample distance. Similarly to the KP case, the
variation of C is difficult to estimate, but the CPD can be inferred by applying an external voltage.
However, in this case the applied voltage will nullify the force in the tip-sample capacitor, instead of
the current. In KPFM we have two voltages applied to the tip with two feedback loops: an alternating
voltage produces the electrostatic vibrations and a direct voltage compensate the oscillations due to
the tip-sample potential difference until the force between them is cancelled out. The two voltages
operates at different frequencies, thus topography and electrical characterization can be conducted

simultaneously.
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4.4.3 Ambient pressure photoemission spectroscopy

Ambient pressure photoemission spectroscopy (APS)?472%% is a technique that operates similarly to
the standard PES methods described in the introduction of this section, but without the need for ultra-
high vacuum. APS, like UPS, exploits the photoelectric effect, measuring the number of photoelectrons
emitted by the sample upon illumination with a monochromatic UV light. Since photoelectrons are
emitted only if the energy of the incident photon is bigger than that of the VBM, it is possible to
determine the ionization energy IE by measuring the produced photocurrent and comparing it with
the excitation photon energy. In standard PES measurements the ultra-high vacuum enables the
collection of the photoelectrons. At ambient pressure, instead, they are scattered by the much bigger
03, Nz and H,0 molecules and they cannot reach the detector. To circumvent this problem, in APS the
ions created by the scattering of electrons and molecules are recorded, instead of the electrons
themselves. Indeed the ions can migrate for a much longer path and reach the detector, which in this
case is a positively biased KP tip. The inclusion of a KP probe in the setup is a convenient feature, since
it allows the quasi-simultaneous measurement of WF (from KP) and IE (from APS), for this reason this

technique is often also called KP-APS.

In this dissertation a KP-APS measurement tool provided by KP Technology Ltd. has been employed in
Chapter 5 to show that a dipole induced WF shift also corresponds to a comparable IE shift. The

measurements were performed by collaborators.

4.4.4 Cyclic voltammetry

Cyclic voltammetry (CV)?**!is a technique from the electrochemistry field that is often used to estimate
the energy levels of a material. It is performed in an electrochemical cell filled with an electrolyte and
which includes three electrodes: working, reference and counter electrode (WE, RE and CE
respectively). WE is the electrode in which the reaction of interest occurs, therefore it is the material
of which the energy levels are to be determined. RE has a stable and well-known potential, and it is
thus used as reference. CE is generally made of an inert material and its purpose is to close the circuit

with the WE, so that current can flow.

The CV technique consists in linearly scanning the potential of the working electrode between two
chosen values, during the voltage sweep a potentiostat measures the current resulting from
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electrochemical reactions occurring at the electrode interface. The WE will undergo an oxidation or a
reduction reaction depending on the direction of the sweep. In semiconductors, the HOMO level
corresponds to the energy necessary to extract an electron from a molecule, thus it is an oxidation
reaction. The LUMO level is instead the energy needed to “inject” an electron in a molecule, which is
a reduction reaction. Therefore, measuring the redox potentials (reduction and oxidation potential) of
the semiconductor and adding the value of the respective redox potentials of RE can give the values
of LUMO and HOMO levels.[?°®]

In Chapter 5, CV has been used to determine the HOMO level of functionalized and bare perovskite,
which were the WE. The electrolyte was a 0.1M solution of BusNPF¢ in dichloromethane, a platinum
wire was the CE and an Ag/AgCl in saturated KCl was the RE. A partial degradation of the layer was
observed during the reverse scan and therefore it was not possible to calculate the LUMO level. The

measurements were performed by collaborators.
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5 TUNING HALIDE PEROVSKITE
ENERGY LEVELS

This chapter is based on the peer-reviewed article “Canil, L. et al., Tuning Halide Perovskite Energy
Levels, Energy Environ. Sci., 2021, 14, 1429-1438” 118!

The ability to control the energy levels in semiconductors is compelling for optoelectronic applications.
In this chapter, the energy levels of halide perovskite semiconductors are tuned by using self-
assembling monolayers of small molecules to induce stable dipoles at the surface. The direction and
intensity of the surface dipoles rely on specific molecule-to-surface interactions. Electron acceptor or
donor molecules result in a positive or negative energy level shift up to several hundreds of meV. This
approach provides a versatile tool to control the energy levels of halide perovskite and adjust their

alignment at the interface with charge transport materials in perovskite-based optoelectronics.
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5.1 Introduction

The position of the energy levels of a material is of crucial importance in optoelectronics, from
detectors®’! to LEDs!?*® to solar cells!**%?>°], mainly because of the energy level alignment (ELA) at
interfaces between different materials comprised in these devices.

As discussed in Section 3.2.1, the ELA of the perovskite at the interface with the other materials
comprising the device is essential for the efficiency of the charge separation and thus the PSC'’s
performance. The importance of controlling the interface energetics is furthermore stressed by the
high number of related reports that is possible to find in literature, mainly applied to electrode

materials or charge selective layers, as shown for example in a helpful review from Kim et a/.12%3],

Probably the most common method for tuning the ELA between two materials is with the introduction
of a dipolar interlayer, for example, by functionalizing the surface through specific molecules.!23%260-
2631 |n particular, in the photovoltaic field, this concept has been intensively applied to change the work
function (WF) of transparent conductive oxides and with that the position of the oxide Fermi level with
regard to the charge transporting levels (CTLs) of the semiconductor on top. For instance, Zhang et
al.?*¥ functionalized ZnO with dipolar molecules for organic solar cells. Yang et al.1**"! inserted an
interlayer between TiO; and perovskite, improving the charge extraction, similarly to Liu et a/.1*®}, who
instead modified the interface between SnO; and perovskite. A few cases can also be found related to
WEF tuning of the perovskite layer. Agresti et al.?*”! engineered the perovskite/hole transport layer
(HTL) interface with Titanium-carbide MXenes. At the same time, Wu et a/./?%8! developed a PSC with a
moisture-resistant carbon electrode and functionalized the perovskite surface with PEO (poly(ethylene
oxide)) to reduce the mismatch of the energy levels at the perovskite/carbon interface. Similarly, Dong
et al.”®! used conjugated aniline PPEA (3-phenyl-2-propen-1-amine) at the interface between
perovskite and PCBM (Phenyl-C61-butyric acid methyl ester), achieving a better ELA and, therefore,

performance.

Among the different kinds of interlayers, self-assembled monolayers (SAMs) are of particular interest
because of their stability and ordered distribution. Since the work of Campbell et al.[?282?% it is known
that interfacial SAMs with a dipole can tune the WF of a material by changing the vacuum level
position. This technique has been widely used on flat surfaces to, for example, manipulate the Schottky
energy barrier between a metal electrode and an organic material.??%22227% |ange et al.??*
demonstrated that it is possible to use SAMs-modified ZnO as either HTL or ETL (electron transport
layer), depending on the dipole of the molecules used for the functionalization, and recently the same

group also showed how SAMs surface treatments and UV light soaking could influence the hole

59



5 . TUNING HALIDE PEROVSKITE ENERGY LEVELS

injection properties of thin ZnO films.??* Kong et al.*’Y, instead, proposed an HTL-free PSC where the
energy level mismatch between ITO and perovskite was adjusted by introducing a monolayer to
increase the ITO WF. At the same time, Zhang et al.?’? functionalized the TiO, surface, improving the
charge extraction in PSCs.

Functionalizing surfaces with dipolar SAMs is proven to be a reliable and effective method to optimize
the ELA. Nevertheless, SAMs have been rarely used directly on the perovskite surface. Controlling the
formation of SAMs on halide perovskite films is difficult due to the relatively high surface roughness
and uncontrolled surface chemistry. Sadhu et al.?’® elucidated, indeed, how molecules can self-
assemble on the surface in different ways depending on the substrate and how the interaction
influences the surface potential, highlighting the challenges of SAMs deposition on perovskite. There
are so far no standard guidelines that would allow researchers to use this method systematically.
Therefore, this chapter aims at answering the question: Is it possible to systematically tune the
perovskite energy levels?

This study shows how to shift the perovskite WF through assemblies of dipolar molecules, and how to
control the magnitude of the shift, without using necessarily different molecules. Moreover, it is also
demonstrated that the change in WF corresponds to a change in band edges, therefore overall the
dipolar molecules induce a shift in all the perovskite energy levels. By controlling the surface coverage
through the concentration of the solution used for the deposition, it is possible to obtain an energetic
shift up to several hundreds of meV. This finding distinguishes this work from others regarding
perovskite energy levels tuning. Indeed, once a molecule with the desired binding mode and dipole
direction is selected, this method allows the shifting of the energy levels only by changing the
deposition parameters. Additionally, density functional theory (DFT) calculations demonstrate a
correlation between surface coverage and energy levels shift, supporting the strategy presented here.

The impact of this method on perovskite solar cells (PSCs) will be explored in Chapter 6.

The aim of this chapter is to provide a tool which could allow to directly select which molecule and
deposition conditions are needed to obtain a specific energy level shift. This tool would provide more
flexibility in the choice of the combination of materials, i.e. perovskite compositions and contact layers,
to be used for any perovskite-based optoelectronic device. For example, in PSCs research it would be
possible to ease the requirements for HTLs or ETLs, allowing researchers to focus on finding or

synthesizing materials with good conductivity and excellent stability rather than a proper ELA.
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5.2 How to tune the direction of the energy levels shift

Specific molecule-to-substrate interactions were used to self-assemble small molecules on the
perovskite surface.?*2?74! The combination of the intrinsic dipole of these molecules and the dipole
created by the interaction between the molecules and the surface causes a shift in the perovskite
energetics. For the sake of simplicity, from now on only the combined effect of these dipoles will be
taken into account, calling "positive dipole" the case where the total dipole is pointing towards the
perovskite surface and "negative dipole" the case in which the total dipole points outside with respect
to the perovskite surface.

Figure 5.1a and Figure 5.1b shows the effect of a dipole on the perovskite vacuum level (Evac), and thus
the WF. A negative dipole (Figure 5.1a) will shift the Eyac downwards and therefore decrease the WF
of the material. Specifically, in this chapter the results of the perovskite functionalized with amyl sulfide
(csc5 - Figure 5.1c) will be discussed. This molecule is a Lewis base and can bind to the Pb?* ions on

the perovskite surface by donating its lone pair.[*’”)

On the other hand, a positive dipole will shift Evac upwards (Figure 5.1b), causing an increase in the WF
of the functionalized material. In this case, the molecule of choice has been perfluorodecyl iodide
(IPFC10 - Figure 5.1d) as an example of the described behaviour. IPFC10 is already known in the
literature for being able to form SAMs and enhance the efficiency and stability of perovskite solar
cells.l?2>274 |n this molecule, the iodine on the head remains slightly positive thanks to the electrons
withdrawing effect of the fluorinated chain, which allows the molecule to behave like a Lewis acid and
form halogen bond (XB)°®! with the halogen ions on the perovskite surface. It is worth noting that
IPFC10, and in general molecules involving perfluorinated alkyl chains, form an XB interaction that is
weak compared to other XB donors (for example haloarenes or haloalkynes).**® However, it is
important to be able to form a compact layer in order to obtain an interfacial dipole, and fluorinated
chains are an optimal candidate for this purpose.l?’>! Thus this kind of molecule is more suitable for the

goal of this work.

The selective absorption of Lewis bases and Lewis acids makes them perfect candidates for generating
a negative or positive dipole and, in the case exposed here, the main component of the total dipole
seems to come from their interaction with the surface (see agreement between simulations and
experimentally measured shifts, later in the text). The chemical structures of the molecules employed

in this chapter are reported in Appendix Al.

To demonstrate the scenario as mentioned above, various experimental and theoretical analyses were
carried out. WF and bands edges' position were characterized making use of several techniques. Bare
perovskite was used as reference and perovskite functionalized with 10 mM solutions of the two
molecules as exemplary cases for the functionalization. The composition of the perovskite precursor
solution employed in this chapter is Csoos(FA0.8sMAo.15)0.95Pb(lo.ssBro.15)3, which for simplicity will be

referred to as triple cation perovskite.
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Figure 5.1. (a-b) Representation of the effect of the presence of a surface dipole on the perovskite band diagram for negative
(a) and positive (b) dipoles. Eyac is the local vacuum level, AEyac is the vacuum level shift induced by the dipolar monolayers,
Er is the Fermi level energy, CB and VB are conduction and valence band, WFy is the bulk WF and WF; is the surface WF. (c-d)
Representation of the coupling of the two main molecules employed in this work in the case of a 50%-MAI terminated/50%
Pbl,-terminated MaPbls perovskite, where MAI is methylammonium iodide. Specifically, in (c) amyl sulfide (csc5), binding to
Pb2* ions of the surface and so representative of the negative dipole case. In (d) perfluorodecyl iodide (IPFC10), binding to

the I- ions on the surface and representative of the positive dipole case.
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Measurements performed with different UPS setups gave repeatedly not reliable results, leading to
the conclusion that the molecules might tend to detach in an ultra-high vacuum, making it challenging
to draw actual conclusions from measurements in such conditions. For this reason, the
characterization was performed with other techniques working at atmospheric pressure, such as Kelvin
probe (KP), Kelvin probe force microscopy (KPFM), Ambient Pressure Photoemission Spectroscopy
(APS) and cyclic voltammetry (CV). The obtained results were then compared to ensure their reliability.

The WF shift was evaluated through KP?*327¢! measurements in different conditions (Figure 5.2a): in
one case the experiment was entirely done in air (dashed lines), in the other case the samples were
quickly mounted in air, but the investigation was carried out in N, atmosphere (solid lines). Itis evident
how the conditions of the measurement can influence the magnitude of the shift. In both cases,
samples treated with positive dipoles present an increase of the WF compared to the bare perovskite
reference, while samples treated with negative dipoles show a WF decrease.

To have a better idea of the real magnitude of the WF shift induced by the functionalization,
KPFM[252277] measurements were performed on not-air-exposed samples. Figure 5.2b displays the
voltage maps of the WF shift for bare and functionalized perovskite together with the respective
distributions. The results confirm the direction of the change already proven by KP and show a WF shift
of about 150 meV for the negative dipole case and 300 meV for the positive dipole case. It is possible
to notice that the distribution for the negative dipole functionalization is broader and less symmetric
than the others, this might be an indication that at 10 mM concentration the surface is already
saturated and in some areas, the molecules are packing in multilayers. This topic will be explored

further in the following sections.

The maps also suggest that the shift is not homogeneous on the surface and the result is, therefore,
an average of local WF variations. This behaviour is most likely due to the perovskite roughness and
the presence of grains. In every map, the presence of small regions with a higher WF is indeed evident.
Considering that our molecules functionalize the surface by binding to lead or halide ions, these regions
probably indicate areas with a higher concentration of defects and thus higher concentration of
molecules. According to the work of Gallet et al.?’®, these regions might correspond to different facets
of the crystalline structure. The local variation offers interesting data for further investigation.
Nevertheless, it does not affect the results presented here, since the average gives the relevant

guantity on a larger scale.
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Figure 5.2. (a) WF shift due to the presence of interfacial dipoles measured with Kelvin probe (KP) in the dark in different
environments: in one case (solid lines) the samples were measured in N but shortly exposed to air while mounting them on
the setup, in the second case (dashed lines) the samples were mounted and measured in air. (b) Kelvin probe force
microscopy (KPFM) WF shift maps in the case of bare perovskite and perovskite functionalized with positive and negative
dipoles with corresponding distribution (p) plots. (c) Ambient Photoelectron yield spectroscopy plots (APS) of ITO/perovskite
(black), ITO/perovskite/IPFC10 (orange), ITO/perovskite/csc5 (blue). Measurements performed in air. (d) Cyclic voltammetry
(CV) of bare FTO (grey), FTO/perovskite (black), FTO/perovskite/IPFC10 (orange), FTO/perovskite/csc5 (blue). (e) Comparison
of the WF shift and VB shift related to perovskite obtained with different techniques for the cases of a positive and negative

dipole.
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The KP setup operated in air is combined with an APS tool ( KP-APS)!?®! in view to respectively
determine the WF and the ionization energy (IE), i.e. the valence band maximum (VBM) relative to the
local vacuum level on the same position over the sample. With the absolute WF and IE data measured,
the KP-APS combination offers the possibility to determine the VBM shift and compare it with the WF
shift under the same conditions. Figure 5.2c shows the IE as determined from photoelectron yield
spectroscopy plots in APS measurements performed: as shown in Figure 5.2e, the shifts of VBM and
WEF match in direction and magnitude for the different cases. This result is significant because it shows
that both WF and VBM are shifting equally, and thus it allows to exclude the possibility that the
detected WF shifts are due to doping of the perovskite layer. Therefore, this provides evidence that
the surface dipole affects all the surface energy levels of the perovskite.

Complementarily, the VB shift was monitored by performing CV on functionalized and bare perovskite
on FTO (Figure 5.2d), respectively. From the first distinguishable oxidation peaks of the different CV
scans, it is possible to calculate the VBM position by adding the redox potential of the Ag/AgCl
electrode (4.65 eV)!?>* for the different cases. It is possible to observe that the negative(positive)
dipoles trigger a VBM shift downwards(upwards) in relation to the VBM of the reference perovskite on
FTO. Both cases are comparable in direction and magnitude of VBM shifts to those measured with the
other techniques. The position of the reduction peaks in the range of the negative bias is instead not
reliable because some partial perovskite degradation during the reverse scan was noted. Therefore, a

calculation of the conduction band minimum (CBM) position is not possible in this case.

Nevertheless, the bandgap was estimated from UV-Vis and EQE measurements (Figure A3.1). The
obtained value is of approximately 1.64 eV and it is independent of the functionalization. It follows
that the CBM is shifting in parallel with the VBM and WF.

Figure 5.2e summarizes the results. For all measurements conditions, it was possible to observe an
increase(decrease) in WF and VBM in the case of a positive(negative) dipole functionalization.
Differences in absolute numbers are a consequence of varied measurement conditions inherent to the
respective setups. Moreover, these results show that, as expected, the dipoles affect both WF and
band edges. Therefore, it is important to stress that, when talking about WF shift, a shift of VB and CB

is also considered (generalized as energy levels shift).
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5.3 How to tune the magnitude of the energy levels shift

Having established that the dipolar molecules can control the positive and negative shift of the
perovskite WF, the focus shifted on achieving control over the magnitude of the change. The
concentration of the solution used for the deposition was varied to control the distribution of the
molecules on the perovskite surface and, consequently, the magnitude of the WF shift.

The change in WF was measured for the different solution concentrations through KP and KPFM,
obtaining similar trends with both methods (Figure A3.3).

Figure 5.3a and Figure 5.2b show how the perovskite WF is changing depending on the solution
concentration in the case of positive (Figure 5.2a) and negative (Figure 5.2b) dipole. In the positive
dipole case (Figure 5.2a), the work function is increasing with the increasing of the solution
concentration until reaching saturation at about 40 mM. The two molecules (perfluorodecyl and
perfluorododecyl iodide — IPFC10 and IPFC12) differ only in the chain length. Therefore, the difference
in the magnitude of the shift is due to the difference in the strength of the dipole, where the latter has

a smaller dipole due to the higher molecular length.

A similar trend is obtained in the case of a negative dipole (Figure 5.2b), but with the WF decreasing
compared to the perovskite one and reaching saturation already for a concentration of about 10 mM.
In this case, the two molecules are different both in structure and binding group (amyl sulfide -csc5-
and trioctylphosphine oxide -TOPO-), therefore it is possible to state that it is the dipole type, not the

specific molecule, which defines the direction of the shift.

It is worth noting that TOPO-functionalized perovskite shows an extreme WF shift. Moreover, it was
not possible to collect data for more than 10 mM concentration because for higher molarities the
solution was damaging the perovskite film, presumably by dissolving the lead cations!?’®! (Figure A3.2).
This seems to suggest that TOPO might be a tricky molecule to use in devices, despite its excellent

passivation properties reported by several papers!*86-188],

66



5 . TUNING HALIDE PEROVSKITE ENERGY LEVELS

0.8 T T T T 0.1 T T T T
IPFC10 5 - % - CSCS
0.71_ =-IPFC12 ] 0.0y ¢ topo
~ 06 1 —-01 ? 1
> 05 +- """"" ----¢
) ____; Q.02 ]
& 04 ,.{.-*"' { =
= [ =03 :
w» 03 £ 1 ®
LI_ 027 r ) LL'O.4‘ T
;
= 01] ¥ "‘\l, | S5 a
0.01 A Ay -0.6+ A .
-0.1 . ‘ . : . -0.7 : . ‘ . ;
0 20 40 60 80 0 10 20 30 40
Concentration (mM) Concentration (mM)
c d
08 m Pblterminated I
0.74 ) 1.21 ® 50:50 terminated |
0.6 08 A MA terminated |
S 05 < 7
D 04 Q9 041 ]
0.3 &
T+ N =
‘E 0.2 c 00—
? 0.1 A | o
TR 5 w 04 R | 1
= 0.0 g L AN
-0.14 H . AN | —-081 - % ]
FEVIAS St on SR UK I
-0.3] negative dipole P | -1.21 negative dipole]
0 10 20 30 40 50 60 70 80 0 20 40 60 80
Concentration (mM) Molecular coverage (%)
e
14 . . . . . .
1 negative dipole
124 .
perovskite —2mM
10— 1 mM —5mM
T gl——5mM 10 mM |
S 8
< ] 10 mM 20 mM
a 61 30 mM 40 mM ]
44 80 mM -
5] oncentration n / > ]
0- T - T ? i |\_‘ T T T T =
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

WF shift (eV)

Figure 5.3. KPFM measurements showing the WF changing depending on the solution concentration when the perovskite
is functionalized with a positive (a) and negative (b) dipole. In this specific case, the molecules creating a positive dipole
were IPFC10 and IPFC12, and the ones making a negative dipole were csc5 and TOPO. (c) Comparison of the WF trends
for the positive (orange) and negative (blue) dipole. (d) DFT simulations of the relation between WF shift and coverage for
different surface terminations of MAPbI;, the shaded stripes represent the probable condition of the samples
experimentally measured. (e) Distribution (p) of the WF shifts from KPFM measurements for different concentrations of
negative and positive dipoles. The curves in (a),(b),(c) and (d) are spline fitting of the data.
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The above results show that by changing the solution concentration, it is possible to tune the
magnitude of the WF shift up to several hundreds of meV. It is known that polar monolayers properties
are determined not only by the type of molecules and bonding configuration to the substrate but also
by size, (dis-)order and adsorption patterns within the monolayer?®28l, Therefore, the trends showed
in Figure 5.2 can be explained by considering the deposition kinetics and it is likely related to the
coverage. At first, all defect sites (i.e. Pb%* and halide ions) are free, consequently, as soon as the
samples are immersed in the solution, the molecules start to bind to them. However, with low solution
concentration, not all the defect sites can be occupied by a molecule, therefore the surface is not fully
functionalized. With the increase of the concentration the functionalization level increases as well,
until reaching a point where (ideally) every surface defect is occupied by a molecule, therefore the
curves reach a plateau, and the condition for maximum WF shift is achieved.

To be noted that a similar process would happen if the solution concentration were kept constant and
the dipping time varied (see Figure A3.4), for this reason, it is crucial to keep one of these parameters
fixed. In this case, it was chosen to settle the dipping time and vary the concentration, but it is
important to note that changing the dipping time would give the same results, since the process is

related to the deposition kinetics of the molecules.

Another exciting feature is visible by comparing the trends for the positive and negative dipoles (Figure
5.2c): the concentration at which the WF starts to saturate is different for the two cases. This behaviour
may indicate a specific ratio of defects at the perovskite surface, in particular the ratio between halides
and Pb vacancies. Indeed, in these experiments, the positive dipole is given by a Lewis acid, which is
binding to the halides on the surface, while the negative dipole is provided by a Lewis base, which is
binding to the Pb ions. Therefore, the fact that the negative dipole functionalization curve saturates at
lower concentrations than the positive dipole curve suggests that there are less Pb ions on the surface
compared to halide ions, i.e. there are more Pb vacancies. This result is in agreement with the work of
Philippe et al.[?®%, where the I/Pb ratio at the surface for triple-cation perovskite is said to be around
3. Moreover, it is also essential to consider the geometry and the steric hindrance of the two
molecules. Indeed, while IPFC10 consist of a straight-comparably rigid-chain which allows the
molecules to form a compact vertical layer, csc5 has two aliphatic chains that most likely limits the

number of molecules which can bind to the surface, thus leading earlier to saturation.

The difference in behaviour is also highlighted by the WF distribution curves in Figure 5.2e (respective
contact potential difference (CPD) maps in Figure A3.5 and Figure A3.6). The negative dipole curve
stops shifting and therefore reaches saturation for lower concentrations than the positive dipole one.
Moreover, it is interesting to see how both curves start to broaden and lose symmetry while
approaching saturation. This shows that initially (i.e. for low concentrations) the molecules are nicely
depositing and forming an ordered homogeneous monolayer. In contrast, with increasing
concentration, the deposition seems to become less uniform, probably forming some agglomerates,
especially when saturation is reached. It cannot be excluded that the observed change in WF is also
dependent by different factors, such as the possible formation of multilayers and their effect on the

molecules arrangement. Indeed, it was not possible to experimentally assess if the deposited
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molecules formed a monolayer, as expected, or multilayers. The presence of multilayers could in
principle contribute to the potential drop associated with the dipoles,?*? however, in order for this to
happen, the additional layers should be ordered, which is unlikely considering the weak interactions
foreseeable among the molecules. Therefore it is more likely that the observed trend are indeed
related to the coverage and the molecules’ arrangement rather than an increase in thickness.

To support the experiments, DFT simulations performed by collaborators were used to investigate the
interaction of csc5 and IPFC10 with the MAPDbIs surface, here considered as the prototype lead halide
perovskite. Molecule adsorption has been modelled on the (001) surface, which is the simplest model
of a tetragonal slab, for three different terminations: (i) Pbl,-terminated, (ii) 50%-MAI and 50% Pbl,-
terminated (half terminated), (iii) MAIl-terminated, where MAI is methylammonium iodide.

The results confirm that overall, under all considered adsorption situations, csc5 provides a WF
reduction while IPFC10 leads to a WF increase. The simulations evaluated the WF shift for the two
molecules for different values of surface coverage. Figure 5.2d shows the predicted WF variation for
different levels of coverage for the three examined terminations. In particular, the half-terminated

case was extended to higher levels of coverage until reaching a saturation of the energetic shift.

As visible in Figure 5.2d, in all the three cases, the WF initially shifts almost linearly with the coverage.
Then saturation of the WF shift is observed for coverage higher than 40-50%, in excellent agreement
with the experimentally measured trends. Considering that the measurements were performed on
triple-cation perovskite, the experimental results would be comparable with a situation in between

half-terminated surface and MAI-terminated surface (see shaded stripes in Figure 5.2d).

By comparing the experimental trends in Figure 5.2c with the simulation trends in Figure 5.2d for the
half-terminated case, it can be noticed how, in both cases, the WF shift has a higher magnitude for
IPFC10. The slight decrease of WF for IPFC10 in Figure 5.2d is ascribed to the formation of IPFC10-Pb
bonds on the saturated surface, which partially decreases the WF. The numbers suggest that
experimentally saturation is reached for a coverage of about 20% in the case of IPFC10 and 10% for
csc5. As previously pointed out, this difference is most likely related to a smaller amount of Pb ions on
the surface combined with a bigger steric hindrance of csc5. Naturally, variations between simulations
and experiments can arise due to the different thermodynamics on the other surface of the grains and
the presence of defects. Moreover, itisimportant to keep in mind that the simulations were performed

on an ideal MAPbI; flat surface.

Overall, the simulations support the correlation between surface coverage and WF shift and prove the

validity of this method to tune the perovskite work function in a controlled way.
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5.4 Conclusions

In short, the answer to the initial question “Is it possible to systematically tune the perovskite energy
levels?” is yes. This chapter shows how to control the deposition of dipolar self-assembled monolayers
on halide perovskite and obtain this way a controlled shift of perovskite work function, valence and
conduction bands. The direction of the shift can be controlled with the direction of the surface dipoles
and the magnitude of the shift can be controlled by tuning the density of the surface dipoles, obtaining
an energetic shift up to several hundreds of meV. The work presented here shows that tuning the
energy levels of semiconductors through surface functionalization with dipolar molecules, which is a
well known method in organic and inorganic semiconductor physics, can be extended to hybrid
organic-inorganic perovskite semiconductors. This provides a new toolbox to enhance further the
flexibility of applying halide perovskites in optoelectronics. The application of this method in devices

is examined in the next chapter.
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6 THE EFFECT OF ENERGY LEVEL
TUNING IN DEVICES

Section 6.2 of this chapter is based on the peer-reviewed article “Canil, L. et al., Tuning Halide
Perovskite Energy Levels, Energy Environ. Sci., 2021, 14, 1429-1438" [168]

The previous chapter introduced a method for tuning the perovskite energy levels through assemblies
of dipolar molecules. This strategy has great potential for the improvements of energy level alignment
in perovskite solar cells. However, the step from measuring a change in energetics to seeing its effect
in devices is not straightforward. In this chapter, the perovskite energy level tuning method is applied
to different systems, namely devices with triple cation (CsMAFA) perovskite and devices with MAPbBrs.
The perovskite layer is functionalized with different concentrations of dipolar molecules, which were
chosen based on the energy level alignment of the system in order to reduce the energetic offset with
the subsequent layer. The impact on perovskite solar cells is reported and discussed in detail for both
cases. The results show a significant improvement in Vo of about 60 meV for the case of MAPbBr;
devices. Triple cation devices present the same trend, but with less evident enhancement. These
results attest the validity of the energy level tuning method presented in Chapter 5. Moreover, they
highlight how the effectiveness of such tuning depends on the relevance of the energetic offset among
the sources of losses in the device. Indeed, applying the energy level tuning method is particularly
useful in presence of big offsets at the functionalized interface (as for MAPbBr; devices), while it results
in limited improvement for already optimized systems (as for triple cation devices). A special section

is dedicated to comments on the features of the MAPbBTr; reference devices and their optimization.
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6.1 Introduction

The tunable properties of the perovskite material’®!! give the possibility to prepare devices with
different characteristics. For example, the bandgap of Pb-based perovskites can be tuned from 1.5 eV
to 3 eV.*® This directly results in devices with different requirements in terms of energy level
alignment (ELA). The importance of ELA has been already thoroughly discussed in Section 3.2, clarifying
its fundamental role for an efficient charge transport, reduction of recombination and enhancement

of the quasi-fermi level splitting (QFLS).1**

Most of the commonly used charge transport layers (CTLs) have energy levels which fit the valence
band maximum (VBM) and conduction band minimum (CBM) of the perovskites possessing a bandgap
of around 1.6 eV, which corresponds to the compositions giving the most efficient devices.!947]
However, these CTLs might not be suitable for perovskites with different bandgaps. In these cases, it
is necessary to find or synthesize new materials with suitable energy levels, so that there is a small
offset between the CTL's HOMO/LUMO and the perovskite VBM/CBM. As alternative to this approach,
or in combination with it, it is possible to directly adjust the energy levels at the required interface.
Chapter 5 presented a possible method to tune the energetics of the perovskite layer. The results
clearly showed that it is possible to shift the perovskite work function (WF) up to several hundreds of
meV through monolayers of dipolar molecules. The shift in WF correspond to an equal shift in the
energy of the bands edges, thus the method allows a tuning of all the energy levels. The direction and
magnitude of the shift can be tuned by controlling direction of the dipoles and the deposition

conditions.

Nevertheless, the measurement are performed on exposed surfaces, while in the device the same
surface is buried. Therefore, the energetics might be different and it is not straightforward to pass
from the measurement to the actual effect within a device.?®3 This chapter explores the application
of the energy level tuning method in devices with perovskites of different compositions, which
therefore require different conditions for the ELA. The chapter is divided into two main sections: a first
part is devoted to the study of energy level tuning in one of the standard state-of-the-art perovskites,
i.e. the so-called triple cation perovskite. The second part focuses on a less commonly used in devices,
hence also less “optimized” stack: wide-bandgap PSCs, exemplified by MAPbBrs. In this case, some

insights on the development of such devices and their behaviour are also presented.

The main objective of this chapter is to answer the important question: Is the energy level tuning
method presented in Chapter 5 working when applied in devices? Which is also directly connected to

the more general question posed in Section 3.2.1 : Is energy level alignment actually relevant?
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The results presented here indicate that tuning the perovskite energy levels via functionalization with
dipolar molecules positively affects the performance of the devices, mainly through an improvement
in Vo, which is likely due to a combined effect of passivation and adjustment of the ELA. Moreover,
the comparison of the results for devices with triple cation and MAPbBr; shows that the effectiveness
of the method depends on the system. Specifically, the improvement will not be particularly relevant
if the ELA of the device is already optimized even without any functionalization, i.e. if the offset
between perovskite and CTLs is already relatively small, like in the case of triple cation perovskite.
While it will be evident in systems experiencing a relevant misalignment of the energy levels, such as
in the case of wide-bandgap solar cells. MAPbBr; devices functionalized with a tailored dipolar
molecule show a Vo enhancement of about 60 meV and an increase in performance of more than 1 %.
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6.2 Triple cation perovskite solar cells

Triple cation perovskite is the common name of a Pb-based mixed halides perovskite (I and Br)
containing three cations, namely methylammonium (MA*), formamidinium (FA*) and cesium (Cs*). The
perovskite composition used for the first perovskite devices was “simple” MAPbls:*”! it became the
archetypical perovskite and it has been extensively used over the years. In 2014 the introduction of a
novel composition containing MA and FA further improved PSCs,!*°Y leading to an established protocol
for high efficiency devices. Finally Saliba et a/.!?®¥ demonstrated that adding small alkali metal cations
(like Rb or Cs) can enhance both stability and efficiency of the devices. Since then, triple cation
perovskite has been the composition of choice for obtaining reproducible high efficiency perovskite

solar cells (PSCs).™**!

The number of reported values for the different photovoltaic parameters shown in the statistics of
Figure 6.1a is evidence of the widespread use of triple cation perovskite in PSCs. Devices with this
composition can deliver solar cells with efficiency over 20 %, characterized by Vo around 1.15 eV, FF
of 70-80 % and Jc over 20 mA/cm?. The success of this composition is due, beside to its stability, to a
bandgap of 1.6 eV, which allows good absorption in the visible spectrum. Another important role is
played by the CTLs, indeed most of the commonly used were optimized for the energetically similar

MAPDbI3, thus they have a good ELA with the triple cation perovskite absorber.

Overall, triple cation perovskite represents the composition of reference for state-of-the-art PSCs, for
this reason it has been chosen for testing the application of the energy level tuning method described
in Chapter 5. In n-i-p devices with stack FTO/TiO,/triple-cation/spiro-OMeTAD/AU’, the perovskite/HTL
offset is of about 300 meV,!**® as schematically represented in Figure 6.1b. Therefore, in order to
reduce it, it is necessary to decrease the perovskite energy levels, paying attention not to shift them
excessively, since this would lead to an unfavourable ELA with the perovskite VBM higher than the
spiro-OMeTAD HOMO. In Chapter 5 two molecules with the ability of decreasing the energy levels
were presented and their effect on triple cation perovskite characterized: amyl sulfide (csc5) and
trioctylphosphine oxide (TOPO)®. The latter can shift the perovskite WF of more than 300 meV even
for very low solution concentrations. This is excessive for the purpose of reducing the perovskite/HTL
offset in the case of triple cation devices. On the other hand, the relatively small shift induced by csc5
(max 160 meV — Figure 5.3) seems optimal for the purpose of this experiment. To note that, as shown
in Chapter 5, a shift in the WF correspond to an equivalent shift of the band edges. Therefore, the

treatment affects all the perovskite energy levels.

7 FTO is fluorine-doped tin oxide, spiro-OMeTAD is 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-
spirobifluorene.
8 Chemical structures are reported in Appendix Al.
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Figure 6.1. (a) Statistics on the photovoltaics parameters’ literature values for devices with triple-cation perovskite. Plotted
from data collected in the perovskite database.[285] Database accessed on 1.08.2021 (b) Standard stack for n-i-p triple-cation
devices, highlighting the offset between the perovskite absorber and the HTL.

6.2.1 Energy level tuning of triple-cation devices

Standard n-i-p devices with stack FTO/TiO/triple-cation/csc5/spiro-OMeTAD/Au were prepared,
details on the preparation protocol are reported in Appendix A2, the triple cation composition is
Cso.05(FA0.8sMAg.15)0.95Pb(lo.ssBro.1s)s. The perovskite was functionalized with different concentrations of
csc5 to create a negative dipole at the interface and modify in this way the ELA. The expected effect of
the dipolar functionalization is to reduce the approximately 300 meV offset between the perovskite
VBM and the spiro-OMeTAD HOMO.

Specifically, the effect of functionalization was explored for a low concentration of the molecule’s
solution (0.5 mM), meaning a WF shift of about 40 meV, and for high concentration (10 mM), which
represents already a situation of surface saturation and gives a WF shift of approximately 160 meV

(see Figure 5.3).

Figure 6.2 shows how the photovoltaic (PV) parameters such as open-circuit voltage (Voc), short-circuit
current (Js), fill factor (FF), and photovoltaic conversion efficiency (PCE) are changing. It is possible to
notice that the V. is increasing with increasing concentration, while the FF remains constant after the

initial improvement and the Jsc does not change significantly.

When the perovskite surface is functionalized with dipolar molecules, there are different factors that
can affect the devices' PV parameters. The dipoles induce a change in ELA, but at the same time, there
is evidence that the produced electrical field can screen charges, obtaining an effect similar to

passivation.??! Moreover, the molecules are binding to defects on the perovskite surface, reducing in
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Figure 6.2. PCE, Vo, FF and Ji of n-i-p devices with structure FTO/TiO,/triple-cation/csc5/spiro-OMeTAD/Au for different
molecule’s solution concentrations and simulated values of negative WF shift. The box charts are the values obtained
experimentally from JV curves measured at 0.01 V/s. The statistics are estimated from 8, 11, and 13 pixels for 0 mM, 0.5 mM,
and 10 mM, respectively. A pixel is a single solar cell. The red circles represent how the photovoltaic parameters change
depending on the WF shift according to drift-diffusion simulations.

this way the trap states. It is therefore difficult to disentangle the effect of the different factors,
especially in this case, where the changes are relatively small. Thus, drift-diffusion simulations were

performed to gain a better insight.

In the simulations, one of the JV curves from the control devices, carefully chosen as representative of
their average behaviour, was set as a reference. Then only the perovskite energetics and the
recombination time were varied to simulate the presence of a negative dipole at the interface between

perovskite and spiro-OMeTAD. The results are represented by the red circles in Figure 6.2.

The simulations show that the experimental trend is reproducible considering smaller WF shifts than
those measured with KPFM and increasing the recombination time constant at the interface from
1.6e1%s t0 2.84e1%s. In particular, the simulations predict a WF shift of about 25 meV for devices
functionalized with a 0.5 mM solution and 100 meV for the 10 mM case. This seems to indicate that
part of the deposited molecules are lost in the devices making process, leading to a smaller WF shift
and, therefore, also to just a slight reduction on the perovskite/spiro-OMeTAD offset. Additionally, it
is difficult to predict the effect of the deposition of a layer on top of the molecules (spiro-OMeTAD in
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this case), thus this could also lead to interfacial changes resulting in a reduced “real” energy level shift

compared to that measured on the exposed perovskite surface.

Both experimental data and simulations show an initial increase in FF, in average from 74 % to 77 %,
and a progressive, albeit limited, Vo enhancement (~10 meV). These results are consistent with a
reduced perovskite/spiro-OMeTAD offset and with suppression of recombination. It is also worth
highlighting the consistency of this behaviour with the results from a previous work employing IPFC10
at the interface between perovskite and C60 in n-i-p PSCs,?* where a similar Vo trend was observed.

It is also possible to notice that the simulations do not predict a change in Js, while experimentally, a
small variation is observed. Nevertheless, it is quite common in perovskite solar cells to have J
fluctuation of about + 0.5 mA/cm? even for identical devices. Therefore, this change is not to be
considered significant.

Overall, the simulations show the effect of interfacial dipoles and the WF shifts on PSCs and highlight
that the behaviour observed experimentally can be justified by considering only the influence of the
dipoles. It is also worth noting that the actual WF shift in the device seems to be reduced compared to
the nominal value measured on the exposed surface, which is a factor to take into consideration for

future experiments.

These results suggest that the presence of a dipolar layer at the interface between perovskite and CTLs
can influence and, if the conditions are appropriately chosen, improve ELA in PSCs. In the case
described in this section, the ELA of the system (i.e. devices with triple cation perovskite) was already
optimized even without any functionalization, thus it is not surprising that the overall changes are
limited. Therefore, in order to explore the real potential of the energy levels tuning method, it is
interesting to apply it to a system that, at the state-of-the-art, still requires optimization and presents
big offsets between the different layers. This could be the case, for instance, of devices still comprising
triple cation perovskite, but with different (maybe even very stable and conductive, but less
energetically optimized) CTLs. Alternatively, solar cells comprising the so-called wide-bandgap
perovskite are another good example of such a system. In this case, the ability to adjust the ELA by
tuning the energy levels of the perovskite is an advantage, because it eases the requirement of finding

new CTLs with suitable energetics.
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6.3 Wide-bandgap perovskite solar cells

As introduced in Section 2.6.1, the Pb-based perovskite bandgap can be tuned approximately from 1.5
to 3 eV by changing the ABXs composition. A bandgap of 1.6 eV, as in the case of the triple cation
perovskite,* at the centre of the previous section, is optimal for single junction devices because it
absorbs most of the visible part of the solar spectrum. The bandgap can be enlarged, for example, by
increasing the amount of Br. The archetypical wide-bandgap perovskite is MAPbBr; with a bandgap of
2.3 eV.12%%] MAPbBrs; can be employed in multi-junction solar cells for the absorption of high-energy
photons.?87-289) Moreover, it is particularly stable compared to the standard MAPbIs composition!?°”
and it can easily form large single crystal that can be employed in devices.>' However, despite these
advantages, not many studies have focused on MAPbBrs-based devices. This is evident by comparing
the statistics of Figure 6.3a with those showed in Figure 6.1a related to triple cation solar cells, there
is indeed an outstanding difference in the number of reported values for the two cases: 3600 for triple
cation compared to 300 for MAPbBrs.1281 The lack of research on the topic is also stressed by the spread

of the histograms, symptom of scarce reproducibility among the results from different labs.

The challenge of these kinds of devices arises mainly from the quality of the film and the energetic
alignment with the CTLs. It is indeed thermodynamically favourable for MAPbBr; to crystallize
rapidly,?°*?% this however often hinders the formation of a smooth and compact film because of the
formation of structural and electronic defects. Hence, a lot of the research performed on devices with
this composition has been devoted to the improvement of the crystallization process, for example
through solvent'?®>?° and precursor solution?®! engineering or via novel deposition
methods.[1642%2971 On the other hand, obtaining a uniform and compact film is not enough for
achieving high-performing devices. Defects with energy levels deep within the bandgap are still an
important source of non-radiative recombination,!®® thus passivation routes have also been
explored.[?22%! However, reportedly the main bottleneck for MAPbBr; devices lies in the energetic
misalignment.?*? Indeed, the big bandgap results in a significantly deeper VBM for MAPbBrs; compared
to the commonly used compositions. Often the “standard” HTLs (like spiro-OMeTAD or PTAA) are still
employed, although they are not well suited for this case because of their relatively shallow HOMO
level. For example, Figure 6.3b shows the energy levels at the interface between the perovskite and
spiro-OMeTAD, highlighting an offset of around 800 mV!*4% that greatly reduces the possible voltage
output. To alleviate the misalighment several CTLs have been explored or developed,!6%300-302]
allowing for the achievement of a record V.. of 1.653 mV with efficiency around 10%.5°" However, the
radiative Vo limit for a bandgap of 2.3 eV is 1.97 eV,**” thus the Vo loss of this perovskite composition
is still enormous (> 300 meV). Especially compared with triple cation devices, which can reach a

Voc around 1.2 eV with a radiative limit of 1.33 eV, therefore displaying a three times lower Vo loss.
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Figure 6.3. (a) Statistics on the photovoltaics parameters’ literature values for devices with MAPbBr; perovskite. Plotted from
data collected in the perovskite database.[285] Database accessed on 1.08.2021 (b) Standard stack for n-i-p MAPbBr; devices,
highlighting the offset between the perovskite absorber and the HTL. (c) Kelvin probe measurement of FTO/TiO,/MAPbBr3
samples functionalized with different concentrations of urea, showing the decrease of WF due to the interfacial dipole.

Measurement performed in N, after a short exposure to air.

Itis therefore clear that MAPbBr; devices constitute a system that still needs optimization on different
aspects, including film quality improvement, defects reduction and considerable ELA adjustment. For
this reason, it is a suitable candidate for evaluating the effect of the functionalization with dipolar
molecules presented in Chapter 5 when applied to devices. Moreover, MAPbBr; is a material with a lot
of potential, with the ability of delivering stable devices with high voltage output. Therefore, reducing
the voltage loss of MAPbBr; solar cells, without the need of finding new energetically well-matched

HTLs, is a step forward towards the full exploitation of the advantages of this kind of device.

6.3.1 Urea functionalization

In the case of MAPbBr; devices the purpose is to reduce the perovskite/HTL offset, hence it is necessary
to functionalize the surface with a negative dipole, which will decrease the perovskite WF and
energetic bands. Among the molecules studied in Chapter 5, TOPO would be an ideal candidate
because of its large induced WF shift towards lower values. However, the three long aliphatic chains
might be an issue in devices, indeed they could form an insulating layer or they could be an obstacle
to the formation of a compact homogeneous layer. Hence, it has been chosen to switch to a molecule
of smaller dimensions, but which retains the important characteristic of having a large negative dipole.
A molecule possessing these features is for example urea, a Lewis base with a dipole moment of about

4.5 D (structure in the inset of Figure 6.3c).3%! Urea can bind to the perovskite surface via coordinate
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bonding between the oxygen in the molecule and the Pb ions on the perovskite surface, thus creating
a negative dipole.

Kelvin probe measurements (Figure 6.3c) confirm that the passivation of perovskite with urea leads to
a decrease in WF, with the magnitude of the shift increasing with the concentration, as characteristic
of molecules that interact with the substrate. However, it is also possible to note that the trend visible
in Figure 6.3c appears different from those observed in Chapter 5 in the case of functionalization with
Lewis bases (Figure 5.3): here the shift saturates at higher concentrations and there seem to be no
effect for the lowest concentration, i.e. 5 mM. The reason is probably a combination of factors. First
of all urea is particularly small compared to any of the molecules explored in Chapter 5. Therefore, a
higher urea solution concentration is needed to saturate the surface and thus achieve the maximum
WE shift. Additionally, while all the molecules in Chapter 5 were deposited dipping the substrates in a
solution of the molecule of interest, urea was instead spin-coated on the substrates. This necessarily
leads to a change in the deposition dynamics and, thus, possibly on the molecules distribution.

As explained in the methods section, the decision of using spin-coating arises from the solvent used
for preparing the urea solution, i.e. isopropanol (IPA). Indeed, a degradation of the perovskite was
observed after more than a few seconds of solvent exposure, thus making it impossible to use the
dipping method. IPA was chosen after unsuccessfully testing several other solvents. The challenge of
finding a suitable solvent is related to the polar nature of urea, indeed the molecule dissolves mainly
in polar solvents, for example water, ethanol, methanol or acetonitrile. However, these solvents
affects also the organic part of perovskite, i.e. the polar cations. Several other common solvents have
been tested to find an alternative that could dissolve urea but not dissolve perovskite. For instance
common antisolvents such as toluene, chlorobenzene, ethyl acetate, diethyl ether, and dibuthyl ether.
The tests showed that ethyl acetate could dissolve urea at low concentrations by keeping the solution
at around 60°C. However, once the solution was dropped on the substrate it was quickly cooling down
and recrystallizing. The other solvents did not dissolve urea at any tested condition, i.e. different
concentrations, and temperatures up to 80°C. IPA, instead, could successfully dissolve urea with a few
minutes of heating at 60°C in a thermoshaker. As a consequence, IPA resulted the best solution, since

it can be spin coated on perovskite without particular damage.

Another observation that rises from Figure 6.3 is that the magnitude of the shift is relatively small
considering the significant intrinsic dipole of the molecule. This could be related to possible hydrogen
bonding interaction between urea and halide anions on the perovskite, which would counteract the
effect of the negative dipole created from the O---Pb?* interaction. Moreover, it is also possible that
the big dipole of urea create repulsion with surrounding molecules, thus leading to the formation of
less compact layer. However, it might be misleading to focus on the absolute numbers of this
measurement. Indeed, because of the specific features of the setup, it was necessary to expose the
samples to air while mounting them. Thus, the results include an effect from air exposure that it is
challenging to account for. Moreover, the tests on solar cells with functionalized perovskite (both in
this and the next chapter) seem to indicate that the actual offset reduction in devices is smaller than

the predicted induced energy level shift. Based on these factors, it has little meaning to try to
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accurately characterize the WF shift value of a single molecule. An assessment of the magnitude of the
shift makes sense in terms of comparison with other molecules deposited with the same conditions
and method, as in the previous chapter. However, this detailed characterization is beyond the scope
of this chapter. Here the relevant result is the direction of the shift, while the magnitude is merely an

indication of the potential actual shift.

6.3.2 Energy level tuning of MAPDBr; devices

Devices with n-i-p structure have been prepared in order to investigate the effect of the absorber
functionalization with dipolar molecules in the case of PSCs with a large offset at the perovskite/HTL
interface. The devices stack is FTO/TiO,/MAPbBrs/urea/spiro-OMeTAD/Au. The devices preparation
protocol is commented in Section 6.3.3 and reported in details in Appendix A2. As mentioned above,
it has been shown that PSCs with MAPbBr; as absorber can reach higher efficiency with HTLs
possessing a deeper HOMO than spiro-OMeTAD. Nevertheless, the purpose of this study is not
obtaining a record device, but investigating the effect of the induced energy level shift. Hence, keeping
spiro-OMeTAD as HTL has the twofold advantage of resulting in a situation with a big offset at the

absorber/HTL interface and allowing a direct comparison with Section 6.2, since the same stack is used.

MAPbBr; was functionalized by spin-coating solutions of urea with different concentrations,
specifically from 5 mM to 50 mM. Figure 6.4 shows the evolution of power conversion efficiency (PCE),
open circuit voltage (Voc), fill factor (FF), and short circuit current (Js), with increasing solution
concentration. The case of 0 mM corresponds to devices without treatment and, thus, it is the
reference. The box charts display both reverse and forward scans. The two scans are especially
distinguishable in the FF graph, where the higher values are the reverse scans and the lower the
forward scans. A relevant hysteresis is immediately evident, indicating accumulation of ions and
charges at the interfaces. This is consistent with previous works!?°>3% and it is likely directly connected
to the big perovskite/HTL offset, which facilitates the accumulation of charges at that interface. The FF
and PCE statistics show that the hysteresis is particularly big for the reference devices, and it decreases
upon functionalization, indicating a positive effect of the urea treatment. The hysteresis reduction is
probably due to a combination of the effects from the energy level shift and the passivation, which are
difficult to disentangle. Indeed a reduction of the offset decreases the probability of charges

accumulation at the interface and a reduction of trap density decreases the amount of mobile ions.

Moreover, from Figure 6.4 it is possible to notice a trend in V.. that is reflected in the performance.
However, drawing conclusions solely from the analysis of the box charts might be misleading. Indeed
the values of the different PV parameters from the reverse scan of the JV curves (often used for the
determination of PSCs performance) does not reflect the real (stabilized) values because of the

pronounced hysteresis. Therefore, in order to make an accurate analysis of the effects of the
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Figure 6.4. PCE, Vo, FF and Js of devices with structure FTO/TiO,/MAPbBrs/urea/spiro-OMeTAD/Au for different
concentrations of urea. Measurements performed in a N; filled glovebox with shadow masks limiting the areato 0.1 cm2. 18
pixels (i.e. single solar cells) per condition, reverse and forward scans. Pixels showing unusual behaviours were excluded
from the statistic.

functionalization, MPP- and V.c-tracking have been performed. The outcome of these measurements
can be considered a reliable evaluation of the actual PCE and V. of the devices, since the values are
recorded over a certain amount of time (in this case ~120 s), thus without being biased by transient

phenomena.

The results are displayed in Figure 6.5, where the top row shows the MPP (left) and V. (right) tracks
of the best pixels and the bottom row shows the average values calculated from all the MPP (left) and
Vo (right) tracks measured, with the error expressed through standard deviation. The average were

calculated from the values at the end of the tracks, i.e. at 120 s.

The trends for the best pixels and the average values are very similar: the devices show improved V.
and PCE in presence of urea, reaching the best values for a concentration of 20 mM. The V.
enhancement is of 60 mV between the average values of untreated devices and devices with 20 mM
urea. Specifically the reference devices have an average Vo of 1.49 eV and the 20 mM functionalized
devices of 1.55 eV. The highest stabilized V.. for samples with 20 mM urea corresponds to 1.58 eV,
while for the best reference device gives a maximum V. of 1.54 eV. The PCE improvement from the
MPP track is overall more than 1 %, while from the data in Figure 6.4 it is only around 0.5 %. This is
related to the reduced hysteresis of the functionalized devices, and it highlights the importance of

basing the data evaluation on stabilized values, especially in presence of a relevant hysteresis.
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Figure 6.5. Top row: MPP- and V-tracking (left and right respectively) of the best pixels of FTO/TiO,/MAPbBr3/urea/spiro-
OMeTAD/Au devices for passivation with different concentrations of urea. Bottom row: average and respective standard
deviation of the last values from the MPP (left) and Voc (right) tracks of FTO/TiO,/MAPbBrs/urea/spiro-OMeTAD/Au devices,
3-10 values per condition.

The Vo seems to follow the same trend of the WF shift displayed in Figure 6.3c, i.e. no relevant change
for low concentrations and then progressing increase until stabilization. This is evidence of a
correlation between the two measurement and thus, based on the results from Chapter 5, of a
dependence of V.. from the coverage. The slight performance decrease experienced in the case of 50
mM concentration can be interpreted, similarly to the case of TOPO exposed in Chapter 5, as a possible
damage induced by high concentration of urea on perovskite due to the strength of the base and its
interaction with the Pb ions.[?”?! Alternatively, it is also possible that already at that concentration urea

cannot completely dissolve in IPA, thus bringing imperfections to the film.

Itis also interesting to note that for the case of 5 mM functionalization we observe a PCE improvement,
but not a corresponding V.. change. Therefore this enhancement is likely related to the (expected)
passivating effect of urea, reflected especially in a reduction of the hysteresis and related average FF
increase (Figure 6.4). For the higher concentrations, the improvement is instead probably due to a
combination of the positive effects of passivation and ELA adjustment, which are generally both
present when functionalizing a surface with dipolar molecules. Disentangling the two effects could be

possible through a very thorough analysis with different techniques,®”! but it would be difficult to
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make reliable conclusions. Nevertheless, in this case, the strong correlation between the trends in Vo
and WF shift supports the significant contribution of the change in ELA to the V.. enhancement.

To sum up, the functionalization of MAPbBr; with a dipolar molecule able to decrease the energy levels
(urea) leads to a definite Vo improvement of 60 mV and a PCE enhancement of more than 1%. The
result is likely related to the combined effect of passivation and ELA adjustment. However, a direct
correlation between the trends in WF shift and V.. is noted, pointing to the energetic tuning as main
cause for the Vo enhancement. As in the case of devices with triple-cation, the V.. improvement is
smaller than the potential offset reduction that is possible to predict on the base of the WF shift
measurement. However, the improvement is considerable and the effect of the functionalization

reduced the voltage loss typical of MAPbBr; devices and main bottleneck for their application.

6.3.3 Comments on the preparation and analysis of MAPbBr3 devices

In contrast to triple-cation devices, whose protocol has been thoroughly optimized and it is widely
used in our lab, there was no established procedure for the preparation of MAPbBr; devices. The
protocol was developed on the basis of studies performed on the optimization of the deposition
parameters for MAPbBr; and other perovskite compositions.*° According to this work it is possible to
obtain a smooth film without pin-holes by spin coating 80 ul of precursor solution® for 60 s at 4000
rpm, with 150 pl toluene drop after 10 s. However, this method leads to a film thickness of about 300
nm (Figure A4.1), which is too thin for a good solar cell, since it would be hindering the absorption and
thus the current generation.%3%! Therefore, optimization studies were performed in order to
increase the thickness, specifically the spinning speed and the moment of the antisolvent drop were
varied. The thickness and morphology variations were monitored via scanning electron microscopy

(SEM): the results for the different conditions are reported in detail in

Figure A4.1, while Figure 6.6 display some exemplary cases. By changing these two parameters it is
possible to tune the perovskite thickness up to more than 1 um (Figure 6.6). However, as evident from
Figure 6.6, with increasing thickness significant holes start to form between the MAPbBr; and the TiO;
layers. Therefore, the optimal condition for the reparation of devices seems to be 60 s of spinning at
2000 rpm, with antisolvent drop after 15 s, resulting in a compact film of almost 500 nm, without

pinholes.

The devices shown in this chapter were prepared following this protocol and it is noteworthy to point
out the relevance of the obtained V.. values without any functionalization. Indeed the reference
devices, as those corresponding to 0 mM in Figure 6.4, show stabilized Vo up to 1.54 eV. This is a

particularly good result considering that the highest reported V.. for MAPbBr; devices with spiro-

® MABr:PbBr; 1:1, 1.2 M, in DMF:DMSO 4:1
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Figure 6.6. SEM pictures of FTO/TiO,/MAPbBr; samples with different deposition reported in the single pictures as spinning
time, antisolvent drop time.

OMeTAD and TiO; as CTLs is 1.49 eV,B3%! with values obtained from JV curve, thus not stabilized.
Therefore, devices with MAPbBr; prepared according to the developed protocol have great potential
for achieving a new record V., if the stack will be optimized with well aligned CTLs and proper
perovskite functionalization. At the same time, further optimization is needed to achieve higher J..
The Js is, indeed, currently hindering the efficiency, in spite of the optimal Vo A Jsc of ~7-8 mA/cm?
would be required to achieve the performance of the most efficient MAPbBrs; devices. 16429301
External quantum efficiency (EQE) measurement (Figure A4.2) revealed a loss for wavelengths higher
than 370 nm, which is likely the cause of the low Jsc and might indicate that the perovskite layer is not
thick enough. In this case the preparation protocol will need to be further optimized to increase the

thickness without developing the holes noticed in Figure 6.6.

Overall, the reliable characterization of MAPbBr; solar cells is not trivial. The big hysteresis and
variation of the parameters (for example the V. can change over a range of 200 mV, 5-10 times higher
than the variation for triple cation PSCs) makes it difficult to understand the real behaviour of the
devices. For this reason it is advisable to collect a lot of data and repeated measurements in order to

perform a careful statistical analysis of the results before drawing any conclusion.
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6.4 Conclusions

This chapter investigates the application in devices of the energy level tuning method presented in
Chapter 5. In particular, dipolar molecules are used to functionalize the perovskite surface and
decrease its WF, in order to reduce the energetic offset with the HTL. This strategy is applied to PSCs
with two different compositions, namely triple cation perovskite and MAPbBrs;. These two systems are
exemplary cases of solar cells with good ELA on one side (triple cation devices) and with a bad ELA, i.e.
large energetic offsets, on the other (MAPbBr; devices). After tailored functionalization, the devices
showed improvement in both cases, in particular in the form of V.. enhancement. For triple cation
solar cells the change is limited, however drift-diffusion simulations supports its relation to a variation
in ELA. On the other hand, MAPbBr; devices show a definite stabilised Vo improvement of 60 meV
upon functionalization using a 20 mM solution of urea, together with an increase of more than 1% in
PCE. The results are obtained from stabilized PCE and V,c measurements, which is particularly relevant
considering the considerable hysteresis in these devices. Functionalized MAPbBr; devices also display
reduction of hysteresis, compatible with a passivating effect of urea and a reduction of the offset at
the interface. The Vo of devices prepared with different urea concentrations follow the same trend of
the WF shift measured via Kelvin probe, thus highlighting a correlation between the change in ELA and

in Voc.

It is therefore now possible to answer the questions posed in the introduction: Is the energy level
tuning method presented in Chapter 5 working when applied in devices? Is energy level alignment
actually relevant? Overall, the devices characterizations suggests that tuning the perovskite energetics
through a layer of dipolar molecules is an effective method for adjusting the ELA and thus improving
devices. Therefore, the answer to the first question is yes. Or better: yes, but. But it is important to
consider the conditions of the system and what are the main sources of losses. Indeed, the results also
stress that the effectiveness of such strategy depends on the system. Specifically the improvement will
be limited if the ELA is already close to optimal, as in the case of triple-cation devices. Instead, in
presence of a large energetic mismatch, as for MAPbBr; devices, the effect will be significant. And this
answers also the second question: ELA is relevant in general, but it depends on the conditions of the
system, and in particular on the main sources of losses. If the system presents misaligned energy levels
and big offsets, than tuning the perovskite energy levels through dipolar molecules will improve the
devices. On the other hand, if the system has already well-matched energy levels, than the same

strategy will be less effective.
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7 A HALO-FUNCTIONAL HOLE-
TRANSPORT MATERIAL

This chapter is based on the peer-reviewed article “Canil, L. et al., Halogen-Bonded Hole-Transport
Material Suppresses Charge Recombination and Enhances Stability of Perovskite Solar Cells, Adv.
Energy Mater., 2021, 2101553".53%7)

Interfaces play a crucial role in determining perovskite solar cells (PSCs) performance and stability. It
is therefore of great importance to constantly work towards improving their design. The study
presented in this chapter shows the advantages of using a hole-transport material (HTM) that can
anchor to the perovskite surface through halogen bonding (XB). A halo-functional HTM (PFI) is
compared to a reference HTM (PF), identical in optoelectronic properties and chemical structure but
lacking the ability to form XB. The interaction between PFl and perovskite is supported by simulations
and experiments. XB allows the HTM to create an ordered and homogenous layer on the perovskite
surface, thus improving the perovskite/HTM interface. Thanks to the compact and ordered interface,
PFI displays increased resistance to solvent exposure compared to its not-interacting counterpart.
Moreover, PFl devices show suppressed non-radiative recombination and reduced hysteresis, with a
Voc enhancement 2 20 meV and a remarkable stability, retaining more than 90% efficiency after 550
hrs of continuous maximum power point tracking. This chapter combines the improvements related
to the perovskite functionalization with dipolar molecules presented in the previous chapters with the
advantages of XB. The results highlight the potential that XB can bring to the context of PSCs, paving
the way for a new halo-functional design strategy for charge-transport layers, which tackles the

challenges of charge transport and interface improvement simultaneously.

t stability "\'3\
Y} !
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7.1 Introduction

Perovskite solar cells (PSCs) are undoubtedly one of the leading actors in the field of solar energy
conversion, however, before their wide-scale use in real-world applications, several challenges still
need to be addressed to improve their performance and especially their stability.[1>3%! The best state-
of-the-art devices possess complex stoichiometry, which leads to different perovskite surface
terminations and the consequent related interactions.3! For this reason, interfaces play a critical role
in the devices’ functionality, and their improvement is one of the main challenges that need to be
tackled.?®3®! One of the most common approaches to optimize interfaces between different layers in
PSCs is introducing an interlayer that functionalizes the perovskite surface.!333%931% Chapter 5 and
Chapter 6 showed that this method can be used to systematically tune the perovskite energy levels
and reduce interfacial recombination. Now the questions are: Is it possible to further develop this
strategy by incorporating the functionalization and energy level tuning ability directly in the subsequent

charge transport layer (CTL)? And what is a good perovskite/CTL interaction for this purpose?

Recently, some works started to integrate the functionalization feature in the CTL above the perovskite
to combine (i) interaction with the perovskite surface and (ii) charge transport and extraction within
one material, thus removing one additional interface.3131l All these works have in common the
functionalization of perovskite with molecules that bind to the undercoordinated Pb?* ions and focus
on the passivating effect. Instead little attention is posed to the energy level alignment (ELA) and no
reports exist on exploiting non-covalent interactions between CTLs and the iodide ions on the

perovskite surface, of which halogen bonding!*®® is a fascinating case.

As detailed in Section 3.3.2, Halogen bonding (XB) is a non-covalent electrostatically driven interaction
between an electrophilic region in a molecule and a nucleophilic region in another, or the same,
molecule.’® The electrophilic region is commonly associated with a polarizable halogen atom
substituted in an electron-withdrawing environment. The substitution creates a region of positive
electrostatic potential within the molecule called “c-hole”.[**3! The o-hole can interact with electron-
rich sites in other molecules, thus forming halogen bonding. XB is of particular interest because of its
directionality, tunable interaction strength and often hydrophobicity.[°?%! Thanks to these unique
features, XB has been widely exploited in the context of soft functional materials and crystal
engineering,?°® for example, for the design of supramolecular gels®®! and liquid crystals’®'”! or the

development of light-responsive polymers.©31€l

Halogen bonding was first introduced to the PSCs field in 2014 by Abate et al.1**?., They functionalized

the perovskite surface with iodopentafluorobenzene (IPFB), achieving suppressed recombination and
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improved charge extraction due to the screening effect of the molecule on the electrostatic charge of
the iodide ions. Later on, various works have highlighted the positive impact of XB on the perovskite
crystallographic structure, thus leading to a more symmetric surface.?>?142] Moreover, XB allows the
formation of ordered and structured layers, and several studies have reported improved stability and
performance in devices.!?*>2%6319 Based on these findings, XB appears as an optimal supramolecular
strategy to improve interfaces and, consequently, performance and stability in PSCs. However there is
no report on XB being used in combination with materials with charge-transport properties to obtain
CTLs that directly interact with the perovskite surface. Developing such material could enable forming
an ordered and neat interface promoting stability and performance in devices without introducing an

interlayer between perovskite and CTL.

This chapter presents a carbazole-based material (Cs2HsF4IN3Os - named PFl, Figure 7.1a) with good
hole selectivity, stability, and energy levels position, which is capable of anchoring to the perovskite
surface through XB thanks to a o-hole generated by the presence of an iodine atom within the
molecule.’®®?12] The material was designed by collaborators from the University of Tampere in the
frame of the SolarWAVE project (see Appendix A6). The results were compared with PF (Cs2HsFsN3Os,
Figure 7.1b), a material with the same structure and properties except for the absence of the iodine
atom and therefore lacking the ability to form XB. The findings presented in this chapter show that the
XB-donating material interacts strongly with the perovskite layer, enhancing the samples’ resilience to
solvent exposure, improving the energy level alignment (ELA) in devices and suppressing non-radiative
recombination. The employment of PFl as hole-transport material (HTM) in PSCs results in an open-
circuit voltage (Voc) enhancement of about 20 meV compared to PF, together with a reduced hysteresis
and significantly enhanced stability, maintaining more than 90% of the post burn-in efficiency after
550 hrs of continuous maximum power point (MPP) tracking and with a projected Tsgo of ~2600 hrs.
These results are ascribed to XB between perovskite and the HTM, which allows the formation of an
ordered interfacial layer. Moreover, the findings are coherent with a study from Dai et al.1%,13? where
an I-terminated SAM was employed at the interface between SnO, and perovskite, resulting in
increased adhesion toughness at the interface and leading to devices with reduced hysteresis,

enhanced V,, and improved operational stability.

The results reported in this chapter suggest that designing materials that can interact with the
perovskite surface via specific supramolecular interactions while simultaneously acting as CTLs is
crucial for tackling the challenges related to interfaces in PSCs and can bring significant improvement
to devices. This chapter highlights the advantages of XB as the supramolecular interaction of choice in
HTM design for PSCs, proposing a new approach to develop tailored charge transport materials for
PSCs.

10 The study was published around the time the manuscript on which this chapter is based was submitted.
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Figure 7.1. Molecular structures and respective hypothesized arrangement on the perovskite surface for PFl (a) and PF (b).

7.2 Understanding the interaction of PFI and PF with the
perovskite surface

Figure 7.1 shows the molecular structure of the two materials and the respective expected
arrangement on the perovskite surface. As mentioned above, the presence of o-hole in PFl allows the
material to form XB with the halides on the perovskite. At the same time, the pentafluoro moiety in PF
is unable to interact via XB and does not form specific chemical interactions. Therefore, PF can act as

a reference to explore the effects of PFI’s XB with perovskite.

It is possible to think of these materials as a composition of two parts serving distinct functions: the
carbazole-based core, responsible for the energy levels and hole-transport properties, and the
fluorinated ring, connected to the core through an alkyl chain, responsible for interactions with the
perovskite surface. As represented in Figure 7.1a, PFl can be simplistically depicted as an HTM with a
clawed arm, which allows the material to anchor to the surface via XB and form an ordered layer. On

the contrary, PF molecules will most likely assume a random distribution on the perovskite, as
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Figure 7.2. (a) DFT simulations of the adsorption of PFl (left) and PF (right) on MAPbIs perovskite exemplified for the case of
MAI terminated surface with an indication of the respective adsorption energies (Pb-terminated surface in Appendix A5). (b)
Kelvin Probe measurements showing how the work function (WF) of PFl and PF changes for different solution concentrations
compared to the WF of PFl at 29 mM (i.e. the concentration used for all HTMs in devices), which is set as 0. Measurements
performed in air on FTO/TiO,/perovskite/HTM samples.

schematized in Figure 7.1. The hypothesis presented here is that the improved interface with PFl can

promote stability and prevent ion accumulation, thereby bringing several advantages to the devices.

The moiety which is responsible for XB in PFl was already proven to form such bond with perovskite
by Abate et al.?*? and later further investigated by Zhang et al.!**3l. However, additional theoretical
and experimental analyses were performed in order to understand the interaction of the molecules

with the surface and to find evidence of the anchoring properties of PFI.

First, the interaction of PFl and PF with the perovskite surface was simulated using MAPbIl; as the
prototype lead halide perovskite. The adsorption of the molecules has been modelled on the (001)
surface of tetragonal MAPbI; for MAI-terminated and Pbl,-terminated surfaces, 16321322l \where MAl is

methylammonium iodide.

As highlighted by the absorption energy values reported in Figure 7.2, the simulations reveal that PFI
consistently exhibits adsorption energy 2-3 times higher than that for PF, evidence of a much
stronger interaction of the former with the perovskite surface. This is irrespectively of the molecule-

slab orientation and the termination of the perovskite surface (the different cases are reported in

Figure A5.1 and Table A5.1). Although the adsorption of PFl is favoured in a parallel adsorption mode,
i.e. with the phenyl ring placed parallel to the perovskite surface (see Figure A5.2), the I--:I" interaction
is instead maximized when the molecule is placed in perpendicular configuration (see Figure 7.2a),
showing an almost linear interaction angle. This trend is expected from the directional nature of XB
due to the narrow positive area corresponding to the o-hole!**®!, In contrast, the low adsorption energy
of PF suggests that there is no preferred interaction for this molecule, and its distribution and
orientation probably depends on weak intermolecular interactions within adsorbed molecules. The
simulations thus indicate the presence of XB between PFl and the perovskite layer. Moreover, the
strength of the PFl-perovskite interaction compared to the PF-perovskite interaction supports our

interpretation that PFl can anchor itself to the perovskite, likely providing a well-defined layer at the
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interface. In contrast, PF molecules will probably assume random orientations and, therefore, a less
uniform and compact distribution. These results are coherent with the first-principles analysis
performed by Zhang et al.?*3! on the adsorption of IPFB, which correspond to the part of PFl capable
of interaction. In that study, the authors show that IPFB adsorption positively affects the structure and
orientation of perovskite at the interface. The molecule resides stably at its position on the surface,
with adsorption energy comparable to that calculated here for PFI.

Experimental evidence that PFl, in contrast to PF, interacts with the perovskite surface is given in Figure
7.2b. Here Kelvin Probe (KP) was used to measure the work function (WF) of doped PFl and PF spin-
coated with different concentrations on the perovskite layer. The perovskite used was triple cation
perovskite with precursor solution composition Csoos(FAossMAo.15)ossPb(lossBroas)s.  Low
concentrations correspond to a situation were there are only one or few monolayers of PFl and PF,
thus allowing to observe the energetics at the perovskite interface. High concentrations (i.e. 29 mM)
correspond to a layer of around 120 nm, which is the condition used in devices. At this concentration
the measured WF is the one of the material itself. The results show that the WF of PF remain constant
for the different concentrations, while PFI varies. This suggests that PF does not bind to anything
specific. The molecules distribute randomly on the perovskite surface, thus what we measure is always
the WF of PF, at all concentrations, without any additional effect due to interfacial interactions. The
altered WF of PFI at the perovskite interface compared to its value at 29 mM can instead be ascribed
to the XB interaction and it is coherent with the shift that such a dipole induce.?%2%! Therefore this
measurement experimentally support the interaction between PFl and the perovskite. This specific
result not only support the claim of an interaction between PFl and perovskite, but it further validates

the statements of Chapter 5.

7.3 Resilience to solvent exposure

The resilience of perovskite/HTMs samples to solvent exposure was tested in order to further
demonstrate the presence of an interaction between PFl and perovskite. The samples were immersed
for 15 s in ethanol (a solvent that can slowly dissolve the materials) and, immediately after, UV-Vis
absorption spectra were recorded to assess any possible change in the films, which can be detected
through changes in the optical properties. The measurements were done in reflection mode to be
more surface sensitive and focus on the HTM layers rather than the perovskite bulk. The procedure
was repeated several times up to 60 s of solvent exposure to monitor the dissolution process of PFI
and PF.

Figure 7.3a shows how the reflection spectra for PFI (right) and PF (left) change for different dipping
time intervals. The peaks at ~ 400 nm (A in Figure 7.3) are characteristic of the two HTMs (see UV-Vis

of the pure materials in Figure A5.4), while the peaks at ~ 800 nm (B in Figure 7.3) are associated with
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Figure 7.3. (a) UV-Vis reflection spectra of ITO/perovskite/PFI (left) and ITO/perovskite/PF (right) samples after immersion
in ethanol for different time intervals. (b) Comparison of the change in intensity of the peak at A and B for PFl and PF
depending on the dipping time. (c) AFM topography maps of PF (top) and PFI (bottom) deposited on glass/perovskite with
29 mM concentration. The different maps, ordered orizontally, represent the effect of subsequent ethanol treatments on
the morphology for the two materials.

the perovskite layer detected through the HTMs. As a reference, the figures also show the signals for
the ITO substrate and the bare perovskite layer. With this in mind, it is possible to compare the two
materials and observe as a general trend that A decreases with dipping time while B increases. This
means that the signal coming from the HTMs is decreasing in intensity with dipping time, while that
related to the perovskite is increasing, which matches the idea that the two materials are dissolving
and “exposing” more the underneath layer, i.e. the perovskite. Figure 7.3b highlights the behaviour of
the two materials by showing A and B normalized at the initial condition, i.e. before exposure to
ethanol. The results after the first 15 s in ethanol are particularly interesting. We can observe how for
PFI, the intensity of the A peak remains stable, while for PF, we can see an increase in the signal. The
latter can be interpreted as due to the formation of agglomerates of PF at the surface. After exposing
the sample to the solvent for a further 15 s, the signal decreases to under the initial value and keeps
this trend for the following dipping sessions. Therefore, it seems that PF clusters are initially formed

due to the material desorption and are afterwards washed away while the film is slowly dissolving.
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On the other hand, the fact that PFl remains stable during the first 15 s of solvent exposure indicates
that the material is more resilient to dissolution. This can be ascribed to XB between PFl and the halide
ions at the perovskite surface, which makes more difficult to detach molecules and increases the
hydrophobicity of PFl thanks to the formation of a more ordered layer, making it more resistant to
polar solvents. The increase in hydrophobicity is furthermore supported by water contact angle
measurements, showing a contact angle of more than 92° in the case of PFl and 89° for PF (Figure
A5.5).

It is also relevant to note that, after the initial 15 s of ethanol dipping, the A peak for PF starts to
decrease at a faster rate than for PFl, indeed indicating a different resistance to re-solubility for the
two materials. Similar observations can be done for the evolution of peak B: the stronger it becomes,
the more it is possible to “see” the perovskite layer, i.e. the thinner the HTM. As highlighted in Figure
7.3b, the B peak for PF increases its intensity faster than PFI, especially during the first 30 s.

To further support the results, the test was repeated while measuring UV-Vis in transmission mode
(Figure A5.6). In this case, since most of the signal comes from the perovskite layer, it is more difficult
to draw conclusions. Nevertheless, it is possible to notice that, except for an initial shift after the first
dipping interval, the PFl spectrum remains almost unchanged, while the PF one becomes more and

more similar to the perovskite reference, indicating likely an increased dissolution of the material.

An additional characterization via atomic force microscopy (AFM) was performed as complementary
measurement to UV-Vis and in order to strengthen the claim stated above. PFI/PF-coated films were
exposed to the solvent and the change in topography was monitored. The results are reported in Figure
7.3cand are coherent with the trend observed through UV-Vis. Specifically, itis possible to notice that,
upon solvent exposure, holes start to form on the surfaces and their density increase after every
treatment. However, while PF displays a high density of holes directly after the first exposure to
ethanol, PF seems to remain more stable, with the apparent formation of agglomerates, but not

evident damage. Overall, it appears that PF degrades faster than PFl upon ethanol treatment.

Together with allowing a further monitoring of the dissolution process, AFM images of two different
untreated PFl and PF films (Figure A5.7) show features that could be evidence of diverse stacking for
the two materials. In particular, PF present some imperfections displaying holes in a circular pattern,
which are instead absent in PFI films. This might suggest that the ordered interfacial monolayer formed
in the case of the halogen-bonded PFI molecules can help the growth of more compact and uniform
upper layers compared to PF. Therefore, it can be speculated that the patterns of holes visible for the

latter could be related to a less compact stacking.

Overall, the findings from UV-Vis and AFM support the beneficial effects of XB and clearly show how
the capability of an HTM of interacting with the underneath layer, in this case perovskite, can positively
affect its hydrophobicity and resilience to dissolution, resulting in improved stability of the whole

system.
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Table 7.1. Optoelectronic properties of PFIl, PF, and spiro-OMeTAD. A,ps is the absorption wavelength, Eg is the bandgap, u
is the hole mobility. Energy levels measured in solution and without dopants. Measurements details in Appendix A5.2.

HTM Aabs (nM) HOMO (eV) LUMO (eV) Ec (eV) 1 (cm2v-is)
liquid solid undoped doped
PFI 336 337 4.96 1.86 3.1 2.0x10° 2.2x104
PF 336 337 4.97 1.87 3.1 2.5x10° 2.0x104
Spiro-OMeTAD 4.82 6.0x10° 7.2x104

7.4 Application in devices

The results until now brought evidence that PFl can anchor to the halides on the perovskite surface
through XB, promoting the formation of an ordered and stable interfacial layer compared to the
reference PF. To evaluate the applicability of these materials in devices and assess the related effects,
their optical properties, energy levels and hole mobility were tested. The relevant results are
highlighted in Table 7.1, while further details are reported in the Appendix A5.2. UV-Vis absorption
measurements in liquid and solid-state show negligible absorbance in the visible range, thus excluding
an interference between HTMs and perovskite absorption. The energy levels of undoped materials
reported in Table 7.1 were determined through differential pulse voltammetry, while the WF of the
doped HTMs were compared with that of spiro-OMeTAD through KP measurements (as previously
discussed and shown in Figure 7.2b). Moreover, the space-charge-limited-current method®®?* was
employed to measure the mobilities, both with and without dopants. The two materials exhibit

comparable values, just slightly lower than those measured for spiro-OMeTAD as reference.

7.4.1 Devices performance

The above presented results suggest that the HTMs are suitable for perovskite-based devices. Hence,
n-i-p devices with doped PFl and PF as hole transport layers were prepared and the respective
performances tested. Statistics on the resulting photovoltaic parameters are reported in Figure 7.4a
and Table 7.2, together with the values for the best pixels. Furthermore, Table 7.2 also shows the
results for devices with spiro-OMeTAD as HTM (fabricated in identical conditions) to highlight that PFI-
and PF-based solar cells can reach the same efficiency as those with the state-of-art HTM spiro-

OMEeTAD. It is worth noting that spiro-OMeTAD was chosen as reference because of its wide use,
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Figure 7.4. (a) Photovoltaic parameters of n-i-p devices with structure FTO/TiO,/perovskite/HTMs/Au, box charts from 12
and 13 pixels (i.e. single solar cells) for PFl and PF respectively, reverse and forward scans. (b) JV-curves of the best pixels
recorded at 100 mV/s scanning speed in the inset MPP-tracking of the reported pixels. (c) Absolute steady-state PL
measurements for different light intensities showing the QFLS for glass/perovskite and glass/perovskite/HTMs (doped), with
a highlight on the difference in values between PF and PFI. Measurements performed on the film side.

however other HTMs enabled reaching high efficiency, sometimes even without the use of
dopants.3%733% |t js foreseeable that the concept of halo-functional HTM introduced here could be
further developed to achieve even higher efficiencies, ideally without the need of doping. Therefore

this work aims at showing the advantages of this kind of HTM, hoping to pave the way to a new set of

halo-functional materials leading to high efficiency and stable devices.

The results presented in Figure 7.4 show that employing PFl over PF as HTM has positive effects on
devices, especially in terms of reduction of interfacial charge recombination and ion density. As
reported in the literature, the XB functionalization does not change the optoelectronic properties of
the substrates,!?1>21% therefore, it is essential to point out that its advantages instead come from the
ordered and homogeneous distribution of the molecules at the interface. FF and Js remain similar in
the two cases, while there is a definite Vo improvement in devices comprising PFI. This leads to an
increase in PCE, especially visible from the stabilized power output in the inset in Figure 7.4b.

Specifically, an average V.. enhancement of about 20 meV (increased to more than 30 meV for the

99



7. A HALO-FUNCTIONAL HOLE-TRANSPORT MATERIAL

Table 7.2. Photovoltaic parameters and hysteresis index (H-index) of devices with PFI, PF and spiro-OMeTAD for the best
pixels and the average (avg.) of 12, 13 and 14 pixels, respectively. The stabilized power output corresponding to the best
pixels for 120 s MPP-tracking is also reported. H-index is calculated as PCE,/PCEr, where rev and for are reverse and
forward scan, respectively

HTM PCE (%) Voc (MmV) FF (%) Jsc (mA/cm?) H-index
Best)y  Bestsiapilized  AVg. Best  Avg. Best  Avg. Best  Avg. Best  Avg.
PFI 19.3 18.1 17.3 1182 1150 75 72 21.7 213 1.08 1.07
PF 19.0 17.5 17.1 1148 1130 77 71 215 212 1.18 1.12
Spiro-OMeTAD  19.5 19.3 18.0 1181 1154 75 72 222 210 1.05 1.07

best pixels) is observed, which suggests that PFl suppresses the charges’ capability of recombining at
the perovskite/HTM interface. This behaviour is confirmed by the data shown in Figure 7.4c.
Photoluminescence (PL) measurements were performed on perovskite/HTM stacks (with doped
HTMs) and on the neat perovskite layer at different light intensities to extract the internal voltage of
the partial cell stack, i.e. the quasi-fermi level splitting (QFLS). Considering that the QFLS of the
perovskite/HTM stack is almost identical to the neat layer at one sun, this measurement highlights that
PFI nearly overcomes the interfacial recombination loss typically caused by the deposition of an HTM
on top of perovskite. This scenario is particularly relevant since it is one of the leading causes of Vg
loss in PSCs.B*36331 Moreover, the difference between the QFLS of PFl and PF at one sun is around 20
mV, matching perfectly with the V.. enhancement obtained from the devices. This measurement,
therefore, highlights the ability of PFI to suppress recombination and confirms that the increase in Vo
is related to the difference between PFl and PF, i.e. the ability of PFl of forming XB and thus a neat

interface.

The positive effect of PFl in suppressing the recombination is also supported by a reduction of the
hysteresis in the JV curves, as evident in Figure 7.4b and stressed by the hysteresis indexes (H-indexes)
calculated in Table 7.2. It is indeed known from the literature that hysteresis mainly arises from the
absorber material and that interfaces and CTLs are fundamental for its reduction. 253! Specifically,
hysteresis is often correlated to the detrimental effect of mobile ions.[2%12%133] |n this case, PFl is likely
to limit their migration by anchoring itself to the halide ions on the perovskite, promoting the

formation of a better-terminated surface compared to PF.
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7.4.2 Operational stability

The advantages of using a halo-functional HTM in perovskite-based devices are evident in the
photovoltaic performance of the devices and their stability under working conditions. Two different
batches of devices were tested using a custom-made ageing setup and keeping identical conditions in
both cases. The tests were performed according to ISOS-L-11.771 All pixels were tested in a controlled
environment under continuous MPP-tracking at one sunillumination to assess their long-term stability.
a reports the results of one of the tests as an example, while the other one is shown in Figure A5.10.
In the case presented in Figure 7.5a, the devices were aged for approximately 550 hrs, and the
displayed MPP tracks are the average of 7 pixels and 4 pixels for PFI- and PF-based devices,
respectively. Pixels showing significantly different performances were removed from the average. The
data were normalized to the value at ~ 10 hrs, after the so-called “burn-in”,'*3?! and plotted in
logarithmic scale from that point, with error bars giving the standard deviation. A plot in linear scale

and from 0 h is displayed in Figure A5.9.

Both PF- and PFl-based devices retain more than 90% of their initial efficiency during the
measurement, evidence of excellent stability. Devices with PFl as HTM show enhanced stability
compared to devices with PF. Although the difference is not large, it is significant considering that the
trends represent the averages of several devices. This result is of particular importance because, in
real-world applications, a long term stable energy output is more relevant than the efficiency obtained
from JV-curves. As an approximation, their stability trend were linearly projected to identify the
probable Tsgo,l7”33% i.e. the time at which the efficiency has reached 80% of the value after burn-in. PFI-
based devices deliver a remarkable projected Tsgo of ~2600 hrs, more than double of that extrapolated

for PF-based devices.

Itis also significant to note that the number of devices that remained operational after the ageing test
is higher for PFl. Indeed, as represented in Figure 7.5b, if all the tested devices (6 devices per HTM
with a total of 36 pixels per HTM) are taken into account, less than half of the pixels using PF as HTM
survived the ageing test, in contrast to devices with PFI which show more than 80% of working pixels.

III

Note that these statistics count as “non-operational” devices that do not show power output after the

test and devices that displayed particularly unusual behaviours during the test.
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Figure 7.5. (a) Normalized PCE of FTO/TiO,/perovskite/HTMs/Au devices for ~ 550 h of continuous MPP-tracking under 1 sun
illumination. The measurements were performed through a custom-made ageing setup in an N, atmosphere with a UV-
blocking filter. The device temperature was actively kept at 25°C. Average of 7 pixels for PFl and 4 pixels for PF, corresponding
to one measured batch. Another batch was tested, leading to the same trends (Figure A5.10). Pixels showing significantly
different performances were removed from the average. Data are plotted in log scale, with error bars (standard deviation)
and were normalized to the value at 10 hrs, corresponding to the end of the so-called “burn-in”.1332] Dashed lines represent
the linear projection of the stability trend to identify the time at which 80% of the efficiency from the end of burn-in is reached
(Tssol”1). (b) Statistics displaying the pixels that still showed power output after the test and did not show any unusual
behaviour during the test (“ageing survivors”) compared to the total number of aged pixels in the course of two tests. A pixel
is a single solar cell in a device.

PSCs’ operational stability can be affected by different external and internal elements.!?®! Considering
that the ageing tests were performed in an N, atmosphere and at controlled temperature, the
observed difference in stability is likely connected to intrinsic factors. In particular, as already
mentioned before, the ability of PFl to anchor to the halide ions on the perovskite can prevent them
from moving under light and bias. It is believed that ion migration is one of the primary sources for
PCSs’ intrinsic degradation.”**?! |ndeed, this phenomenon leads to vacancies and other defects,
therefore increasing the number of recombination centres. Moreover, ions can accumulate at
interfaces and create unfavourable electric fields. For these reasons, the interaction between PFl and
the I ions likely plays an essential role in limiting ion migration, reducing hysteresis and improving the
long-term operational stability of the devices, which is a result of high importance considering that

stability is one of the main problems associated with PSCs.
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7.5 Conclusions

This chapter presents a halo-functional material (PFI) that can act both as HTM and anchor to the
perovskite surface through halogen bonding (XB), forming a well-ordered interface. The results for PFl
were compared with a reference material (PF) identical in structure except for the iodine atom
enabling the interaction. Theoretical and experimental evidence suggests that PFl has a strong and
directional interaction with the perovskite surface that makes the samples more resilient to
degradation than PF. Moreover, the presence of XB leads to suppression of recombination and ion
migration. This is reflected in a 220 mV V. improvement, reduction in the JV hysteresis and
operational stability enhancement in the corresponding devices. Solar cells with PFl as HTM display
excellent stability after 500 hrs under continuous MPP-tracking and with a projected Tsgo of ~ 2600 hrs,
which is more than double than what was obtained for devices with PF. Therefore, to answer the
guestions posed in the introduction, it is indeed possible to further develop the energy level tuning
strategy by incorporating the functionalization ability directly in the subsequent CTL, and XB is an
optimal perovskite/CTL interaction for this purpose. Indeed, the results clearly highlight the benefits of

XB and prove it to be a successful concept in the context of PSCs.

In conclusion, this chapter shows that, by combining charge transport capability and the ability to
interact with the iodides on the perovskite surface into one material, it is possible to create an HTM
that can orderly anchor to the perovskite layer, thus promoting a well-defined interface, which is

critical for obtaining efficient and, most importantly, stable perovskite solar cells.
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8 CONCLUSION AND OUTLOOK

Perovskite solar cells (PSCs) are complex devices that require the combination of several layers and
their properties in order to work. The number of factors to take into account is enormous, each layer
needs to satisfy specific chemical and physical requirements not only to serve its own purpose, but
also in relation to the other layers. As a consequence, the interface between the different materials is
one of the most significant weak points in these kinds of devices. It can hinder the charge carriers’

transport and be a source of significant non-radiative recombination.

This dissertation deals with the challenges associated with such interfaces, especially the interface
between the perovskite and the subsequent layer, which is considered one of the main sources of
losses in PSCs.1**! In particular, the work here presented focuses on the energy level alignment (ELA)
between the absorber (perovskite) and the hole-transport layer (HTL), and on the improvement of
stability at that interface. The relevance of ELA is a heavily debated topic in the scientific community.
On the other hand, it is generally accepted that aligned energy levels among the different layers are
beneficial for an efficient charge transport and extraction with low recombination at the interfaces. In
order to achieve this condition, the charge transport layers (CTLs) need to be chosen making sure that
their energetic bands satisfy a proper ELA with the respective adjacent layers. However, this
requirement can be eased by possessing the ability of directly modifying the position of the energy

levels within the device.

The work in this dissertation introduces and discusses a method to improve the interface of the
perovskite with the adjacent layer, with a focus on ELA adjustment, reduction of non-radiative
recombination, and stability enhancement. Specifically, molecular assemblies are used to functionalize
the perovskite surface and induce an energy level shift together with a saturation of the dangling
bonds. To achieve this result, the molecules need to possess specific properties. In particular, they
need to have a dipole and they need to be able to interact with the perovskite. The range of molecules
that have these characteristics is broad. Some of them are explored throughout this dissertation,
specifically Lewis acids and Lewis bases able to interact with the different ions on the perovskite
surface. The results highlight a particular category: molecules with the ability to form halogen bonding
(XB) with the perovskite. XB-driven assemblies show the ability to create an ordered and homogenous

layer, thus improving and stabilizing the perovskite/HTL interface.

Overall, Chapter 5 introduces a method for tuning the perovskite energy levels. This method was

already known in semiconductors physics, but it was not yet shown to work on PSCs. Chapter 6
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demonstrates and comments the application of this method on different kinds of devices, namely PSCs
with different perovskite compositions (triple cation and MAPbBr3). Chapter 7 further develops the
concept by incorporating the functionalization and energy level tuning strategy in a novel hole-
transport material that can interact with the perovskite via XB. In particular, this chapter shows the

advantages that such interaction can bring to PSCs, especially in terms of stability.

The method introduced in Chapter 5 consists in exploiting the effect of interfacial dipoles induced by
dipolar molecules. A layer of dipoles generates a shift in the local vacuum level, thus decreasing or
increasing the work function, ionization energy, and electron affinity of a material. The direction of the
shift depends on the direction of the collective dipole: a dipole pointing towards the surface (with the
dipole defined as “-“ to “+”) shifts the vacuum level upwards, while a dipole pointing towards outside
shift the vacuum level downwards. The interfacial dipole can be achieved through molecules that
possess an intrinsic dipole and/or generate an “interaction dipole” when binding to the surface.
Therefore, functionalizing a surface with a layer of dipolar molecules induces a shift of the material’s
energy levels. This strategy is commonly used to adjust the energy levels of materials with a flat and
homogeneous surface, such as transparent conductive oxide layers. However, the task is more

challenging on the rough and chemically varied perovskite surface.

The results from Chapter 5 demonstrates that it is possible to functionalize the perovskite surface with
dipolar molecules and thus tune its energy levels. Moreover, it is shown how to control direction and
magnitude of the change. The direction of the shift depends on the direction of the dipole, hence it is
important to choose the molecule to use taking into consideration if the desired effect is an increase
or a decrease of the energetics. As a general rule, the interaction of the perovskite with Lewis bases
decreases the energetics, while the interaction with Lewis acids increases them. However, both
intrinsic dipole and interaction dipole are to be considered and the final effect will depend on the
direction of the total dipole. The magnitude of the shift depends on the concentration of the solution
used for the deposition. This is likely related to the deposition kinetics and correlated to the surface
coverage of the molecules. With high concentration of the molecules’ solution the perovskite surface
is fully functionalized and thus the maximum achievable energy levels shift is reached, however, with
low solution concentration the surface is not fully functionalized and so the induced shift is smaller.
Therefore, it is possible to adjust the magnitude of the shift without changing the molecule. On the
other hand, the dipole of the molecule affects the magnitude of the shift as well, hence the final results
depend on the combination of the two parameters. With these considerations in mind, it is possible to
perform a tailored tuning of the perovskite energy levels. The molecules employed in Chapter 5
showed the possibility to obtain a shift up to several hundreds of meV in both directions. This method,
when applied to devices, allows an adjustment of the ELA and thus it can ease the energetic

requirements for the adjacent layer.

The characterization of the energy level shifts gives also the possibility to gain further insights and
make some considerations on the molecules’ behaviours. For example, the energetic shift induced by
the molecules binding to Pb?" ions reaches saturation at lower solution concentrations than that

caused by the molecules binding to the I" ions. This can give indications about the distribution of the
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molecules. First of all, it might be related to the fact that the perovskite composition employed in these
experiments has approximately a 1:3 Pb:l proportion, thus a higher concentration of molecules will be
required to saturate the halides surface defects. Secondly, an important role is played by the
dimension of the molecules and/or their tendency to stay up-right. Molecules with two or three
aliphatic chains, like the Lewis bases used in the experiments of Chapter 5, occupy more space and
have a bigger steric hindrance than the presented Lewis acids, whose fluorinated chains allow them to
form a compact layer. Therefore, from this point of view, if the molecules are large, a lower
concentration will be needed to saturate the surface. This is furthermore supported by the energy
levels shift trend of urea shown in Chapter 6. Indeed urea is still a Lewis base, but, in this case, the
saturation condition is reached for a higher concentration than the Lewis bases in Chapter 5, and this
is probably due to the significantly lower dimension of the molecule. Overall, the dimension of the
molecules is something to keep in mind when choosing which solution concentrations to explore

during the planning of a new experiment.

In short, Chapter 5 shows how to tune the perovskite energy levels with control over direction and
magnitude of the shift, together with leading to some considerations to take into account when
choosing the appropriate molecule and condition for an experiment. This concept is further developed
in Chapter 6.

In Chapter 6 the energy level tuning method is applied to two representative systems: triple cation
PSCs, exemplifying a situation with already optimized ELA, and MAPbBr; wide-bandgap PSCs,

exemplifying a situation with a relevant offset at the perovskite/HTL interface.

In the first case, the perovskite is functionalized with two different concentrations of csc5, one of the
Lewis bases explored in Chapter 5, which was proven to lower the triple cation energy levels of up to
160 mV. When employed in n-i-p devices with TiO; and spiro-OMeTAD as CTLs, the functionalization
leads to a progressive, albeit small, increase in Vo and FF, which can be ascribed to a combination of
passivation and ELA adjustment. This is furthermore supported by drift-diffusion simulations indicating

the same trend can be obtained by changing only the ELA at the interface and the recombination time.

For MAPbBr; devices, the perovskite is functionalized with different concentrations of urea. This
molecule was chosen for its large dipole and small dimensions, thus optimal for inducing a relevant
change in energy levels towards lower values, as required by the misalignment of this system. In this
case the effect on the overall performance is significant, increasing the Vo up to 60 meV and the
efficiency of more than 1 %. Considering the substantial hysteresis of these kinds of devices, the
mentioned values were calculated from a statistical analysis of data obtained from MPP- and Vo
tracking. The V. trend follows the energy level shift trend measured with the Kelvin probe technique,

indicating a correlation, and thus a dependence of the V.. enhancement on the improved ELA.

The results from the experiments on the two above-presented systems confirm that tuning the

perovskite energy levels according to the method described in Chapter 5 successfully leads to a

performance improvement, increasing in particular the V. This technique is mostly effective when

applied to systems where a large energetic offset at the treated interface is one of the main sources
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of losses, while it shows little effect on devices that possess well-matched energy levels. This
observation gives an experimental insight on the heavily debated topic of the importance (or not) of
ELA. Indeed, the different behaviours observed for the triple cation and MAPbBr; systems indicate that
large energetic offsets are a source of losses and ELA play a relevant role in obtaining efficient devices.
However, at the same time, it is important to consider which the other sources of losses are. If the
energetic offset is less detrimental than other factors, than tuning will not lead to significant
advantages. Therefore, the experimental results suggest that, in agreement with other studies,** ELA
matters, but how much it matters depends on the overall condition (specifically the different losses)

of the system.

Moreover, the devices results show that, for both triple cation and MAPbBr; PSCs, the Vo
improvement is smaller compared to the expected value based on the measured energy level shift.
This implies that part of the potential shift that the dipoles could induce is lost when a new layer is
deposited on top of the perovskite and it is a factor to take into account when planning an adjustment

of the energy levels through this method.

Chapter 7 is based on the same concepts introduced in the previous chapters, however in this case the
functionalization does not happen through an interlayer of selected molecules, but by incorporating a
moiety that is able to interact with the perovskite in a novel hole-transport material (HTM). Hence, the
material has the double role of efficiently transporting charge carriers and interacting with the dangling
bonds on the surface. Thanks to this feature, the additional interface related to the insertion of an

interlayer for the functionalization is removed.

In particular, the novel HTM (named PFI) can interact with the perovskite surface via XB. This specific
interaction was chosen because of the interesting properties characteristic of XB and described in
Section 3.3.2. Specifically, its (i) directionality, (ii) tuneable interaction strength and (iii)
hydrophobicity. Indeed these features facilitate the formation of an ordered and compact layer, that

improves the perovskite/HTL interface.

In Chapter 7 the interaction of PFI with perovskite is analysed from different aspects and compared to
that of PF, a material that can act as reference since it has the same chemical structure and
optoelectronic properties, except for the iodine atom which allows PFI to interact with the I" ions on
the perovskite surface through XB. Moreover, the effect of employing such a material in devices is
explored. Simulations highlight a stronger interaction with the perovskite layer for PFl than for PF and
indicate directionality, with a bond angle of approximately 180° for the | --- | interaction. These results
serve as supporting evidence of the XB ability of PFI, while a detailed experimental characterization of
the bond for the moiety responsible for the interaction was conducted in previous works, specifically
dedicated to the purpose.?*? Indeed, the direct experimental characterization of XB as interaction is a
challenging task. However, it is possible to obtain indirect evidence of such interaction from the
energetic characterization through Kelvin probe: the measurement shows the energy levels of PFI

shifting with the solution concentration, while the shift of PF’s energy levels is constant for the
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different concentrations. This specific result evidences that PFl has an interaction with the perovskite,
while PF does not.

The behaviour of the HTMs is also analysed from the point of view of stability to external factors, such
as solvent exposure. Samples with perovskite coated with the two HTMs are repeatedly exposed to
ethanol, a solvent that can slowly dissolve them, and they are characterized after each treatment with
techniques able to evaluate changes in the optical properties and morphology, specifically UV-Vis (both
in reflection and transmission mode) and AFM. The results from both methods indicate an increased
resilience to dissolution for PFl compared to PF. This behaviour can be associated with the anchoring
capability of PFI and its directionality, due to XB. As a consequence, a more compact and ordered
interfacial layer is formed, enhancing the stability of the sample.

Further advantages are observed when PFl was employed as hole-transport layer (HTL) in n-i-p devices
and compared with PF. The analysis of the photovoltaic parameters shows a reduction in non-radiative
recombination for PFl-based devices, which is reflected in a Voc enhancement of about 20 meV on
average. This is further supported by quasi-Fermi level splitting (QFLS) measurements, stressing how
this improvement is related to the difference between the two materials, thus the ability to form XB.
Moreover, the little difference between the QFLS of bare perovskite and PFl-coated perovskite
indicates that the interfacial recombination losses typically induced by the deposition of a layer on top
of perovskite are particularly small in this case. Additionally, devices with PFl display reduced
hysteresis, a symptom of lowered ion migration, probably related to the interaction between the I’
ions on the perovskite and the HTM, which limits their possibility to move. This affects also the
operational stability of the solar cells, leading to devices with PFl being more than two times more

stable than those with PF under continuous MPP-tracking.

Therefore, the results presented in Chapter 7 on one side further support the possibility of tuning the
perovskite energy levels through interfacial dipoles and the related improvements in devices. On the
other, they highlight the advantages that functionalization via XB can bring to PSCs, especially when
integrated directly within the CTL.

Overall, the results exposed in this dissertation convey the following messages:

(i) The perovskite functionalization via monolayers of dipolar molecules can be an effective
and versatile tool to tune interfacial energetics and charge transfer properties in
perovskite solar cells.

(ii) The effectiveness of the method depends on several factors that is important to take into
consideration. Including, but not limited to, the characteristic of molecules and related
dipoles, the features and losses of the different layers comprising the device and their
interaction, and the (currently unclear) relation between the measured energetic values
and the respective actual values within the device.

(iii) Halogen bonding is a particularly interesting interaction that can simultaneously improve

the perovskite/charge-transport layer interface, enhancing stability, and tune the
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interfacial energetics, reducing the non-radiative recombination and enhancing the device

performance.

Moreover, the different experiments and related results stress the challenges of surface
functionalization and energy level tuning on perovskite. In this regard, it is possible to make some
considerations that can be used as guidelines when planning to adjust the energy levels of PSCs.

Most of the following considerations are directly connected to the peculiarity of the perovskite
material and its features. As a starting point, it is important to keep in mind that the properties of the
perovskite surface are affected by air exposure, therefore this should be avoided or the related effects
should be evaluated. Moreover, a relevant aspect is the roughness of the perovskite layer, including
the variations of facets and terminations of the exposed surface. This complicates the formation and
characterization of ordered monolayers, however it is also a key point for the versatility of this method.
A pinpointed tailoring of the interface properties would be possible if the systematic control of the
exposed facets and defects ratios were feasible. Nevertheless, the simultaneous presence of surface
defects with opposite charges brings to advantages in terms of functionalization flexibility. Indeed, it
allows the use of molecules able to bind to either kind of defects, and consequently the range of

possible induced changes is wide.

Thanks to this feature, it is in theory possible to employ an extensive number of different molecules.
However, as it became clear during the development of the work for this dissertation, the molecules
need to satisfy some stringent requirements in order to be employed in PSCs and have a positive effect.
In particular, it is important to consider the dimension of the molecule and the strength of the
interaction. The dimension of the molecule is relevant because on that depends the condition (i.e. the
solution concentration) that gives the maximum achievable energy level shift and consequently allows
the identification of the range in which is possible to tune the energetics. Moreover, too big molecules
could have drawbacks, such as being partially insulating or limiting the number of defects that it is
possible to functionalize. A molecule that interacts strongly with the ions on the perovskite is in
principle an advantage, since this generally means strong interfacial dipole and thus potentially a big
range for energy level shift. However, a very strong interaction can damage the perovskite, presumably
by dissolving some of the ions, as in the case of TOPO seen in Chapter 5. Therefore, it is important to
find the right balance, identifying molecules that interact strongly with the perovskite (if needed) but
without damaging it. The same care should be placed in the choice of the solvent. Moreover, ideally
the molecules should have dimension and features that allows them to form a compact layer. These
limitations in the choices of molecules makes it even more important to have the ability to obtain
energy level shifts of different intensities from the same molecule, as in the method exposed in this
dissertation. In this way, once a molecule with good features is selected, different ELA adjustments

can be performed, without the need to change the molecule.

Of course, an important condition, depending on the desired effect, is the direction of the dipole. In
this case, the possibilities are only two: dipole towards the surface, i.e. increasing the energetics, or

dipole pointing outside, i.e. decreasing the energetics. Nevertheless, it might not be straightforward
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to know the direction of the total dipole. Indeed, this depends on the combination of the intrinsic
dipole of the molecule and the dipole of the interaction, and it is not clear which one is predominant.
The answer might depend on the situation, the DFT simulations shown in Chapter 5 seem to indicate
that the interaction dipole is more relevant than the intrinsic dipole, however a strong intrinsic dipole
might become dominant combined with a weak interaction. It is therefore advisable to evaluate both
the dipoles via simulations before proceeding with an experiment, especially if they point to opposite
directions.

The results coming from the applications in devices stressed a particularly relevant factor: the actual
Voc enhancement is significantly lower than the potential energy levels shift measured during the
characterization of functionalized samples. This is particularly important to keep in mind when
planning an experiment. The effect was observed consistently, but the mismatch was different
depending on the case. Once the (functionalized) perovskite surface is “buried” under another layer,
the surrounding conditions change. For example, charges rearrangements and interactions between
the materials might happen and, additionally, new defects are generally induced.®* Therefore, the real
problem is that it is actually unknown how the surface’s properties change after the deposition of the
subsequent layer and which is the actual energetic situation at the interface within the device.
Moreover, in a complete device, every bulk and interface play a role and affect the overall performance
and stability. Therefore, it is also possible that the potential improvement brought by functionalization
and energy level tuning strategies is limited by other losses in the solar cells. This became particularly
clear over the course of different experiments devoted to the attempt of showing the usefulness of
tuning the perovskite energy levels. Indeed, several batches of devices were prepared using triple
cation as perovskite and novel materials prepared by collaborators as HTLs: these materials had energy
levels not well suited for applications in PSCs and thus leading to a potentially optimal situation for
obtaining an improvement through energy level tuning. Nevertheless, the results did not show
relevant changes, in principle pointing to a failure of the method. However, it was also noted that
devices with these HTLs showed a particularly bad photovoltaic behaviour, with large hysteresis and
low efficiency. Thus, the absence of a change in performance after the treatment might be related to
other intrinsic losses more relevant than the ELA at the perovskite/HTM interface. Based on this it
became clear that, to actually evaluate the effectiveness of the energy level tuning method, it was
necessary to shift to systems where it is known that one of the main sources of losses is the
perovskite/HTL offset.

This leads to a general comment that | believe it is relevant to make: “failed” experiments are the
backbone of scientific progress. Experimental research, for everybody and in every field, passes
through countless experiments that are categorized as “failed” and not reported or even mentioned.
Within the frame of this dissertation, tens of molecules were explored, in addition to solvents, HTMs,
and experimental conditions in general. Overall around 1300 devices were prepared, without counting
the samples for characterization. Needless to say that only a small fraction of these made it to this

dissertation, however it is on the knowledge gained from those experiments that the actual results
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were obtained. “Failures” are the root of research, and reporting them might actually help other
researchers not to repeat attempts that were already explored.

Overall, if the guidelines exposed above are followed, the perovskite functionalization through
assemblies of dipolar molecules can be a powerful tool to adjust the interfacial properties of PSCs, and
in particular the ELA. This dissertation explores the application of this method on two systems, devices
with triple cation and devices with MAPbBrs. For the first system, a detailed study is additionally
performed in order to show the advantages of the incorporation of such a functionalization in the HTL,
identifying XB as particularly useful interaction for the functionalization. These findings allow for more
flexibility in the requirements between the different layers, and in the choice of materials, paving the
way to the possibility of applying a systematic tuning of the perovskite interfacial properties in
different stacks. Indeed, the method here exposed can be expanded to all kinds of perovskite-based
devices and this gives interesting prospects. For example, it would be possible to use the energy level
tuning method to improve the performance and stability of PSCs employing CTLs that are energetically
non-ideal, but possess good stability and high mobility. On the other hand, as in the case of MAPbBTr3,
perovskites with different bandgaps could be used without the need to develop new CTLs with well-
matched energy levels. For example, this method could be used to tune the energy levels in Sn-based
or inorganic perovskites. Moreover, in addition to the flexibility given by the ELA tuning ability, it is
important to exploit the stability enhancement that arises from XB-driven assemblies. Therefore,
functionalizing the perovskite with molecules able to form XB should be generalized as a stabilization
strategy, even when ELA adjustment is not required. As a general perspective, it would be useful to
shift the research for the development of new CTLs towards materials that can both efficiently
transport charges and functionalize the perovskite surface, paying particular attention to the kind of

functionalization, so that ELA can be simultaneously adjusted depending on the requirements.

On the other hand, in spite of the interesting perspectives, there are still many aspects regarding
interfaces and their possible functionalization with molecules that are unclear and limit the full
potential of the strategy proposed in this dissertation. In order to be able to actually use molecular
assemblies to control the interfacial dynamics, fine-tune the energetics, and further reduce
detrimental losses in PSCs, it is necessary to gain a better understanding of the features of
perovskite/CTL interface within the device and of the deposition mechanisms of molecules on

perovskite.

Regarding the latter, it would useful for example to establish how molecular layers actually look like
on perovskite, how do molecules distribute depending on the surface features, what are the deposition
dynamics. Simulations can give precious insights on this regard, but giving an answer from the
experimental point of view is a quite challenging task, especially because the roughness of the
perovskite layer limits the efficacy of an evaluation based on the determination of the thickness of the
molecular layer. It could be possible to gain some understanding by combining different high-
resolution surface sensitive techniques, possible methods span from surface imaging with atomic-scale
resolution to ultra-fast spectroscopy techniques. However, in most of these cases, the measurement

itself often damages the surface, biasing the results. In addition to these in-depth characterizations, in
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order to gain a better understanding of the deposition dynamics, it would be of particular interest to

perform in-situ measurements during the molecules’ deposition process.

Similar suggestions can be made concerning the features of the interfaces, especially from the point
of view of the determination of energetics and losses. Detailed studies on the identification of the main
sources of interfacial losses have been performed through photoluminescence-based techniques
giving helpful insights on the topic.® Regarding the characterization of the energy levels of a material,
established high-resolution methods, such as UPS, are commonly used. However, the determination
of the real energy levels within a device is still a major obstacle due to the difficulties of measuring the
energetics of buried interfaces. Some results have been obtained by preparing full devices and then
removing the top layers until exposure of the surface of interest!?83333 or by measuring tapered cross-
sections,33* however these are still invasive methods and do not necessarily reveal the actual
energetics. A possible strategy could be to focus on in-situ measurements during the deposition of
each layer using standard non-invasive characterization techniques, such as Kelvin probe or ambient
pressure photoemission spectroscopy. However, performing such measurements in practice might be
challenging. Therefore the main questions remain: what is the real energy level alignment within the
device? What it the real energy level shift induced by a layer of dipolar molecules? The answer to these

questions is fundamental to design tailored energy level tuning and functionalization strategies.

In conclusion, the work in this dissertation shows how to improve interfaces and especially ELA in PSCs
by functionalizing the perovskite surface with dipolar molecules possessing specific features.
Molecules able to form halogen bonding seem a particularly interesting option for this purpose,
moreover the integration of such functionalization ability within the charge-transport layer reduces
the number of interfaces in the device, thus removing a source of losses. In order to fully exploit the
potential of this method and being able to systematically apply it to perovskite-based devices, it is
necessary to gain a deeper understanding of molecules deposition dynamics and the real energetic
features of the perovskite/CTL interface. In general, this strategy can lead to efficient and stable PSCs,
even for structures that are currently not completely exploited because of unsuitable ELA. Ideally, it
will be possible to tune the properties of PSCs depending on the requirements, thus broadening the

possibilities of application for PSCs towards wide-scale commercialization.
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Figure A1.1. Lewis bases: (a) amyl sulfide — csc5, (b) Trioctylphosphine oxide — TOPO, (c) urea. Plotted with ChemDraw.
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Figure A1.2. Lewis acids: (a) perfluorodecyl iodide — IPFC10, (b) perfluorododecyl iodide — IPFC12. Plotted with ChemDraw.
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Figure A1.3. Hole-transport materials: (a) Cs2HsF4IN3Os — PFI, (b) Cs2HsFsN3Os — PF. Plotted by collaborators.
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A2 Samples and devices preparation and
characterization

The following description is an addition to the qualitative description of section 4.1 and contains details
on materials and procedures for the preparation of the samples and devices used in Chapter 5, Chapter
6 and Chapter 7.

All chemicals without specifications were ordered from Sigma Aldrich and were used as received.

Devices were prepared on etched FTO substrates (TEC 15 from Ying Kou) with dimensions 2.5x2.5 cm?.
Before use all the substrates were washed by sonication for 15 min. with Mucasol solution 2% in water

(Schiilke), DI water (only 5 min.), isopropanol and acetone respectively.

The washing procedure was followed by 15 min of Os;&UV treatment, then the samples were placed
on a high temperature hot plate (Gestigkeit PZ28-3TD) for the compact TiO; sintering. TiO, compact
layer was deposited by aerosol spray pyrolysis using oxygen as a carrier gas. The precursor solution for
deposition on 27 substrates is: 0.48 ml of Acetylacetone (Santa Cruz Biotechnology) and 0.72 ml of
titanium diisopropoxide bis(acetylacetonate) stock solution (75% in 2-propanol) diluted in 10.8 ml of
ethanol (12 mlin total). The substrates were heated to 450 °C and kept at this temperature for 15 min
before and 30 min after the spray of the precursor solution. The whole solution was sprayed using
oxygen as carrying gas at a distance of 20 cm with inclination of 45°, with at least 20 s of delay between

each spraying cycle.

The mesoporous TiO; was prepared by a spin coating step followed by sintering. The solution is made
of TiO, paste (30 nrd for triple cation devices, 18 nrd for MAPbBrs, greatcellsolar) dissolved in ethanol
(125 mg/ml). 80 pl of solution were spin coated at 4000 rpm for 10s, annealed for few minutes at 100
°C and then sintered in the same hotplate used for the compact TiO; at 450°C for 30 min (after ramping

up to these values in about 40 min).

Finally, the substrates were treated with Li (LiTFSI in acetonitrile roughly 10 mg/ml) right before the
perovskite spin coating. 80 pl of Li solution were spin coated at 3000 rpm for 10 s, annealed for few
minutes at 100 °C and then sintered following the same procedure as for the mesoporous TiO,. This

step was skipped in the case of MAPbBr; devices.

All the steps mentioned so far were performed in air. All the following steps were performed in N»-

filled gloveboxes.
The perovskite solution was prepared as follow:

e Triple cation perovskite: stock solutions of Pbl, (1.5 M, TCI) and PbBr; (1.5 M, TCl) in anhydrous
DMF/DMSO = 4:1 (v:v) were previously prepared and heated again overnight at 60 °C in a

thermoshaker before use. MABr and FAI powders (dyenamo) were weighed out in two

132



Az Samples and devices preparation and characterization

separate vials and then the proper volume of Pbl, (PbBr;) stock solutions was calculated and
added to the vials containing the FAl (MABr) powder to get a stoichiometry of FAI:Pbl,
(MABr:PbBr;) of 1:1.09. Before deposition, the solutions were mixed as follows:
FAPbIs:MaPbBr; = 85:15 (v:v). Further Csl (1.5 M) from a stock solution in DMSO was eventually
added to the precursor solution to produce a final composition with the stoichiometry
Cs0.05(FA0.8sMA0.15)0.95Pb(lo.85Bro.15)3

e MAPbBr; perovskite: a stock solution of and PbBr; (1.2 M, TCI) in anhydrous DMF/DMSO = 4:1
(v:v) was previously prepared and heated again overnight at 60°C in a thermoshaker before

use. MABr powder (dyenamo) was weighed out in a vial and then the proper volume of PbBr;
stock solution was calculated and added to the vials containing the MABr powder to get a
stoichiometry of MABr:PbBr; of 1:1.

The samples were then taken to a N»-filled glovebox for the perovskite spin coating. The spin-coating
protocols are as follow:

e Triple cation perovskite: 80 ul of perovskite solution were drop-casted on the substrates and

spin coated in a two-step program at 1000 rpm for 10 s and 6000 rpm for 20s. 5 s prior to the
end of the program, 100 ul of CBZ were poured on the spinning substrate. Afterwards, the
samples were annealed at 100 °C for 1 h.

e MAPbBr; devices: 80 ul of perovskite solution were drop-casted on the substrates and spin

coated at 2000 rpm for 60 s. 150 ul of toluene were poured on the spinning substrate after
15s from the start of the spinning. Afterwards, the samples were annealed at 100 °C for 30

min.

At this point for the experiments in Chapter 5 and Chapter 6 the molecules were deposited on the

substrates following the procedure described in Section 4.1.1.

Next, the hole-transport material (HTM) was deposited. Spiro-OMeTAD, PFl or PF were spin coated on
top of the samples, depending on the experiment. A 29 mM solution of the respective HTM in
chlorobenzene with additives (4-tert-Butypyridine, LiTFSI and Co(lll)TFSI) was prepared using stock
solutions. The additives were added with the following molar ratio to the HTM: 3.2 for 4-tert-
Butypyridine, 0.53 for LiTFSI and 0.1 for Co(llI)TFSI. The solution was then dynamically spin coated on
the substrates: the solution was drop casted on the substrates right after the acceleration step (1.8 s
at 200 rpm), a spinning step of 30 s at 1800 s rpm followed. Samples with HTMs without dopants were

also prepared for comparison following the same procedure and solutions parameters.

After storing inside a dry air box overnight, the samples were transferred into the thermal evaporator
(Mbraun Pro Vap 3G) for the deposition of 100 nm Au. The active area resulting from the use of masks
during the evaporation was 0.18 cm?, area that was then, thanks to shadow masks, reduced to 0.1 cm?

for the solar simulator testing.

The light JV of perovskite solar cells were recorded using a Wavelabs Sinus-70 LED class AAA solar

simulator in air for triple cation devices, and an Oriel LCS-100 class ABB solar simulator in a nitrogen-
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filled glovebox for MAPbBr; devices. The light intensity was calibrated with a Silicon reference cell from
Fraunhofer ISE. JV scans were performed with a Keithley 2400 SMU, controlled by a measurement
control program written in LabView. For triple-cation devices the voltage step was of 10 mV with an
integration time of 50 ms per point and settling time of 50 ms after voltage application, corresponding
to a scan rate of 100 mV/s. For MAPbBr; devices the voltage step was of 20 mV with an integration
time of 40 ms per point and settling time of 40 ms after voltage application, corresponding to a scan
rate of 200 mV/s.
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A3.1 Methods

Atomic Force Microscopy: AFM experiments were performed on a NX10 system from Park-Systems,
Korea. The AFM was positioned in a Glove-Box containing dry nitrogen atmosphere. KPFM
measurements were performed with PPP-NCST-Au probes (Nanosensors, k=7.4 N/m) or NSC36/CrAu-
B (Mikromasch k=2 N/m) following measurement procedures as described in literature®®,
Measurements were performed in dark, straylight of the AFM-beam (830 nm) had no impact on

measurements.

Kelvin Probe: The contact potential difference measurements (CPD) were performed with a Kelvin
probe consisting of a vibrating gold mesh driven by a piezo electric crystal (Kelvin probe S and CPD
controller by Besocke Delta Phi). The samples were opened in air and quickly mounted in the setup,
which was subsequently closed and evacuated until a pressure of roughly 0.5 mbar. The vacuum
chamber was then refilled with N, until a pressure of approximately 670 mbar and, at this point, the

measurement was started.

Electrochemical measurements: Cyclic voltammetry of the perovskite thin films with and without the
tailored molecules (e.g. IPFC10 or csc5) coating on FTO glasses was performed in a three-electrode
electrochemical cell using a potentiostat (Ivium Technologies B.V., Compact Stat). Experiments were
carried out in an electrolyte containing 0.1 M BusNPF¢ in dichloromethane. The thin film sample, a
platinum wire, and an Ag/AgCl in saturated KCl were employed as a working, counter and reference
electrode, respectively. The area of the working electrode that was exposed to the electrolyte was
0.785 cm?. The measurements were conducted with a scan rate of 100 mV s™. A continuous nitrogen
bubbling was applied on the electrolyte during the measurement to minimize the influence of oxygen
on the determination of the redox potential. All measured potentials were correlated with the redox
potential of Ag/AgCl, converting to energy level (CB and VB) vs. vacuum level: 1) Evg = Eox + 4.65; 2) Ecs

=4.65 + Ere, where Eo is the oxidized potential and E. is the reduced potential.

Table A3.1. Cyclic voltammetry results

on, V EVB, EV Ere, V ECB, EV

FTO+perov 0,88 5,53 -0,91 3,74
FTO+perov+IC10 1,1 5,75 -0,25 4,37
FTO+perov+csc5 |0,52 5,17 -0,14 4,51
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KP-APS: The Kelvin probe (KP) and the Ambient Pressure Photoemission Spectroscopy (APS)
techniques are combined in a single KP-APS measurement tool provided by KP Technology Ltd. to
determine the work function (WF) and the ionization energy of materials which defines the WF in case
of metals and the valence band edge in case of semiconductors?®*. The KP system employs a 2.0 mm
diameter tip with a gold alloy coating which is calibrated on a gold reference sample. The KP is placed
in a Faraday cage which screens the external electrical fields. The contact potential difference (CPD)
between tip and reference is measured with a resolution of up to 3 mV. The APS system uses the same
Kelvin probe to detect the photoemission currents as a function of incident photon energy. The light
source comprises a deuterium (D2) lamp coupled with a grating monochromator. The range of the
incident photon energy is 3.6-6.9 eV. The sample is illuminated via a DUV optical fiber. The

photoemission threshold is determined with a resolution of 30 meV.

A3.2 Additional data

Table A3.2. Results of the KP-APS measurement. APS (light blue) and Kelvin Probe (light yellow) data were collected during
the same measurement in order to have an idea of the whole band diagram.

CPD SPV Work function | lonization energy (IE) Er - Evem
(x2mv) (+ 3 meV) (+ 0.04 eV) (£ 0.03 eV) (£ 0.05 eV)
dark | illum. dark illum. dark | illum.
perovskite -5 135 140 4.96 5.10 5.54 0.58 0.44
csc5 -156 -30 126 4.80 4.92 5.43 0.64 0.51
IPFC10 124 203 79 5.08 5.16 5.69 0.61 0.53
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Figure A3.1. EQE (a) and UV-Vis (b) of bare and functionalized perovskite showing that the bandgap is not changing. EQE
performed in N, atmosphere, UV-Vis performed in air.
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Figure A3.3. Comparison between Kelvin Probe and KPFM measurements proving that both measurements show the same
trend. The magnitude of the shift is different because of the different measurement conditions, mainly the fact that Kelvin
Probe was measured in air while KPFM in N..
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Figure A3.2. Effect of the deposition of TOPO on top of perovskite by dipping the substrates for 20min in TOPO solutions of
different concentrations.
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Figure A3.4. Kelvin probe WF shift measurement in dark and light of perovskite functionalized with IPFC12 for different

dipping times.
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Figure A3.5. CPD and AFM maps for IPFC10 (a) and IPFC12 (b) at different concentrations.
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Figure A3.6.CPD and AFM maps for csc5 (a) and TOPO (b) at different concentrations.
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SEM characterization

SEM pictures were recorded with a Hitachi S 4100 Scanning Electron Microscope.

4000 rpm, 15s 2000 rpm, 20s

Figure A4.1. SEM pictures of FTO/TiO,/MAPbBr; samples for different spin-coating parameters indicated in the figure
(spinning rate, antisolvent drop time). For every condition cross-section (left) and top-view (right) are reported.

140



A4 Supporting Information: Chapter 6

MAPbBE, |

[e2]
(@
1

EQE (%)
S 5. 8 5 8

o
L
I

360 I 3%0 I 460 I 4%0 I 560 I 5%0 I 660
Wavelength (nm)

Figure A4.2 External Quantum Efficiency (EQE) measurement of FTO/TiO2/MAPbBrs/Au devices.
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A5.1 DFT simulations

Density functional theory (DFT) simulations were performed by collaborators.

Figure A5.1. Optimized structures of PF (a,c) and PFI (b,d) anchored to a perovskite MAI-terminated (a,b) and Pbl,-terminated
(c,d) surfaces with bond lengths in A.

Table A5.1. Adsorption energies and interaction angles for PFl and PF in the case of MAI-terminated and Pbl,-terminated
surfaces.

Termination - molecule E_ads (eV) Interaction Angle
(degree)
MAI-PFI -0.61 178.2
MAI-PF -0.17 165.3
Pbl,-PFI -0.64 176.5
Pbl,-PF -0.26 163.4
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E_ads =-1.89 eV E_ads =-0.61 eV

Figure A5.2. Study on the orientation of PFl with respect to a MAI-terminated perovskite surface without employing long-
term dispersion correction. (a) parallel orientation. (b) perpendicular orientation.

Table A5.2. Dipole moments for PFI and PF on MAI-terminated and Pbl,-terminated surface for perpendicular and parallel
disposition.

Dipole moment TOTAL | Z-Comp E_ads(eV) TOTAL Z-Comp E_ads(eV)
(Debye)
1) MAI_PFI_PERP 2.53 1.76 -0.62 3) MAI_PFI_PARALL 2.90 -0.91 -1.89
2) MAI_PF_PERP 3.02 2.44 -0.17 4) MAI_PF_PARALL 3.04 0.53 -0.81
5) Pbl2_PFI_PERP 2.44 1.78 -0.64 7) Pbl2_PFI_PARALL 2.90 -0.65 -2.26
6) Pbl2_PF_PERP 3.02 2.42 -0.26 8) Pbl2_PF_PARALL 3.19 -0.48 -2.26
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A5.2 Methods and additional data

Kelvin Probe

The contact potential difference measurements (CPD) were performed with a Kelvin probe consisting

of a vibrating gold mesh driven by a piezo electric crystal (Kelvin probe S and CPD controller by Besocke
Delta Phi). The samples were measured in air.

Figure A5.3. Schematic energy level alignment of the valence band maximum of perovskite with the different HTMs. The

offset of 200mV for spiro-OMeTAD is taken from literature[®3¢], The offsets for PFl and PFl are estimated from the Kelvin Probe
measurements.
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Figure A5.4. Normalized absorption of PF and PFl in chloroform (10 -*M) (a), and in solid state on glass films (b).
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88.57° 88.18°

Figure A5.5. Water contact angle measurement for PFI, PF and Spiro-OMeTAD.

UV-Vis

Diffusion reflectance spectra of samples were performed with a Perkin Elmer LAMBDA 1050 UV/VIS
spectrometer. Optical transmission measurements were carried out using a Cary 5000 UV-Vis-NIR

spectrophotometer. The measurements were performed together with collaborators.
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Figure A5.6. UV-Vis transmission spectra of glass/perovskite/PFl (a) and glass/perovskite/PF (b) samples after immersion in
ethanol for different time intervals.

Atomic Force Microscopy

Atomic Force Microscopy (AFM) was performed on PFl and PF layers with 29 mM concentration in
order to assess the morphology. A Multimode scanning force microscope (SFM, Bruker corp.) was
operated in Tapping Mode using Mikromasch HQ:NSC15/AIBs cantilevers (nominal resonance

frequency 325 kHz, typical spring constant 40 N/m).
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The measurements were repeated after treating the samples with ethanol in order to support the
findings of the UV-Vis measurements from Figure 7.3c. In this case it was not possible to dip the whole
sample in ethanol because of the characteristics of the setup, therefore the treatment consisted in
deposition of one drop of ethanol on 0.5x0.5cm? substrates, with removal of the solvent after 15s by

means of substrate spinning. The measurements were performed together with a collaborator.

Figure A5.7. AFM topography maps of PFI (a) and PF (b) deposited on glass/perovskite with 29 mM concentration for two
different samples. The white arrows in b indicate regular imperfections on the PF surface.

Space charge limited current mobility measurements

To evaluate their charge carrier transport ability, single-carrier devices were fabricated and
characterized. The hole-only device had the following structure ITO/PEDOT:PSS/HTM/MoQOs/Au.

The hole-only device with PEDOT:PSS and MoOs; buffer layer forms a quasi-Ohmic contact between
organic layer and electrodes; thus, the hole mobility (1) were extrapolated from the JV curves by space

charge limited current (SCLC) method with an equation as follow:

9 &

] =gtk 3

Where J is the current density; & is the zero-field mobility, which is a constant 8.85x10* C/V cm; ¢ is
the relative permittivity of the material, which is considered to be 3 for organic materials; V is the

applied voltage; W is the hole mobility; and d is the thickness of active layer.

The results are reported in Table 7.1 in the main text.
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Figure A5.8. JV curves of single-carrier devices with structure ITO/PEDOT:PSS/HTM/Mo03/Au for undoped (a) and doped (b)
HTMs

Ageing measurement

Solar cells were aged in a custom-built High-throughput Ageing Setup.?**! All cells were individually
MPP-tracked using special electronics. To track the MPP, a perturb and observe algorithm!?*?! with a
delay time of 1s and a voltage step-width of 0.01V was applied. PCE and MPP values were recorded
every 2 min for all cells automatically. Devices were actively cooled with Peltier-elements and kept at
25 °C at all time with active areas touching a heatpad for direct thermal coupling. Ageing was
performed under a continuous flow of nitrogen in a closed box, no additional encapsulation was used.
Sunlight with 1000 W/m? intensity was provided by a metal-halide lamp using a H; filter. The light
intensity was actively controlled with the help of a silicon irradiation-sensor. The UV-blocking foil
,KFU15“ by Mitsui was used to block UV-light with wavelengths below 380 nm. Due to the UV cut-off
and the diffusing properties of the filter, the irradiance reaching the tested solar cells was measured

to be app. 800 W/m?. The test is in accordance with the protocol ISOS-L-11.1")
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Figure A5.9. Normalized PCE of FTO/TiO,/perovskite/HTMs/Au devices for ~550 hrs of continuous MPP-tracking under 1 sun
illumination, measurement performed in N, atmosphere with UV-blocking filter, temperature was actively kept constant at
25°C. Average of 7 pixels for PFl and 4 pixels for PF. Data normalized after to the value after burn-in (~10 hrs) and plotted in
linear scale with error bars (standard deviation).
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Figure A5.10. Normalized PCE of FTO/TiO2/perovskite/HTMs/Au devices for ~1000 hrs of continuous MPP-tracking under 1
sun illumination, measurement performed in N, atmosphere with UV-blocking filter, temperature was actively kept constant
at 25°C. Average of 22 pixels for PFl and 9 pixels for PF. Data normalized at the peak efficiency and plotted in linear scale with
error bars (standard deviation). To note that the devices tested here displayed worst PV parameters in JV measurements
compared those shown in the main text. This justifies the quicker degradation over the measurement.
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A6 SolarWAVE project

The solarWAVE project is a project developed by HZB and the Tampere University of Technology (TAU)
with the aim of tackling the big challenge of perovskite solar cells (PSCs) stability by combining the
development of new materials and surface passivation techniques. The final purpose is the
development of a prototype of stable flexible module which can be integrated in industrial reel-to-reel
production.

To achieve the goal HZB worked in synergy with the TAU and the Finnish-Chinese company Confidex,
bringing together the respective expertise in order to develop new materials, exploring the concepts
of halogen bonding and small molecules passivation, and finally bring all the results together to
produce a prototype. Specifically, HZB provided deep knowhow in device making and a well-equipped
lab for preparing and testing solar cells, together with expertise in small molecules passivation and
halogen bond. TAU, instead, has researchers with a strong background in synthetic chemistry, who
designed and synthesized the new materials to be tested for this project. Finally, Confidex was the
fundamental link between academic research and industry and had an important role in adapting the
devices so that they can be applied to a prototype. The author has been the main responsible for this

project at HZB.

The approach followed to reach the scope of the project can be summarized in the following interim

technical (TO), scientific (SO) and commercialization (CO) objectives and milestones (D):
. TO1. Reproduce state-of-the-art power conversion efficiency.
- D1: Highly efficient PSCs

. TO2. Design and build a custom-made accelerated ageing setup for studying the effect of
different passivation methods on the stability of PSCs.

- D2: Ageing test device

o S01. Identify new and stable organic and inorganic compounds, acting as selective contacts
(hole- or electron-transporting materials) in the cell, and studying their relative degradation

mechanisms.
- D3:small-area highly stable PSCs with new selective contacts.

o S0O2. Implement new compounds to functionalize the perovskite surface by making
perovskite highly water repellent via linking it with perfluorinated molecules (hydrophobic in nature)

and passivating it via supramolecular halogen bonding.

- D4:small-area highly stable PSCs with passivated surface.

- D5: technology validated in real environment.
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o SO3. Demonstrate prototype devices.
- D6: Reel-to-reel printed large area PSCs modules.
. CO1. Prepare SolarWAVE prototype towards commercialization.

- D7:IPR strategies

- D8: Blueprint for smart labels

- D9: Revised blueprint

- DI10: Pilot customer identification
- D11:Final IPR disclosure

HZB was mainly in charge of TO1, TO2, SO1, and SO2. In particular the work towards reaching SO2 was
performed with materials provided by TAU. SO3 was developed in collaboration with Confidex, which

also provided the commercialization objectives.

TO1 and TO2 were quickly reached, indeed the standard PSCs produced at HZB as “control” devices
are state-of-the-art and thus meet the requirements of TO1 (see reference devices in Part Il). The
ageing setup used in Chapter 7 fulfilled, instead, TO2. The objectives from SO2 were reached through

the results reported in Wolff et a/.12*°],

The main work has been on the development of SO1: identify novel organic/inorganic selective
contacts. The main objective was incorporating the achievements from S0O2 (perovskite
functionalization via small molecules) in novel hole transport materials. The results from this part of
the project constitute the content of Chapter 7. Additional hole transport materials able to bind to Pb?*
ions were tested, but with less successful results compared to PFl and PF. Therefore, in the final part

of the solarWAVE project the work focused on the latter materials.

Regarding SO3, the aim was preparing a prototype to use for powering Bluetooth low energy (BLE)
cards/labels for indoor usage. The prototype has been achieved by preparing flexible PSCs and connect
the different pixels through manual connections (Figure A6.1). The current version can deliver around
1.3V at low light intensity, however further experiments to improve it in order to achieve a minimum

of 1.6 V are in progress.
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Figure A6.1. Development of the prototype module. (a) Flexible perovskite solar cell. (b) Module with manual connections
made from the pixels of different flexible devices. (c) Voltage output of the module at low light intensity.

151



A7 Publications and Conference Contributions

A7 Publications and Conference Contributions

Peer-reviewed publications

Tuning Halide Perovskite Energy Levels

L. Canil, T. Cramer, B. Fraboni, D. Ricciarelli, D. Meggiolaro, A. Singh, M. Liu, M. Rusu, C.M. Wolff, N.
Phung, Q. Wang, D. Neher, T. Unold, P. Vivo, A. Gagliardi, F. De Angelis, A. Abate*

Energy Environ. Sci., 2021, 14, 1429

https://doi.org/10.1039/D0OEE02216K

Halogen-Bonded Hole-Transport Material Suppresses Charge Recombination and Enhances Stability
of Perovskite Solar Cells

L. Canil, J. Salunke, Q. Wang, M. Liu, H. Kobler, M. Flatken, L. Gregori, D. Meggiolaro, D. Ricciarelli,
F. De Angelis, M. Stolterfoht, D. Neher, A. Priimagi, P. Vivo*, A. Abate*

Adv. Energy Mater., 2021, 2101553.

https://doi.org/10.1002/aenm.202101553

Perfluorinated Self-Assembled Monolayers Enhance the Stability and Efficiency of Inverted Perovskite
Solar Cells

C. M. Wolff, L. Canil, C. Rehermann, N. Ngoc Linh, F. Zu, M. Ralaiarisoa, P. Caprioglio, L. Fiedler, M.
Stolterfoht, S. Kogikoski, I. Bald, N. Koch, E. L. Unger, T. Dittrich, A. Abate*, D. Neher*

ACS Nano, 2020, 14, 1445-1456

https://doi.org/10.1021/acsnano.9b03268

Structure-induced optoelectronic properties of phenothiazine-based materials
S. Revoju, A. Matuhina, L. Canil, H. Salonen, A. Hiltunen, A. Abate and P. Vivo*
J. Mater. Chem. C, 2020, 8, 15486

https://doi.org/10.1039/D0OTC03421E

Monitoring Charge Carrier Diffusion across a Perovskite Film with Transient Absorption Spectroscopy
H. P. Pasanen*, P. Vivo, L. Canil, H. Hempel, T. Unold, A. Abate, N. V. Tkachenko*

Phys. Chem. Lett., 2020, 11, 2, 445-450

https://doi.org/10.1021/acs.jpclett.9b03427

Refractive index change dominates the transient absorption response of metal halide perovskite thin
films in the near infrared

H. P. Pasanen*, P. Vivo, L. Canil, A. Abate, N. V. Tkachenko*

Phys. Chem. Chem. Phys., 2019, 21, 14663-14670

https://doi.org/10.1039/C9CP02291K

152


https://doi.org/10.1039/D0EE02216K
https://doi.org/10.1002/aenm.202101553
https://doi.org/10.1021/acsnano.9b03268
https://doi.org/10.1039/D0TC03421E
https://doi.org/10.1021/acs.jpclett.9b03427
https://doi.org/10.1039/C9CP02291K

A7 Publications and Conference Contributions

Oral conference contributions

Hydrophobic self-assembling monolayers for stable perovskite solar cells
L. Canil, G. Chistiakova, O. Shargaieva, A. Abate
Materials Research Society (MRS) Fall Meeting 2018, Boston, USA, 11/2018

Perovskite Work Function Tuning through Self-Assembling Monolayers of Small Molecules
L. Canil, T. Dittrich, T. Cramer, M. Liu, A. Abate
Perovskite Solar Cells and Optoelectronics (PSCO) 2019, Lausanne, Switzerland, 09/2019

Perovskite Work Function Tuning through Self-Assembling Monolayers of Small Molecules
L. Canil, T. Dittrich, T. Cramer, M. Liu, A. Abate
NanoGe Fall Meeting 2019, Berlin, Germany, 11/2019

Poster conference contributions

Self-assembling monolayers at the interface in perovskite solar cells
L. Canil, D. di Girolamo, S. Sanchez Alonso, A. Abate
Perovskite Solar Cells and Optoelectronics (PSCO) 2018, Lausanne, Switzerland, 09/2018

Work Function Tuning through Self-Assembling Monolayers of Fluorinated Molecules

L. Canil, T. Dittrich, A. Abate

Interfaces in Organic and Hybrid Thin-Film Optoelectronics (nanoGe INFORM) 2019, Valencia, Spain,
03/2019

Work Function Tuning through Self-Assembling Monolayers of Fluorinated Molecules
L. Canil, T. Dittrich, A. Abate

Hybrid and Organic Photovoltaics (nanoGe HOPV) 2019, Rome, Italy, 05/2019
Other international contributions

Work Function Tuning through Self-Assembling Monolayers of Fluorinated Molecules

L. Canil, T. Dittrich, O. Shargaieva, A. Abate
Invited seminar at Universitat Jaume | — INAM, Castelléon de la Plana, Spain, 03/2019

153



A8 Declaration of originality

A8 Declaration of originality

| here declare that this dissertation is from the author’s original works, except the parts which give
rightful references to other people’s works, and that this dissertation has not been submitted to any
other university in Germany or abroad.

Potsdam, August 2021

Laura Canil

154



A9 Acknowledgements

A9 Acknowledgements

This is the end of a long adventure, and the beginning of a new one. | can’t really express how much
these last years meant to me. | learnt a lot, | grew personally and professionally, | discovered new sides
of myself, and | had a lot of fun. All of this would not have been possible without the people who
shared this path with me.

First of all, | would like to thank my supervisor and mentor Prof. Dr. Antonio Abate. Antonio, you always
believed in me and pushed me to recognize my value, thank you for guiding me in this journey and
giving me the possibility to live so many wonderful experiences. I’'m also extremely grateful to my
supervisor at the University of Potsdam Prof. Dr. Dieter Neher: you have been constantly available for
answering my questions, helping me with invaluable insights, thank you for your patience and support.
Moreover, | would like to express my deepest appreciation to Prof. Dr. Jovana Mili¢ for taking the time
to critically evaluate my thesis.

A big thank goes to Prof. Dr. Paola Vivo. Our collaboration in the SolarWAVE project has been a great
experience, thank you for hosting me in your group and for all the shared knowledge, discussions, and
support. | cannot begin to express my gratitude for Dr. Qiong Wang and Dr. Martin Stolterfoht, your
help, especially in the last months, has been invaluable. The many scientific discussions with you
deeply improved my scientific knowledge and understanding. Additionally, | owe an important debt to
Dr. Thomas Dittrich, your Kelvin probe setup has been a fundamental tool for my research, thank you
for teaching me how to use it, and for always being available to let me measure and to discuss the
results. I’'m also particularly thankful to Dr. Florian Ruske, your feedbacks during the preparation of
this thesis were really helpful, you are probably one of the few people who actually read it all.

I'm grateful for the possibility of working in the HySPRINT lab and participate in the HyPerCells
graduate school. In particular, | would like to show my appreciation for all the work and help from the
lab managers, Prof. Dr. Steve Albrecht and Prof. Dr. Eva Unger, the technicians, Moni and Hagen, and
all the staff, especially Carola Ferber, Carola Klimm, Andreas von Kozierowski, Thomas Luf3sky, and our
awesome secretaries Antonia Tallarek and Marion Krusche. During these three and a half years of work
at HZB | had the chance to meet many people and share with them the “excitement” of looking for a
free evaporator slot, the frustration of failed experiments, but also the thrill of successful ones, and
many fun moments inside and outside the lab. Special thanks goes of course to all the past and present
members of the InterActive group, it was great to work with you. Marion, from Boston to BoRReln, from
hiking to the beach-volleyball field, we certainly had fun together, my PhD would not have been the
same without you. Jorge, thank you saving me (or trying to) from my chemistry ignorance, but most
importantly thank you for all the after-work beers and for introducing me to “the family”. Nga, you
have always being there for me from the beginning and even after you left, I'm really grateful for your
support, help and friendship. Looking forward to meeting you again, and let’s try not to miss the flight
this time ;P. Hans, I’'m happy | had the chance to work with you (and your friend mpp-peter) and to get
to know you as person, your chilled attitude is always an inspiration, | hope we will have many more
“stories to tell”. Diego, thank you for constantly bringing positive vibes, your jokes always make my
day. Not-thank you for letting me here alone to take the blame for the coffee though ;). Jeronimo,
looking forward to more Friday-day(s). Valerio and Thomas, the newbies (;P), | updated this

155



A9 Acknowledgements

acknowledgement section after submitting only for you. You are great friends and scientists, I'm happy
to have you around. And Silver, Mahmoud, Maria, Guixiang, Meng, Nikos, Zafar, Zahra, Paola, Joel,
Juanita, Raj, Ece, Varsha, Stephania, Weiwei, Junming, and all the people that passed by our group:
has been a pleasure to meet all of you. I'm also grateful to all the people from other groups than | had
the chance to share some time with. Silvig, it’s been short but intense, thank you for the lab singing
(sorry to everybody else), the long talks seasoned with a lot of laughter, food and drinks, and for
bringing some Veneto to the lab. | hope this is just the start of a great friendship. Caro, we went a long

17

way from “oh you are the new girl!”, thanks for all our wine/pizza evenings and for keeping an eye on
me ;). And how could | not thank “the boys”, Lukas, Philipp, Marcel, Marko, it was really fun to have
you around these years. Another big shout-out goes to Aboma, thank you for being always there for
me both at work and outside, I’'m looking forward to many more nights-out, also because we have to
get those steak tips again. Christian, Professor, | really appreciate all the support and suggestions you
gave me. Hannah, my Lausanne-“shopping”-buddy, thanks for all the fun memories. Igal, your insights

are always valuable, now | hope we’ll finally manage to party together.

A very important thank you to all my international friends in Berlin, in Amsterdam, and beyond.
Because without them all of this would have been much harder. Thanks to all my rugby team, you are
like family. Marta, you probably hate all this cheesiness here, but | still want to thank you for always
taking care of me and for the countless awesome party nights, loud singing, getting lost, random trips.
In the end, we know that together we can take it to end of the line. Torsten, Santi, you are way more
than coaches to me, in you | found some real friends. Thanks for all the support and the fun, can’t wait
for our next adventures together. Helena, my mediterranean friend, Neli, my absolutely-not-cute
friend, I'm very happy our paths crossed, looking forward to a lot more Saschsczrwseghsc trips. There
will be always a penthouse waiting for us. Elli, www.mipiacitu, do | need to say more? To a lot more
karaoke nights! Ina, Sini, Anna, Maggie, it’'s always great to hangout with you. Irene (and Sofi), Shayna,
Cloe, the most amazing group of “serious” people, | feel much more fun await us. Dear Poco-girls:
Leoni, Elena, Anais, Mel, Ginny. I'm thankful for the few months we had together, it was enough to
build unforgettable memories. Silvia, thanks for helping me balance between sport and spritz, although
I’m still waiting for a bacaro tour together. A big hug to Marco, Federica, Giorgio, Andrea, Ale, Dario,
Eliane, Johannes, Lucie, Nasim and all the people that made my time in Amsterdam unforgettable.
Especially Caro, my pinky unicorn. You are one of the most important people in my life, a reference
point. | don’t know what | would do without you and there’s not enough space here for all the things
I’'m grateful for, so, simply, thank you for everything.

Non pu0 mancare un grande ringraziamento a tutti i miei amici in Italia. Grazie Fisici: Lucia, Ludo,
Isabella, Marin, Andrea, Pietro, Luca (e consorti vari). Non penso sarebbe stato possibile superare 5
anni di fisica senza il vostro supporto e i gruppi studio, ma anche senza le nostre interminabili partite
a carte, i mercoledi universitari, le feste di fisica, le feste di Marin, i bacaro tour e chi piu ne ha piu ne
metta. Grazie Jambo Mambo crew, per avermi insegnato la vera essenza del viaggio. In particolare
grazie Enrica, per stare sempre |la ad ascoltarmi e per i consigli invariabilmente azzeccati. Ok, anche
per il vino e il salame. Grazie Menny, Kiwa e in particolare Vicky, prosecco nel mio spritz, ma
soprattutto insostituibile amica. Grazie Vanessa e Marta, amiche di sempre. E grazie Claudia, per
avermi sempre seguito da vicino e accompagnato lungo il mio percorso.

Infine, il grazie pil speciale va alla mia famiglia. Grazie Gil, Anita, Francesco, Mauri, Fabi, Emma, Matteo
e Olivia, per farmi sempre sentire a casa. Grazie Nonna Margherita, per mostrarmi costantemente il

156



A9 Acknowledgements

tuo amore e sostegno, ti voglio bene. Grazie Marco e Sara, per continuare a sopportarmi nonostante
tutto. Grazie Mamma e Papa per aver sempre supportato le mie scelte e avermi dato la possibilita di
seguire la mia strada. So che potro sempre contare su tutti voi, Grazie.

157



	TITLE
	Imprint

	ABSTRACT
	KURZFASSUNG
	LIST OF ABBREVIATIONS
	TABLE OF CONTENTS
	1 INTRODUCTION
	2 FUNDAMENTALS OF SEMICONDUCTORS AND SOLAR CELLS
	2.1 Relevant energetic quantities
	2.2 p-n junction
	2.3 p-i-n junction
	2.4 Solar spectrum and photovoltaic effect
	2.5 Solar cells parameters
	2.6 Halide perovskite solar cells
	2.6.1 Properties of halide perovskites
	2.6.2 Device structure


	3 THE ROLE OF INTERFACES
	3.1 Features of perovskite and its surface
	3.1.1 Defects and recombination
	3.1.2 Ion migration
	3.1.3 Hysteresis

	3.2 Interaction of perovskite with adjacent layers
	3.2.1 Energy level alignment and charge transport
	3.2.2 Determination of PSCs energetics

	3.3 Functionalization as strategy
	3.3.1 Coordinate bonding: Lewis acids and Lewis bases
	3.3.2 Halogen Bonding
	3.3.3 Self-assembled monolayers
	3.3.4 Dipolar molecules and their effect on energy level alignment


	4 METHODS
	4.1 Samples and devices preparation
	4.1.1 SAMs deposition

	4.2 Devices characterization
	4.3 Optical characterization
	4.3.1 UV-Vis spectroscopy
	4.3.2 Photoluminescence spectroscopy

	4.4 Energetic characterization
	4.4.1 Kelvin probe
	4.4.2 Kelvin probe force microscopy
	4.4.3 Ambient pressure photoemission spectroscopy
	4.4.4 Cyclic voltammetry


	5 Tuning Halide Perovskite Energy Levels
	5.1 Introduction
	5.2  How to tune the direction of the energy levels shift
	5.3 How to tune the magnitude of the energy levels shift
	5.4 Conclusions

	6 The effect of energy level tuning in devices
	6.1 Introduction
	6.2 Triple cation perovskite solar cells
	6.2.1 Energy level tuning of triple-cation devices

	6.3 Wide-bandgap perovskite solar cells
	6.3.1 Urea functionalization
	6.3.2 Energy level tuning of MAPbBr3 devices
	6.3.3 Comments on the preparation and analysis of MAPbBr3 devices

	6.4 Conclusions

	7 A halo-functional hole-transport MATERIAL
	7.1 Introduction
	7.2 Understanding the interaction of PFI and PF with the perovskite surface
	7.3 Resilience to solvent exposure
	7.4 Application in devices
	7.4.1 Devices performance
	7.4.2 Operational stability

	7.5 Conclusions

	8 Conclusion and outlook
	9 Bibliography
	A. APPENDIX
	A1 Molecules
	A2 Samples and devices preparation and characterization
	A3 Supporting Information: Chapter 5
	A3.1 Methods
	A3.2 Additional data

	A4 Supporting Information: Chapter 6
	A5 Supporting Information: Chapter 7
	A5.1 DFT simulations
	A5.2 Methods and additional data

	A6 SolarWAVE project
	A7 Publications and Conference Contributions
	A8 Declaration of originality
	A9 Acknowledgements




