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Résumé en francais

Cette thése est le fruit d’une collaboration entre le groupe de recherche dirigé par E.
Deleporte au laboratoire LuMIn, qui étudie les propriétés optiques des pérovskites 2D,
et le programme de 'TPVF spécialisé dans les cellules solaires tandem pérovskite-silicium.

Les cellules solaires & base de pérovskite ont atteint en seulement une décennie
des rendements similaires & la technologie silicium. Cependant, plusieurs défis doivent
étre résolus pour que les pérovskites puissent intégrer le marché photovoltaique, dont
une amélioration de la stabilité des dispositifs. A cet égard, les hétérostructures de
pérovskites 2D /3D, combinant les pérovskites 2D et 3D afin d’allier la meilleure stabilité
des pérovskites 2D aux rendements élevés des pérovskites 3D, se sont distinguées.

L’objectif de ce travail était I'étude des hétérostructures 2D /3D, afin de les intégrer
dans des cellules solaires a base de pérovskite. Dans ce but, une structure 2D /3D en
traitement de surface, la plus prometteuse dans la littérature, a été choisie, en combi-
naison avec l'iodure de phenylethylammonium fluoré (4-FPEAI) comme cation espaceur.
Cette thése s’est attelée a caractériser 'effet de la structure 2D /3D sur l'efficacité et la
stabilité de cellules solaires, ainsi que sur les propriétés du matériau pérovskite. Pour
cela, différentes techniques ont été utilisées, telles que la photoluminescence, la diffraction
des rayons X, ou encore la spectrométrie photoélectronique X

La formation d’une couche de pérovskite 2D de seulement quelques nanométres
d’épaisseur sur la pérovskite 3D via une réaction du cation espaceur avec l'excés d’iodure
plomb présent dans la pérovskite 3D a été établie. La concentration de la solution du
précurseur 4-FPEAI s’est révélée cruciale pour modifier I’épaisseur de la couche 2D for-
mée. Le traitement au 4-FPEAI a significativement amélioré la stabilité des dispositifs,
tout en améliorant leur efficacité, permettant 'obtention d’une efficacité prometteuse
de 20,48% sur des cellules de taille standard (0,09 cm?). Des dispositifs de 4 ¢cm? ont
également été réalisés, et ont atteint une excellente efficacité proche de 18%, confirmant
la pertinence des hétérostructures 2D /3D dans les cellules solaires.

En raison d’un décalage vers le bleu des propriétés optiques de la couche 2D, la
présence de brome dans celle-ci a été révélée. Le mécanisme de formation le plus commun
ne pouvant pas expliquer la présence de brome au sein du matériau 2D, ’hypothése
que le 4-FPEAI réagit avec la pérovskite 3D et substitue ses cations du site A pour
former une couche 2D contenant du brome a été émise. Ainsi, une compréhension plus
approfondie des mécanismes de formation des hétérostructures 2D /3D a été apportée, et
deux mécanismes se produiraient simultanément pour former la couche 2D.

Ces connaissances ont été utilisées pour étudier la formation d’une structure 2D /3D
via un autre cation espaceur, le n-octylammonium (OAI). Cette étude a révélé que les
cellules solaires utilisant I’OAI avaient des propriétés similaires a celles utilisant du 4-
FPEALI, bien que la couche 2D formée soit constituée de phases différentes. Malgré la
détection de brome dans ces phases, une étude plus approfondie est nécessaire afin de
confirmer les mécanismes impliqués pour ce cation espaceur.
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Introduction

Over the last few decades, the perception of human society impact on the environment
and climate change has evolved drastically. After being raised for the first time in 1972
by the Club of Rome in the report "The Limits to Growth" |[Meadows et al. 1972],
a growing number of links have been established between human activity and climate
change. Nowadays, human activity is almost universally recognized within the scientific
community |Lynas et al. 2021|, and the subject of climate change has become a major
societal and political concern.

One major highlight of this evolution was set in 2015 by the adoption of the Paris
Agreement. With this agreement, most countries are committed to "substantially reduce
global greenhouse gas emissions to limit the global temperature increase in this century
to 2°C, while pursuing efforts to limit the increase even further to 1.5°C" in comparison
with pre-industrial levels. In 2018, the Intergovernmental Panel on Climate Change
(IPCC) released a special report titled "Global Warming of 1.5°C", focusing on several
key points related to the Paris Agreement, such as predicting the consequences of 1.5 and
2°C global warming. This report estimated that global CO2 emissions should decline by
45% in 2030 (in comparison with 2010 levels) and reach net zero around 2050 to limit
global warming to less than 1.5°C. To limit global warming below 2°C, a decrease of 25%
of emissions by 2030 was predicted, and a net zero reached around 2070 [IPCC 2018].

In this regard, the energy sector plays the leading role. In fact, since the beginning
of the industrial era, energy has become essential to almost every sector of our society,
from industry to transport, and energy consumption has been continuously increasing,
to reach 606 EJ (10'® J) in 2019, as illustrated in Figure 1.
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Figure 1: World total energy supply by source. Reproduced from [IEA 2021b]
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Until now, this growth was allowed by the ever-increasing use of fossil fuels (oil, coal,
and gas), which accounted in 2019 for more than 80% of the total energy supply (see
Figure 2a). Fossil fuels are responsible for most of worldwide greenhouse gas emissions.
As a result, these emissions have been in constant growth, and each new year comes with
a new record, except for 2020, due to the COVID-19 pandemic. In 2021, the emissions
reached 36.3 Gt of COqe, as seen in Figure 2b.
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Figure 2: (a) Share of world total energy supply by sources. Reproduced from [IEA
2021b]. (b) Evolution of global COse emissions. Reproduced from [IEA 2021a].

Thus, reaching the Paris Agreement objectives requires an extensive overhaul of our
society and its energy model. In 2021, the International Energy Agency (IEA) published
a roadmap for the global energy sector to match net zero emissions by 2050 [IEA 2021¢],
which was further developed in 2022 [IEA 2022b]. In this plan, final energy consumption
drops from 435 to 340 EJ, and the energy sector undergoes massive electrification, with
the share of electricity in this final energy rising from 20% in 2020 to 50% in 2050. Figure
3 shows that wind and solar photovoltaic (PV) power mainly ensures this electricity
production.
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Figure 3: Global total final consumption by fuel in the net zero emission scenario.
Reproduced from [IEA 2021c].



Introduction 3

In a net zero scenario, solar PV is an interesting energy source. This technology
directly converts sunlight into electricity, leading to a much lower carbon footprint than
fossil fuels. In 2021, the National Renewable Energy Laboratory (NREL) estimated the
emissions of greenhouse gas per kWh of produced electricity at 43 gCOqe/kWh for solar
PV, versus 486 gCO2¢e/kWh for natural gas and 1001 gCOze/kWh for coal [NREL 2021].
Thus, its interest becomes obvious to limit the greenhouse gas emissions of electricity
production.

Economic competitiveness is also essential to consider any energy production system
as relevant. Silicon solar cells currently dominate the solar PV market, with more than
95% of the 2021 electricity production ensured by this technology. As a result, it has
reached a high level of maturity, and the production cost of solar PV electricity has
dropped drastically over the last decades. From 1976 to 2021, the price of solar PV
electricity went down by 24.1% each time its cumulative capacity doubled, which is
called the learning rate and is illustrated in Figure 4a [VDMA 2022]. Many factors can
explain this decrease, such as the silicon-wafer industry’s development reducing the cost
of PV module manufacturing, scale economic factors decreasing the cost of hardware
and inverters, and the increase of module efficiency. With the boom in global installed
capacity during the 2010s that saw the installed capacity increase from less than 50 GW
to more than 1 TW in 2022 |[BP 2022] (see Figure 4b), the cost of solar PV electricity
was almost divided by 10 in only a decade.
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Figure 4: (a) Learning curve of the module spot market prices as a function of the
cumulative PV module shipments. Reproduced from [VDMA 2022|. (b) Global
cumulative capacity of solar PV from 2000 to 2021. Reproduced from [BP 2022].

Hence, the levelized cost of electricity (LCOE), which corresponds to the cost of one
kWh of electricity produced by a system over its entire lifetime (including manufacturing,
operation, and disposal) of solar PV has become very competitive. As of 2021, the
LCOE of large-scale PV installations was estimated as lower than most energy sources
in Germany, including fossil fuels, as shown in Figure 5 [Kost et al. 2021].

Increasing the efficiency of solar modules, and so the power output per surface unit,
also reduces the cost of solar PV electricity. However, the current technology of so-
lar modules, based on single-junction silicon cells, is limited to a theoretical maximum
efficiency of 29.4% [Richter et al. 2013|. In this regard, the development of tandem tech-
nology, made of two solar cells stacked on top of each other to capture solar radiation



4 Introduction

more efficiently, is a promising path. Such technology benefits from the use of silicon
cells as the bottom-cell and has a higher theoretical efficiency of 47% [Wali et al. 2018|.
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Figure 5: LCOE of renewable energy technologies and conventional power plants
in Germany in 2021. (the ratio for PV battery systems expresses PV power output
(kWp) over usable battery capacity (kWh)). Reproduced from [IEA 2021c].

The most promising top-cell technology is perovskite solar cells, based on 3D per-
ovskites, a class of materials with ABXj3 structure. These materials possess many fa-
vorable properties for solar cells. They have a direct band gap that can be tuned by
changing the elements in A, B, or X-sites, allowing their use in single-junction and tan-
dem cells. They also have a high absorption coefficient, good diffusion lengths, and are
defect tolerant. Therefore, they are used in thin films and can be synthesized with many
different techniques, from low-temperature solution processing to vapor deposition. As
a result, they experienced rapid development, with lab-scale device efficiency rising from
3.8% in 2009 [Kojima et al. 2009] to 25.7% in 2022 [Green et al. 2022].

Several challenges must be tackled to bring perovskite technology to the photovoltaic
market. Among them, improving the stability of perovskite solar cells is crucial. For this
purpose, layered 2D perovskites stood out thanks to better intrinsic and extrinsic stabil-
ity than their 3D counterpart. Their main application involves coupling them with 3D
perovskites to form 2D /3D perovskite heterostructures. These structures are expected to
combine the better stability of 2D perovskites with the good efficiency of 3D perovskites
to create a stable and efficient material. This thesis focuses on synthesizing and char-
acterizing such 2D /3D structures, aiming to integrate them in solar cell devices. It is a
joint work between the Laboratoire Lumiére, Matiére, et Interfaces (LuMIn, Université
Paris-Saclay, France) and the Institut Photovoltaique d’Ile-de-France (IPVF, France).
The current manuscript presenting this work is divided into five main chapters:

e The background of this dissertation is set in Chapter 1. It introduces the working
principle of solar cells and focuses on the state of the art of perovskite solar cell
technology. The properties of 2D perovskites are detailed, and their application in
2D /3D perovskite heterostructures is presented to contextualize this work.
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e Chapter 2 describes the fabrication of perovskite solar cells, synthesizing each layer
constituting these devices. Particular attention is given to integrating 2D /3D
perovskite materials in this fabrication process. All the techniques applied to
characterize the materials and devices developed in this work are also presented.

e Understanding the 2D /3D structure is the main objective of Chapter 3. Through
the modification of two main synthesis parameters (the concentration of the 2D
perovskite solution and the static deposition of this solution), the characteristics
of the 2D /3D material are investigated. The benefits obtained from its application
in solar cell devices are also evaluated.

e Chapter 4 focuses on the formation mechanisms behind 2D /3D perovskites. It
reveals the unexpected chemical composition of the 2D phase. This finding is used
to propose a second mechanism to the one commonly accepted in the literature for
the formation of the 2D material, providing a better understanding of the synthesis
of 3D /2D structures.

e Chapter 5 explores the formation of a 2D /3D structure with a new spacer cation.
It reveals the formation of different phases induced by this new treatment. It
also suggests that these phases do not impact significantly the properties of the
perovskite material and the resulting solar cell devices.






Chapter 1

Context and state of the art

This first chapter introduces the general background behind this thesis work. This in-
troduction starts with solar cells, and how they convert sunlight into electricity. Then,
we present hybrid halide perovskites, their application in solar cells, and the challenges
required for this technology’s future development. One of these challenges is the stability
of perovskite solar cells, which leads us to deal with 2D hybrid halide perovskites and their
unique properties. Finally, we describe how 2D and 3D perovskites were combined into
2D /3D heterostructures to improve perovskite solar cells.
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1.1 General background of solar cells

The whole purpose of this work relies on the photovoltaic effect, which was discovered
by E. Becquerel in 1839 when he observed the production of an electric current between
two metal plates immersed in a solution and exposed asymmetrically to solar radiations
[Becquerel 1839]. This discovery led to the creation of the photovoltaic (PV) technology.
After more than a century of development, it generated more than 1000 TWh of electricity
in 2021, around 3% of the global electricity production [IEA 2022a|. Here, we start by
presenting the theoretical background behind the production of PV solar energy.

1.1.1 From the Sun to electrons

Solar irradiance

Explaining the physics behind solar cells requires to look at the Sun (metaphorically), a
star that emits light continuously. From a thermodynamic point of view, it is approxi-
mated as a black body with a temperature T = 5800 K. Therefore, the spectral density
of its radiation can be calculated using Planck’s law:

2hc? 1

B\NT) =
M= () 1

(1.1)

where B(A, T) is the black body spectral radiance with wavelength dependency in
W.m2nm~t.sr™!, A is the radiation wavelength, T the black body’s temperature, h
the Planck constant, ¢ the speed of light in vacuum, and kg the Boltzmann constant.
Approximating the black body as a Lambertian emitter allows the estimation of the total
black body irradiance received outside of Earth atmosphere with the following equation:

ds—E

2
Io(\T) = . ( ISun ) B\T) (1.2)

where Ip(A, T) is the black body irradiance spectrum received outside of the atmo-
sphere, rg,, is the radius of the Sun, and dg_pg is the Sun-Earth distance. Figure 1.1
shows that this theoretical spectrum is close to the reference solar irradiance spectrum
outside the atmosphere, called AMO.

AM stands for Air-Mass and indicates the optical path of solar radiation through
Earth’s atmosphere, which acts as a filter for sunlight. For example, a zenithal illumina-
tion corresponds to AM1.0, while AM2.0 is an illumination with a Sun angle to the zenith
z = 60°. AMO is a special case, representing the solar spectrum outside the atmosphere.

In the PV industry, the performance of every device is assessed under the standard
illumination spectrum AM1.5G (considering direct and diffuse sunlight, G stands for
Global), illustrated in Figure 1.1. AM1.5G is the average illumination in middle latitudes
with a Sun position of z = 48.2°. It has a reference irradiance of 1000 W.m~2 while AMO
spectrum has a total irradiance of around 1366 W.m ™2, revealing the amount of sunlight
that is filtered by the atmosphere.
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Figure 1.1: Extraterrestrial 5800K back body irradiance spectrum, compared to
AMO and standard AM1.5G solar irradiance spectra references [NREL |.

Semiconductors and electron-hole pair

Solar cells use semiconductor materials to convert solar radiation into electricity. Due to
their electronic band structure, semiconductors have an intermediate electrical conduc-
tivity between a conductor and an insulator, which increases along with temperature.
Bringing several atoms together leads to hybridizing their discrete energy orbitals,
which start to overlap. In a macroscopic crystal, the number of atoms is so important
that the combination of their energy levels provides a band structure, with allowed and
forbidden bands [Ashcroft and Mermin 1976]. The distribution of electrons in a semi-
conductor for a specific temperature T follows the latter Fermi-Dirac distribution:

1
exp(Frt) +1

fe(Ee> = (13>

where f.(E.) is the probability of an energy level E. to be occupied by an electron,
and Er is the chemical potential. In a semiconductor, at T = 0 K, the chemical potential,
named the Fermi level, is located between two energy bands. Therefore, at a temperature
T = 0 K, all bands below the Fermi level are fully occupied by electrons. The occupied
band with the highest energy is called the valence band (VB), and the unoccupied band
with the lowest energy is called the conduction band (CB). The energy difference between
the CB minimum, designated as E¢, and the VB maximum, designated as Ey/, is called
the bandgap energy (E4) and is a paramount property of a semiconductor. Figure 1.2a
illustrates this electronic band structure.

Providing energy to the semiconductor with a photon of energy hr higher than its
bandgap leads to the photon absorption by the semiconductor. The photon’s energy
is transmitted to an electron in the valence band, which gets promoted to an available
free energy level in the conduction band, leaving an electron absence in the valence band
assimilated to a quasi-particle named hole. The combination of electron and hole is called
an electron-hole pair. Electrons and holes are designated as charge carriers, as they can
both move within the material and are electrically charged (elementary negative charge
-q for electrons and positive charge +q for holes).
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Figure 1.2: (a) Representation of a semiconductor band structure. (b) Electron-
hole pair creation in a semiconductor by electron excitation through absorption of
a photon E > Eg, electron relaxation through emission of phonons, and electron-
hole recombination with photon E ~ E, emission.

Rapidly after being generated (in the order of picoseconds), the electron-hole pair
loses its energy by emitting phonons (vibration modes within the material’s lattice).
The electron will go back to the bottom of the conduction band. In contrast, the hole
will go at the top of the valence band. Then, only a few nanoseconds after the electron-
hole pair was generated, the electron recombines with the hole in the valence band
by emitting a photon close to the semiconductor bandgap. This phenomenon, called
photoluminescence, is illustrated in Figure 1.2b, and Section 2.2.2 will present how it
was used in this work. Therefore, to generate electricity from this semiconductor, the
role of the solar cell is to separate the electron-hole pair.

1.1.2 Homojunction and solar cell characteristics

p-n junction in first generation solar cells

In solar cells, p-n junctions are commonly used to separate electron-hole pairs. Intro-
ducing a controlled amount of impurities into a semiconductor material is called doping.
With n-type doping, electron donor impurities bring electrons to the conduction band
and become majority carriers, while holes become minority carriers. With p-type dop-
ing, electron acceptor impurities bring holes to the valence band, which become majority
carriers, while electrons become minority carriers. A p-n junction is an heterostructure
made with a p-doped and an n-doped semiconductors, separated by an interface. The
first generation and most mature solar cell technology is silicon p-n homojunction, which
uses p-type and n-type layers of the same semiconductor material: silicon.

In the p-n junction, electrons from the n-type region diffuse to the p-type, and holes
diffuse from the p-type to the n-type region. By diffusing, electrons leave positively
charged donor ions on the n-type side, while holes leave negatively charged acceptor
atoms on the p-type side. These ions are embedded into the crystal structure and cannot
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move. Hence, close to the interface, the n-type region becomes positively charged, and
the p-type region gets negatively charged, forming an electric field between them. This
field drifts holes to the p-type region and electrons to the n-type region, resulting in a
region without charge carriers called the depletion region (see Figure 1.3a).
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Figure 1.3: (a) Diagram of a p-n junction with charge carriers currents. Repro-
duced from [Boeglin 2022|. (b) Solar cell operation with charge carriers movement.

Adding electrical contacts to the p-n junction completes the solar cell. Once exposed
to light, electron-hole pairs are created. The ones generated near the depletion region are
separated and sent to the electrodes by the junction’s electric field. There, the current
of photo-generated charges (i.e., photocurrent) can be sent in a circuit to supply electric
systems before returning to the solar cell, as pictured in Figure 1.3b. The cell’s electrical
power output depends on the number of collected charge carriers (current) and how much
energy they carry (voltage).

Solar cell characteristics

From an electric device point of view, without illumination, the behavior of a solar cell
is comparable to a diode, while under illumination, it also generates a photocurrent.
This current generation comes with electrical losses, represented as resistances. Hence,
the electrical behavior of a solar cell can be assimilated to the one-diode equivalent
circuit shown in Figure 1.4a. The relation between the output current of the cell and
its corresponding voltage, or IV characteristics, can be fitted by the following equation
(expressed with the generator convention):

IR,
_VAHIRs (1.4)
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where I, is the photocurrent, Iy the saturation current, q the elementary charge,
n the ideality factor (usually between 1 and 2), Rs the series resistance (related to
the electrodes’ resistance, the resistance of the contact absorber/electrodes, and to the
conductivity of the absorber), and Ry, the shunt (or parallel) resistance (related to
leakage currents and defects in the absorber layer). Rs has to be minimized for efficient
devices, while Ry, has to be maximized.
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Figure 1.4: (a) One-diode model equivalent circuit of a solar cell. (b) Current-
voltage (IV) characteristic of a solar cell.

From the IV characteristic of a solar cell visible in Figure 1.4b, its characteristic
photovoltaic parameters can be extracted, such as its maximum power point (which
corresponds to the maximum power output Pp;pp of the cell, associated to a voltage
Vupp and a current Iy pp), its open-circuit voltage (Voc, for which I = 0), its short-
circuit current (Igc, for which V = 0), and its Fill Factor (FF), defined as the ratio from
the measured IV curve of the cell to its ideal one, and calculated as:

Prypp
FF = ——— 1.5
Voc * Isc (1.5)

Finally, power conversion efficiency (PCE) is the most important characteristic of
a solar cell and quantifies how much of the incident radiation P;,. is converted into
electricity, calculated as:

POE — Pupp _ FF *Voc * Isc

1.6
‘F)’ZTLC ‘F)’ZTLC ( )

1.1.3 Tandem solar cells

Limits of single-junction cells

Improving PCE is central to reduce the cost of PV electricity production and increase its
attractiveness. However, the PCE of single-junction solar cells, using only one absorber
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material, cannot exceed the Shockley-Queisser (SQ) theoretical limit of 33% established
in 1961 by W. Shockley and H. J. Queisser [Shockley and Queisser 1961]. This limit is
caused by several phenomena, illustrated in Figure 1.5, such as photons not absorbed due
to energy below the absorber’s bandgap or thermalization losses due to charge carriers
relaxation to the bandgap edges (see [Hirst and Ekins-Daukes 2011] for details).
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Figure 1.5: (a) SQ limit and intrinsic losses in solar cells regarding their bandgap.
Reproduced from [Hirst and Ekins-Daukes 2011]. (b) Record PCE of solar cell
technologies compared to the SQ limit for corresponding bandgaps (open symbol:
2016 records, solid symbol: 2020 records). Reproduced from |[Ehrler et al. 2020].

Hence, the PCE of single junction solar cells is limited and cannot be optimized
up to 100%. The most efficient PV technologies are already close to the SQ limit,
as illustrated in Figure 1.5b. Furthermore, other theoretical and practical constraints
hinder the maximum potential efficiency of solar cells. As an example, the theoretical
SQ limit of the mature silicon technology was reduced from 32% to 29.4% by more
recent calculations (taking into accounts intrinsic recombination effects), and other works
estimated a maximum practical efficiency of 27.1%, very close to the 26.7% current
record [Richter et al. 2013, Yoshikawa et al. 2017].

One is not enough? Add more!

Among existing techniques to overcome the SQ limit (hot-carriers [Ross and Nozik 1982],
down or up-conversion |Klampalftis et al. 2009, Boriskina and Chen 2014]), multi-junction
solar cells are a promising solution. A multi-junction solar cell combines multiple ab-
sorbers of different bandgaps, each one optimized for a specific part of the solar spectrum.
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The theoretical limit of multi-junction solar cells increases with the number of junctions,
up to 68% with an infinite number of junctions (under 1-sun) [Vos 1980, Meillaud et al.
2006]. However, multi-junction cells with numerous junctions are expensive and more
suited for specific purposes, such as spatial applications [Geisz et al. 2020).

For large-scale development, the focus is on cheaper two-junction cells, named tan-
dem cells, using a high bandgap top-cell to absorb short wavelengths and a low bandgap
bottom-cell for higher wavelengths. Silicon technology is the ideal bottom-cell candi-
date, with a low 1.1 eV bandgap and important technological maturity. The emerging
perovskite technology has proven to be a promising top-cell thanks to a highly tunable
bandgap combined with easy and low-cost manufacturing. With a theoretical efficiency
limit close to 45.7% while current PCE records have already bypassed the 30% thresh-
old, perovskite/silicon tandems attract significant attention and have much room for
development [Wali et al. 2018, Akhil et al. 2021, Cheng and Ding 2021].

The main architectures are four-terminal (4T) and two-terminal (2T), schematized in
Figure 1.6a. 4T consists of autonomous top and bottom cells, fabricated independently
and interconnected externally, for a total PCE equal to the PCE sum of each sub-cell.
This simple structure comes with higher processing costs due to the duplication of all
electrical connections, which can be mitigated with voltage-matched configuration, where
both sub-cells are connected in parallel. Reducing absorption losses from the intermediate
transparent electrodes is also necessary for optimal performances of a 4T cell. In 2T
tandems, top and bottom cells are connected in series via a recombination layer. Only
two electrodes are required, resulting in lower costs. This structure has drawbacks, as
the top-cell deposition process must not damage the bottom-cell, and the bottom-cell
needs a suitable texture to grow a quality top-cell. Furthermore, the lowest current
between the two sub-cells limits the total current due to their series connection, making
this configuration more sensitive to bandgap optimization, as shown in Figure 1.6b.
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Figure 1.6: (a) 4T and 2T tandem solar cell architectures. Adapted from |Lal
et al. 2017]. (b) Maximum theoretical efficiency of 4T and 2T tandem cells and
their sub-cells regarding the top-cell bandgap Eg (silicon 1.1 eV bottom-cell).
Reproduced from [Todorov et al. 2016].
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1.2 Perovskite solar cells

1.2.1 Hybrid halide perovskites

Structure

The term perovskite initially designated calcium titanate CaTiOj3, discovered in 1839 by
G. Rose and named after the Russian mineralogist L. A. Perovski [Rose 1840|. Nowadays,
this name describes every material with a similar ABXj3 crystal structure. Each A,
B, and X-sites can be tuned with different elements, resulting in myriad combinations
with specific properties and applications. Organic-inorganic hybrid halide perovskites
(shortened as hybrid halide perovskites) are a specific class of ABXj3 perovskites. In
this class, the A-site species is an organic monovalent cation, often methylammonium
CH3NH3 " (MA™), or formamidinium CHy(NHz)2 ™ (FA™T), the B-site species is a divalent
metallic cation, usually lead Pb%t, or tin Sn?t, and the X-site species is a monovalent
halide anion, such as iodide 17, bromide Br~, or chloride CI~. The small inorganic
cesium cation (Cs™) is also common in A-site, forming an inorganic halide perovkite.

They ideally have a cubic Pm3m structure, illustrated in Figure 1.7a. The B-site
cation is six times coordinated and surrounded by an octahedron with halide anions in
its corners, forming BXg inorganic octahedra. Meanwhile, the A-site cation is twelve
times coordinated and is located between BXg octahedra. The cohesion of the structure
is held by ionic bonding, along with hydrogen bonding and van der Walls interactions
to a lesser extent [Wang et al. 2013, Menéndez-Proupin et al. 2014, Egger et al. 2016].
The Goldschmidt tolerance factor (t), from V. Goldschmidt [Goldschmidt 1926], and the
octahedral factor (u), proposed by Li et al. [Li et al. 2004,Li et al. 2008], are tools to
predict the stability of a perovskite structure, based on the following equations:

TA+TX B
=2 & p=—

V2(rg +rx) rx .7

where r4, rg, and ry are the atomic radius of the A, B, and X-sites species. To
obtain stable ABX3 perovskite structures, 0.813 < t < 1.107 and 0.442 < u < 0.895
are required, and tolerance factors outside these limits lead to non-perovskite structures.
Ideal t values in the 0.9 - 1.0 range form cubic structures [Kieslich et al. 2014, Kim et al.
2016, Sun and Yin 2017|, while t < 0.89 and t > 1.0 lead to more distorted tetragonal,
hexagonal, or orthorhombic structures, visible in Figures 1.7b, 1.7c, and 1.7d.

The structure of hybrid halide perovskites is not determined only by their com-
position. Most of them undergo phase transitions regarding their temperature, as il-
lustrated in Figure 1.7e for the common MAPDbI3 and FAPbI3 (or MAPI/FAPI) per-
ovskites [Stoumpos et al. 2013, Kim et al. 2020a|. They are both found in stable cubic
a-phase at high temperatures. Decreasing their temperature, MAPI transitions into a
tetragonal S-phase, while FAPI does so into a hexagonal d-phase. Another phase tran-
sition exist around cryogenic temperatures. FAPI stabilizes into the tetragonal S-phase
and MAPI abandons it and forms an orthorhombic «-phase. Even though cryogenic
phases are not relevant for solar cell purposes, phase transitions remain a significant
topic. For example, FAPI’s stable phase at room temperature is the non photo-active
d-phase (6-FAPI), while the a-phase (a-FAPI) has very interesting properties for PV,
and several ways to stabilize it have been studied (see Section 1.2.2) [Ma et al. 2017].
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Figure 1.7: (a) Cubic a-phase, (b) tetragonal S-phase, (c¢) hexagonal d-phase, and
(d) orthorhombic y-phase of MAPI and FAPI perovskites. (e) Temperature-related
phase transitions of these perovskites. Reproduced from [Kim et al. 2020a].

Opto-electronic properties

The spectacular success of perovskites for solar cells is explained by their favorable opto-
electronic properties, illustrated through the example of MAPI, the first composition used
in a PV device. First, it has a direct bandgap around 1.55 eV [Lee et al. 2012, Motta et al.
2015], as shown in Figure 1.8a. This direct bandgap leads to an absorption coefficient
close to 10° cm™! over the visible part of the solar spectrum, the most important to
absorb [De Wolf et al. 2014]. This absorption coefficient is between one and two orders
of magnitude higher than silicon, which is an indirect bandgap semiconductor, as seen
in Figure 1.8b. This allows the application of MAPI as thin films of only a few hundred
nanometers thick. At the same time, typical commercial silicon solar cells use silicon
layers with thicknesses of hundreds of micrometers [Andreani et al. 2019].

In addition, MAPI possesses very good charge transport properties. The diffusion
lengths in the material have been estimated from 100 to 1000 nm [Stranks et al. 2013,
Xing et al. 2013, Bercegol et al. 2018|, with carrier lifetime close to 1 us [Zhou et al.
2014,de Quilettes et al. 2015|. Such diffusion lengths are in the same order of magnitude
as the thickness of the perovskite film itself. Hence, photogenerated carriers can be
extracted without noticeable difficulty from the absorber, no matter where they were
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generated in the layer. In ambient conditions, MAPI has low exciton binding energy (see
Section 1.3.2), facilitating even further charge extraction from the material [Miyata et al.
2015, Baranowski and Plochocka 2020]. Hybrid halide perovskites also have high defect
tolerance, allowing the use of solution-processing deposition techniques, while silicon
used in PV requires solar grade purity (> 99.999%) to produce efficient devices [Yin
et al. 2014, Kim et al. 2014, Gribov and Zinov’ev 2003|.
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Figure 1.8: (a) Band structure of a MAPI crystal for (111), (0-11), and (011)
orientations of the organic molecule. Reproduced from [Motta et al. 2015]. (b)
Absorption coefficient of MAPI compared with other PV materials (Gallium Ar-
senide GaAs, and crystalline silicon c-Si). Reproduced from [De Wolf et al. 2014].

(c) Bandgap energy range of various ABX3 perovskites compositions. Reproduced
from |Anaya et al. 2017].

Another crucial opto-electronic property of hybrid halide perovskites, especially for
tandem cells, is the possibility to tailor their bandgap by changing the nature of A, B, and
X elements. Replacing the X-site anion leads to the biggest change, as using a smaller
halide (I > Br > Cl) widens the perovskite bandgap. Taking MAPbX3 compositions as an
example: E; = 1.55 eV for MAPDI3, 2.3 eV for MAPbBr3, and 3.1 eV for MAPbCl; [Jang
et al. 2015]. On the other hand, switching lead for the smaller tin metal cation narrows
the bandgap of the MASnl3 perovskite to E; = 1.25 eV. [Ke et al. 2017]. The A-site
cation has the least impact, with FAPblI3: 1.50 ¢V, MAPDbI3: 1.55 ¢V, and CsPbls:
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1.73 eV. Furthermore, A, B, and X-sites can be occupied by a mix of species to tune
the perovskite properties finely. For example, MAPbI3_,Br, stoichiometry, with gradual
substitution of I by Br, has a bandgap that can be tuned between 1.55 and 2.3 eV. Hence,
the bandgap of a specific perovskite can be optimized for dedicated purposes, such as
single-junction cell or tandem integration. Figure 1.8c illustrates the bandgap range of
various perovskite compositions.

1.2.2 Application in solar cells

The first application of perovskites in photovoltaics dates back to 2009 when the group
of T. Miyasaka reported a PCE of 3.81% using MAPI as the absorber material in dye-
sensitized solar cells (DSSCs) [Kojima et al. 2009]. However, those cells only functioned
for a few minutes, as the corrosive liquid electrolyte quickly degraded the perovskite
material. A breakthrough occurred in 2012 when groups of N-G. Park et al. and H. Snaith
et al. applied hybrid halide perovskites in solid-state sensitized solar cells, replacing the
electrolyte with a solid-state Spiro-OMeTAD hole transport layer, reaching respectively
9.7 and 10.9% PCEs [Kim et al. 2012, Lee et al. 2012|.

These works showed the potential of perovskite solar cells (PSCs) in thin-film archi-
tectures, thanks to their ideal opto-electronic properties. It marked a breaking point in
the literature, with increased interest in perovskites and their PV application. In 2015,
after only three more years, the 20% PCE threshold was surpassed by researchers from
the Korea Research Institute of Chemical Technology (KRICT), who certified a record
PCE of 20.2% [Yang et al. 2015]. PCE growth began to slow down as the SQ limit for
such materials was getting closer. Finally, after less than a decade of development of
this technology, a PSC record efficiency of 25.7% was achieved in 2022 at Ulsan National
Institute of Science and Technology (UNIST), close to the 26.7% record for the mature
silicon technology |Green et al. 2022, NREL 2022|.

Synthesis of the perovskite absorber

Various techniques exist to form perovskite thin films for PV devices. Among them, spin-
coating deposition is the most popular in the literature for lab-scale devices, allowing the
quick deposition of uniform films under an ambient or controlled atmosphere. It was
was also applied in this work. Here, we propose a rapid summary of the processes used
for perovskite film synthesis, found in more detail in the following works [Pascoe et al.
2017, Jung et al. 2019].

A precursor solution is prepared with the stoichiometric dissolution of organic halide
salts with metal halides (e.g., formamidinium iodide (FAI) with lead iodide (Pbly) for
FAPI perovskite). Solvent engineering introduced the solvent’s importance on the per-
ovskite layer formation and the performance of resulting PSCs. In this regard, the mix-
ture of N,N-dimethylformamide (DMF) and dimethylsulfoxide (DMSO) provides great
control over the crystallization of the perovskite films due to the coordination of DMSO
with Pbly, and leads to high PCEs [Ahn et al. 2015,Seo et al. 2017].

The formation of the perovskite layer is then ensured by the anti-solvent method
developed in 2014 by Xiao et al. [Xiao et al. 2014,Jeon et al. 2014|. After the spin-coating
deposition of the precursor solution and the formation of a homogeneous precursor film,
an anti-solvent is poured on this film, such as chlorobenzene, toluene, or ethyl acetate.
This anti-solvent must be miscible with the solvent of the precursor solution without
dissolving the precursor film. Adding the anti-solvent removes the excess uncoordinated
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solvent from the film, forming an intermediate film of FAI-Pbly-DMSO complex through
several nucleation sites. Finally, thermal annealing evaporates the remaining DMSO and
leads to the phase transition of the intermediate film into a perovskite film. This process

is illustrated in Figure 1.9.
-
@)

Solution dispensing Antisolvent-washing Hot-plate annealing
- Precursor film - Intermediate film - Perovskite film

Figure 1.9: Illustration of the synthesis steps of a perovskite thin film with a spin-
coating anti-solvent method.

Vapor-phase deposition techniques, including single-source, sequential, or multi-source
evaporation [Zheng et al. 2019, Xiang et al. 2021], have attracted less attention in the
literature so far, despite good results |Pérez-del-Rey et al. 2018]. The most common
processes are based on one-step co-evaporation of organic halide (MAI, FAI..) and lead
halide (Pbla, PbBra) vapors to form the perovskite film [Borchert et al. 2017].

Perovskite solar cell architectures

In a perovskite solar cell (PSC), the perovskite absorber is not doped and is designated
as an intrinsic semiconductor. It is placed between p-type and n-type layers (respectively
HTL for hole transport layer and ETL for electron transport layer). This structure is
labeled as a p-i-n junction and operates differently than classic p-n junctions used in
silicon technology, as illustrated in Figure 1.10a.

The HTL has conduction and valence bands of higher energies than the ones of the
perovskite, while the conduction and valence bands of the ETL are at lower energies than
the ones of the perovskite. As a result, when photons are absorbed and electron-hole
pairs are created in the perovskite material, the holes go to higher energy levels. In
contrast, the electrons go to lower energy levels. Hence, the HTL extracts holes from
the perovskite layer and blocks the electrons, while the ETL extracts the photogenerated
electrons and blocks the holes.

Finally, two electrodes connect the HTL and ETL to an external circuit. On the
cell’s front side, transparent conducting oxides (TCO) are used, such as fluorine-doped tin
oxide (FTO) or indium-doped tin oxide (ITO). The back electrode is usually a conductive
metal, like gold or silver, but TCOs are also used in tandem applications.

According to the order in which the layers are illuminated, the structure is named p-
i-n (HTL enlightened first) or n-i-p (ETL enlightened first). Another distinction is made
between mesoscopic (or mesoporous) and planar structures. In mesoscopic structures, the
transport layer on which the perovskite is deposited is made with a mesoporous material.
This structure is inherited from DSSCs, which used mesoporous materials to increase the
contact surface between the extracting layer and the absorber dye to compensate for
small diffusion lenghts in the dye. Thanks to the better charge transport properties
of perovskites, this architecture is not mandatory anymore, and planar architectures
appeared in PSCs. These structures are summarized in Figure 1.10b.
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Figure 1.10: (a) Energy level diagram of a typical perovskite solar cell. Reproduced
from [Yong-Liang et al. 2020]. (b) Representation of common perovskite solar cell
architectures. Reproduced from [Rong et al. 2018].

In n-i-p architectures, typical mesoscopic ETL use a bi-layer of compact and meso-
porous titanium oxide (TiOz), while planar ETL can use inorganic tin(IV) oxide (SnOg)
or zinc oxide (ZnO) materials [Xiong et al. 2018, Zhang et al. 2018, Min et al. 2021].
Spiro-OMeTAD is the most used HTL, but other materials started to gain popularity,
such as PTAA or CuSCN (more details in Section 2.1.5). In p-i-n architectures, the most
common ETL are made with organic fullerenes layers, such as Cgp or PCBM, usually
combined with bathocuprione (BCP) [Gatti et al. 2017, Zhang et al. 2019, Jiang et al.
2020]. For the HTL, mesoporous structures often use inorganic nickel oxide NiO, [Liu
et al. 2017c|, which is also found in planar architectures, along with PEDOT:PSS poly-
mer [Hu et al. 2018] or self-assembled molecules (SAM) |Al-Ashouri et al. 2019].

Evolution of the perovskite composition

In their early part, PSCs mostly used MAPI as perovskite absorber due to its good opto-
electronic properties and historical reasons. However, the growing number of works on
this material highlighted important weaknesses. The high volatility of the MA cation,
its hygroscopic nature, and MAPI crystal softness cause poor thermal and moisture
stability [Conings et al. 2015,Song et al. 2016]. The degradation of MAPI films when
exposed to ambient conditions or temperatures above 85 °C under an inert atmosphere
was observed, eventually decomposing into Pbly. Hence, the literature gradually shifted
towards less MA-based perovskites and even MA-free compositions to avoid stability
issues caused by MAPI [Turren-Cruz et al. 2018, Gao et al. 2020).

In this regard, FAPI perovskite seemed a promising candidate, with similar opto-
electronic (absorption, transport...) properties than MAPI, with a slightly smaller 1.50 eV
bandgap, better for single-junction, but worse for silicon-tandems [Eperon et al. 2014,Lee
et al. 2014]. This perovskite has better thermal stability than MAPI, thanks to the higher
chemical stability of the FA cation and higher thermal activation energies for the FAPI
structure [Juarez-Perez et al. 2019]. Although the photoactive a-FAPI can be obtained
at room temperature, because of lattice distortion induced by the larger FA cation, it is
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not thermodynamically stable and rapidly turns into the non-photoactive §-FAPI [Weller
et al. 2015,Li et al. 2016, Ma et al. 2017]. At first, this intrinsic instability limited the
use of FAPI in PSCs. A major solution to this problem was the inclusion of smaller
A-site cations (Cs, or even the smaller Rb) in the FAPI structure, through solid-state
alloys, to optimize its tolerance factor (see Figure 1.11a). The inclusion of MA cations
or Br halides also helped to stabilize the photoactive a-FAPI at room temperature [Li
et al. 2016, Saliba et al. 2016, Park et al. 2017, Rehman et al. 2017].
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Figure 1.11: (a) Tolerance factor of APbls perovskite for various A-site cations.
(Solid circles: photoactive black phase; open circles: non-photoactive phases). Re-
produced from [Saliba et al. 2016]. (b) Average PCE and popularity of various
perovskite compositions along time. Reproduced from [Jacobsson et al. 2022].

As shown in Figure 1.11b, the literature has progressively moved away from single-
cation MAPI compositions towards double-cation FA,MA_,PbBr,I3_,, and then triple-
cation Cs,FA;MA_,_.PbBryl3_, stoichiometries, stabilizing a FAPI base with the suc-
cessive addition of MA and Cs cations, and controlling its bandgap via a halide mixture
of I, Br, or even CIl. Quadruple-cation compositions, adding Rb or K cations to FA, MA,
and Cs, also exist in the literature but remain marginal [Duong et al. 2017,Bu et al.
2017]. Nowadays, for stability purposes, the literature focuses more on removing MA or
full inorganic CsPbls compositions [Xiang and Tress 2019, Ouedraogo et al. 2020]. In
addition, the pure FAPI composition is still very common, as the use of additives has
proven to be another effective way to stabilize it [Zheng et al. 2022].

1.2.3 Development towards industrialization

Thanks to rapid growth over the past decade, the current PCE record held by the per-
ovskite technology (25.7%) competes with silicon technology (26.7%). However, several
key areas are to be improved for perovskites to match silicon in the photovoltaic mar-
ket [Green et al. 2022, NREL 2022].
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Upscale to larger areas

One of the first problematic aspect of the PSC technology is the active device area.
Among the PCE records presented above, the 26.7% silicon technology record was ob-
tained by Kaneka Corporation for a 79.0 cm? active area [Yoshikawa et al. 2017]. Mean-
while, the 25.7% perovskite record cell developed at UNIST had an active area of only
0.096 cm? [Min et al. 2021].
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Figure 1.12: (a) Reported device PCE of perovskite-based PV devices regarding
their area. Reproduced from [Jacobsson et al. 2022|. (b) Record PCE evolution
for various scale categories of perovskite-based PV devices. Reproduced from |[Li
et al. 2021al.(c) Solution-based deposition methods for large-scale fabrication of
PSCs. Reproduced from [Li et al. 2018].

The widespread spin-coating deposition partially explains this difference. Despite
many advantages, it is not suitable for industrialized large-scale deposition. First of all,
over large substrates with typical silicon solar cells area (> 100 cm?), the uniformity of
a spin-coated film is not insured, which is detrimental to device performances. Further-
more, most of the deposited solution is evacuated as waste during the rotation, leading
to higher processing costs. Figure 1.12a illustrates how most devices in the perovskite
literature are small-scale (< 0.01 cm?) and how the PCE records fall off as the active
area increases past this threshold.
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For the industrialized synthesis of large-scale perovskite films, solution-processing
techniques have proven to be interesting candidates, such as meniscus techniques (blade
coating and slot-die coating) [Dai et al. 2019,Ding et al. 2016], spray coating [Heo et al.
2016, inkjet printing [Karunakaran et al. 2019|, or the less popular screen printing |[Mei
et al. 2014]. These techniques are illustrated in Figure 1.12c. Like in small-scale devices,
vapor-phase deposition also exists.

The development of large-scale area devices comes with many challenges, such as the
deposition of uniform films, or the proper control of solvent evaporation and perovskite
crystallization without the antisolvent method, incompatible with large scales [Baker
et al. 2017]. Nevertheless, the interest for larger perovskite modules is in constant
growth, and promising results were already obtained, as seen in Figure 1.12b. Notably,
lab module from Microquanta Semiconductor with 18.0% PCE for an active area of
19.276 cm? was certified in 2019, and a record PCE of 17.9% was obtained in 2020 by
Panasonic Corporation for a large-scale perovskite module of 804 cm? made of 55 cells [Li
et al. 2021a, Green et al. 2022].

Stability

Nowadays, silicon solar modules in the market are guaranteed to keep 80% of their initial
PCE after 25 years of lifetime [Jordan et al. 2016]. The commercial viability and the
relevance of PSCs for tandem applications are bound to their stability. Hence, important
attention has been paid to identify and solve instability sources [Wang et al. 2019],
and a consensus was proposed in the literature to assess the stability of PSCs through
standardized procedures |[Khenkin et al. 2020].

Intrinsic instability sources have been identified in perovskites, such as ionic migra-
tion, or phase segregation in perovskite mixtures [Lee et al. 2019, Liu et al. 2021al.
Extrinsic sources also play a critical role in the degradation of perovskites, with variable
criticality regarding their composition. For example, thermal stress, on top of promot-
ing ionic migration, is more detrimental in MA-based perovskites due to the volatility
of this cation mentioned in Section 1.2.2. Mixed-halide compositions suffer from UV
light-induced halide phase segregation, also known as the Hoke effect [T. Hoke et al.
2015, Slotcavage et al. 2016]. Due to hygroscopic organic A-site cations, oxygen and
moisture are major factors in the decomposition of perovskites into lead halide (usually
Pbls) [Kwon et al. 2014, Philippe et al. 2015].

Integrating the perovskite layer into solar cell architectures comes with new degra-
dation sources. Degradation-induced phenomena, such as ionic migration from the per-
ovskite absorber, can deteriorate other layers of the structure. The interfaces between
the perovskite and its neighboring layers have also been identified as critical aspects of
PSCs stability [Schulz et al. 2019]. Nevertheless, other layers of the stack can also be
sources of instability in PSCs, with the example of the organic HTL Spiro-OMeTAD and
its additives discussed later in Section 2.1.5, or ionic diffusion from gold metal electrode
towards the perovskite layer [Domanski et al. 2016].

In the literature, composition engineering was cited earlier as an efficient way to solve
the thermodynamic instability of the material, e.g., with the addition of smaller A-site
cations to stabilize a-FAPI. This answer can also solve extrinsic sources of instability,
such as the already mentioned MA cation removal or full-inorganic CsPbls compositions
to increase the stability towards heat and moisture. Many solutions have been explored to
solve stability issues. Some of these solutions focus on the perovskite layer itself, with the
introduction of chloride additives, organic molecules, polymers, or Lewis base compounds
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[Kim et al. 2019¢, Tavakoli et al. 2019, Liu et al. 2017a,Li et al. 2015, Yang et al. 2020Db].
On the other hand, other strategies focus on improving the interfaces, including organic
and inorganic molecules or polymers [Azmi et al. 2018,Qi et al. 2020, Jiang et al. 2019b)].
Using 2D perovskites through 2D /3D heterostructures is another technique to improve
the stability of PSCs, either as an additive in the perovskite layer or as an interfacial
layer agent, and was the focus of this work.

Finally, the encapsulation of PSCs is also an effective method to prevent moisture and
oxygen diffusion, filter UV light, and partially insulate them from thermal variations [Li
et al. 2021b|. Glass-glass is the most common approach, inspired by silicon solar modules,
and consists in sealing the device between two glass sheets using thermoplastic polymers
such as ethylene vinyl acetate (EVA) or polyolefin (POE) [Cheacharoen et al. 2018, Fu
et al. 2019].

Toxicity

Another barrier to the development of PSCs is the use of lead in the B-site. While PSCs
only contain limited amounts of lead, this heavy metal is very toxic for living organisms
and can spread easily and contanimate media such as air or water [Babayigit et al. 2016].
To solve this toxicity issue, the most obvious solution is to replace lead with less toxic
elements. In this regard, tin has shown the most promising properties. However, the poor
stability of Sn-based compared to Pb-based perovskites, due to the rapid oxidation of tin
from Sn?* to Sn** under air exposure, is a major obstacle to their development [Ding
et al. 2022]. Hence, the main solution to solve the toxicity issue matches with the stability
issue, and lies in the development of efficient encapsulation methods. Such encapsulation
will have the dual function of insulating devices from external instability sources and
preventing lead leakage from the PSCs to their environment [Ravi et al. 2020].

1.3 2D hybrid halide perovskites

Even though the perovskite name is associated with ABXj structures, nowadays, it
also designates a myriad of configurations related to the original material. This work
is interested in layered perovskites, also named two-dimensional (2D) perovskites, in
opposition with classic ABXj3 three-dimensional (3D) perovskites. Before the rise of
interest in 3D perovskite in the early 2010s, 2D perovskites attracted more attention.
Various works were already investigating their structural, dielectric, magnetic, or optical
properties during the 1980s [Nakajima et al. 1983, Dolzhenko et al. 1986, Ishihara et al.
1989], and the group led by E. Deleporte started to study their integration in optical
cavities in 2005 [Brehier et al. 2006]. Here, similarly to 3D perovskites, a focus will be
done on organic-inorganic hybrid halide 2D perovskites.

1.3.1 Structure

A hybrid halide 2D perovskite structure consists of alternated inorganic and organic
layers. It is formed by using bulky organic cations (A’)", (or spacer cations) that have
to possess specific features [Mitzi et al. 1999, Mao et al. 2019]:

e An anchoring group with a positive charge that binds with the inorganic layer.
The most common in hybrid halide 2D perovskites is the ammonium NH3z™ group.
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e A good stereochemical configuration to fit between two inorganic layers.

e A limited space-filling ability to prevent interaction between neighboring spacers.

If a bulky organic cation fits these conditions, it can be considered a possible spacer
cation, such as the most popular n-butylammonium (C4H9NH3*, BA™) alkyl chain,
and phenylethylammonium (CgH;CoH4NH3™, PEA™) aromatic cycle. Adding it to a 3D
perovskite leads to a "cutting" of the 3D structure along either <100>, <110>, or <111>
crystallographic planes, based on the spacer cation used [Mitzi 2001, Lee et al. 2021].
With the <100> orientation - the most frequent in the literature and the one studied
in this work - the cutting forms inorganic PbI;?>~ octahedra monolayers bound by their
corners. Thanks to hydrogen bonding, the anchoring group of the organic spacer attaches
to the inorganic layers, forming an alternation of inorganic octahedra layers separated
by organic layers of spacer cation (A’)™. All orientations are illustrated in Figure 1.13,
along with the <100> resulting 2D perovskite.
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Figure 1.13: Formation of a 2D perovskite structure by "cutting" of the 3D per-
ovskite along <100>, <110>, or <111> planes, and resulting <100> oriented 2D
perovskite. Reproduced from [Mitzi 2001].

Cutting the 3D perovskite structure does not necessarily form octahedra monolayers,
which is described by the n-factor in the chemical formula of RP 2D perovskites. This
factor corresponds to the number of consecutive inorganic layers separated by the spacer
layer(s), and is paramount to characterize 2D perovskites, as it significantly modifies
their opto-electronic properties. With n = 1, the structure is designated as a purely 2D
perovskite, with the chemical formula (A’)9BX,4. Oppositely, a value n = oo describes
an infinite number of consecutive inorganic octahedra layers, corresponding to a purely
ABX3 3D perovskite. All values 1 < n < oo are considered as intermediate structures
between 2D and 3D perovskites and can be separated into three main categories, shown
in Figure 1.14, based on the nature of the organic spacer used [Mitzi et al. 1999, Mao
et al. 2019, Blancon et al. 2020]:
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e Ruddlesden-Popper (RP) 2D perovskites, of chemical formula (A”)2A,—1B,Xsn41,
use a monoammonium R-NH3zT™ molecule as organic spacer A’. In this case, to
obtain an electrically neutral structure, octahedra layers are separated by two
spacer monolayers bound to each other with van der Walls interactions, or 7-7 in
the case of aromatic spacers. See Figure 1.14a.

e Dion-Jacobson (DJ) 2D perovskites, of chemical formula A’A,,_1B,Xs,+1, use a
diammonium NH3T-R-NH3% molecule as A’ spacer. Therefore, only one spacer
monolayer is necessary to obtain the electrical neutrality of the structure, and only
hydrogen bonding is involved between each layer of the stack. See Figure 1.14b.

e Alternating Cation in the Interlayer space (ACI) 2D perovskites, of chemical for-
mula A’A, B, X3,+1. The octahedra layers are separated in the ACI structure by
alternating the A’ spacer cation and the A-site "perovskite" cation. This structure
has yet only be reported with guanidinium (C(NHy")3, GA™) as the spacer cation,
combined with MA™ A-site cation. See Figure 1.14c.

Figure 1.14d illustrates an example of DJ 2D perovskite with n=1, 2, and 3. This
work was focused on RP perovskites. Therefore, we will only detail the properties of
these specific RP 2D perovskites.
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Figure 1.14: Comparison between RP, DJ, and ACI 2D perovskite phases. (/-
AMP : 4-(aminomethyl)piperidinium) Reproduced from [Blancon et al. 2020].

Since 2D perovskites do not need to fit the Goldschmidt factor, a larger number
of spacer cations can be used compared to the A-site cations of 3D perovskites [Zhang
et al. 2009]. Hence, 2D perovskites have more chemical versatility than 3D perovskites.
Furthermore, the n-factor value offers an additional degree of customization to this ma-
terial [Jemli et al. 2015].

Another significant advantage provided by this unique structure is the increased sta-
bility of 2D perovskites in comparison with 3D perovskites [Fu et al. 2021|. Higher
formation energy of the 2D stack, combined with Van der Waals interactions between
spacer and inorganic layers leads to better chemical intrinsic stability [Quan et al. 2016].
Moreover, the hydrophobic nature of bulky spacer cations can block moisture infiltration,
increasing extrinsic stability towards environmental conditions, and especially against
moisture [Zheng et al. 2018, Zhao et al. 2022].
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1.3.2 Opto-electronic properties

Excitons

In Section 1.1.1, we discussed how solar cells use the properties of semiconductor materials
to convert sunlight into electricity. In this discussion, we did not mention an element
that is central to explain the properties of 2D perovskites: excitons.

We established that when a semiconductor absorbs a photon with an energy hv
superior to its bandgap energy, an electron is promoted in the CB, and a hole is generated
in the VB, creating an electron-hole pair. This electron-hole pair interacts via attractive
Coulomb force, stabilizing it. The resulting state is a quasi-particle named exciton,
described by its binding energy E, which is the energy required to dissociate the electron-
hole pair, and its exciton Bohr radius ag, which is the average distance between the
electron and the hole. Based on these criteria, two types of excitons are described in
the literature and illustrated in Figure 1.15: Wannier-Mott and Frenkel excitons (from
[Frenkel 1931], and [Wannier 1937]).

e Wannier-Mott excitons are typically found within inorganic semiconductors with
large dielectric constant. Weak binding energies characterize them (E, ~ 1-10
meV), and large exciton Bohr radius (ap =~ few nm), greater than the lattice
parameter of the material they are into. Therefore, Wannier-Mott excitons are
described with an hydrogenoid model, and are considered "free excitons" as the
center of mass of the bound electron-hole pair can move freely in the crystal lattice.

e On the other hand, Frenkel could be seen as the opposite. Generally found in
organic semiconductors with small dielectric constant, they are bound with much
higher binding energies than Wannier-Mott excitons (E; ~ 100-1000 meV), and
thus, much smaller exciton Bohr radius (ap ~ few A). Consequently, they are
bound to scales close to that of an atom up to that of a unit cell.
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Figure 1.15: Schematic representation of Wannier-Mott and Frenkel excitons. Re-
produced from [Fox 2002].

Measurements by Miyata et al. indicated binding energies around 16 meV in the
orthorhombic 7v-MAPI at low temperatures [Miyata et al. 2015]. Other works indicated
similar binding energy for MAPI and demonstrated that its transition to tetragonal and
cubic phases further decreased its binding energy. Furthermore, Galkowski et al. showed
that changing the A-site cation did not significantly modify the exciton binding energy,
leading to similar values in FAPI [Galkowski et al. 2016, Zhong et al. 2019]. At room
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temperature, the thermal energy kpT ~ 26 meV is sufficient to counteract the exciton
binding energy of only a few tens of meV in 3D perovskites. Hence, the photogenerated
charge carriers in these materials are considered free carriers.

Quantum and dielectric confinements in 2D perovskites

2D perovskite structures are made with alternated inorganic octahedra and spacer layers.
The inorganic layer is characterized by its VB, CB, and E,;. The equivalent parameters
for organic materials are: the Highest Occupied Molecular Orbital (HOMO) and the
Lowest Unoccupied Molecular Orbital (LUMO), separated by the HOMO-LUMO Energy
(Eg—r). The bandgap energy of the inorganic layer is significantly smaller than the
HOMO-LUMO energy of the organic layer (E; ~ 2 €V, while Eg_; ~ 5 €V) [Tanaka
et al. 2002]. As a result, the organic layer acts as a potential barrier, and the inorganic
part as a potential well. This alternation of potential barriers and wells is called a type
I multiple quantum-well, illustrated in Figure 1.16a. Other types exist in the literature,
but type I is the general case for most 2D perovskites and will be the only one presented
here [Quintero-Bermudez et al. 2019, Gao et al. 2019|.
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Figure 1.16: (a) Illustration of a type-I multiple quantum well structure in a n=3
RP 2D perovskite. (b) Absorption and PL spectra of (BA)s(MA),,_1Pb,Is,11 RP
2D perovskites for n values from 1 to 5. Reproduced from [Blancon et al. 2017].

In this type I multiple quantum well, the electrons and holes are spatially confined
into the inorganic layer, defining the quantum confinement. When the n-factor value of
a RP 2D perovskite phase (A’)2A,,_1B,X3,+1 is increased, the size of its inorganic layer
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is increased as well (illustrated in Figure 1.16a by the length L(n)). This inorganic layer
enlargement leads to a reduction of the electrons and holes quantum confinement and,
so, a reduction of the RP 2D perovskite bandgap [Hoye et al. 2022|. This phenomenon is
illustrated in Figure 1.16b, showing the evolution of absorption and photoluminescence
spectra of (BA)2(MA),,_Pb,Is,+1 RP perovskites regarding their n value.

Several works demonstrated that excitons in 2D perovskites are also Wannier-Mott
excitons, with Bohr radius between 1 and 2 nm [Hong et al. 1992, Tanaka et al. 2002,
Lanty et al. 2014,Blancon et al. 2018]. Their exciton binding energy is much greater than
in 3D perovskites, and were estimated close to 202 meV for (PEA)oPbl, and 470 meV for
(BA)2Pbly 2D perovskites. Contrary to 3D perovskites, at room temperature, exciton
binding energies in 2D perovskites are greater than kgT. Hence, excitonic properties
heavily drive the behavior of 2D perovskites semiconductors, which is good for light
emission purposes, but is detrimental to the electron-hole separation necessary for PV.

Due to quantum confinement, the exciton binding energy in a pure 2D structure
should be multiplied by a factor of four in comparison with a 3D structure, leading to
exciton binding energies of several tens of meV. However, as mentioned above, excitons
binding energies in 2D perovskites are in the order of magnitude of several hundreds
of meV. Hence, quantum confinement alone is not enough to explain such high values,
and the dielectric confinement effect is also necessary. In the structure, the organic
spacer layer has a significantly lower dielectric constant (€spacer & 2.1) than the inorganic
layer (€inorganic = 6.1), and electrons and holes withstand an effective dielectric constant
inferior to the dielectric constant of the inorganic layer. This increases the Coulombian
interaction between charge carriers and, so, the excitons binding energy |Tanaka and
Kondo 2003|. Thus, the exciton binding energy in 2D perovskites can be modulated by
changing the organic spacer cation’s nature, modifying its dielectric constant.
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Figure 1.17: Exciton binding energy and high frequency dielectric constant of
the RP 2D perovskite (BA)y(MA),,_1Pb, 13,41 as a function of its n-factor. (n=oc
values correspond to MAPI). Reproduced from |Ortiz-Cervantes et al. 2019], based
on data from [Soe et al. 2019] and [Blancon et al. 2018].
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1.3.3 Applications in photovoltaics

Limits and solutions: towards higher n

In PV, the interest in 3D perovskites has grown constantly since the early 2010s, whereas
their 2D counterparts remain marginal. Even though their better stability would be
suitable for PV devices, their opto-electronic properties have proven to be problematic
for their application in PSCs. Because of the electrons and holes confinement in the
quantum well, their bandgap is superior to the one of 3D perovskites (generally > 2 eV),
which is sub-optimal for single-junction and tandem solar cells. Furthermore, their high
excitons binding energy is also problematic, as it inhibits electron-hole separation and
hinders the efficiency of PV devices. 2D perovskites possess anisotropic charge transport,
allowing charge carriers transport only along the inorganic layers as the organic spacer
layers block charge transport across layers. Therefore, in PSC structures, 2D perovskites
must grow perpendicularly to the substrate for good charge extraction in the ETL/HTL,
necessary for efficient devices. This concept is depicted in Figure 1.18.
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Figure 1.18: Illustration of (a) vertical and (b) random orientation of 2D per-
ovskite phases in a planar PSC ETL/Perovskite/HTL stack. (c) Impact of these
orientations on the IV curve of solar cell. Reproduced from [Chen et al. 2018].

Increasing the n-factor of the RP 2D perovskite solves a major part of these problems.
First, by weakening the quantum confinement of the electrons and holes, it reduces the
perovskite bandgap, as shown in Figure 1.16b. Hence, combining this solution with
halide mixing allows the modulation of their bandgap closer to optimal values for PV
applications. Then, increasing the n-factor weakens confinement effects and leads to lower
the exciton binding energy of the structure, visible in Figure 1.17. Finally, higher n-factor
are more prone to form 2D perovskite phases in parallel orientation to the substrate [Cao
et al. 2015, Quintero-Bermudez et al. 2018]. As a result, the literature of 2D-based PSCs
quickly focused on higher n values. State of the art reviews, such as [Ortiz-Cervantes
et al. 2019| confirm this statement, with a greater amount of data and better results
obtained on devices using n values between 3-5 than for n < 3, as visible in Figure 1.19.
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Figure 1.19: Statistical analysis of (a) PCE, (b) Vo¢, and (c¢) Jg¢ for lead iodide
2D PSCs as a function of n value. Reproduced from [Ortiz-Cervantes et al. 2019].

Promising evolution

The first working PSC using a RP 2D perovskite absorber was revealed by Smith et
al. [Smith et al. 2014]. With a (PEA)2(MA),_1Pb,I3,41 made mainly of n=3 phases
((PEA)2(MA)2Pbslyg), they reported better moisture stability of the perovskite material
compared to MAPI, and obtained a PCE of 4.73%. The interest in 2D perovskites thrived
when Tsai et al. fabricated PSCs in a p-i-n architecture based on (BA)y(MA),—1PbyIs,41
with a majority of n=4 phases (BA)2(MA)3Pbylis. These devices were developed with
the "hot-casting" technique, which consisted in spin-coating the perovskite precursor
solution on a glass-FTO/PEDOT:PSS stack preheated to 150°C. This method formed
a perovskite layer with preferential out-of-plane alignment (perpendicular to the sub-
strate), facilitating charge transport [Tsai et al. 2016]. Promising PCEs up to 12.52%
were obtained, with better light and moisture stability than MAPI references for both
encapsulated and non-encapsulated devices, as shown in Figure 1.20.
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Figure 1.20: PCE evolution under AM1.5G illumination for PSCs without (a)
and with (c) encapsulation. PCE evolution under 65% relative humidity for PSCs
without (b) and with (d) encapsulation. Reproduced from [Tsai et al. 2016].
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This paper was one of the first to highlight the potential of 2D perovskites as absorber
layer in PSCs with proper optimization. It marked a turning point in the literature
and was followed by an increase in the number of papers centered on 2D-based PSCs.
This field benefited from the important attention paid towards 3D-based PSCs and the
optimization of their architectures (improvement of ETL/HTL, of electrodes, etc). In
addition, the optimization of the 2D perovskite absorber itself, through the appearance
of new RP spacer cations (such as thiophene-based), [Lai et al. 2020], the emergence of
DJ and ACI 2D perovskites for solar cell applications, or with the modification of the
A-site cation |Lu et al. 2020,Zhao et al. 2020, Yang et al. 2021], led to significant PCE
improvement of 2D-based PSCs, eventually reaching 20%, as seen in Figure 1.21.
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Figure 1.21: Chronological evolution of PCE for PSCs using RP, DJ, or ACI 2D
perovskites, compared to 3D PSCs records. Reproduced from [Fu et al. 2021].

The last PCE record for 2D-based PSCs was obtained by Zhang and Park in 2022.
They applied an ACI 2D perovskite GA(MA),,Pb,,I5,,+1 with n=5 (GA(MA)5Pbsl6) in
n-i-p devices. Adding an amphoteric imidazolium iodide (Iml) post-treatment on the
ACI 2D layer resulted in a 22.26% PCE. This record PCE was associated with important
stability, as devices maintained 93.81% of their initial PCE after 1200 hours in ambient
conditions (25% relative humidity and 25 °C), while MAPI-based references kept only
18.34% of theirs [Zhang and Park 2022]. Such PCE is fairly close to current PCE records
of 3D-based PSCs, and shows the potential for 2D perovskites for PV applications.

1.4 2D/3D perovskite heterostructures

Another application appeared for 2D perovskites in PSCs: mixed-dimensional 2D-3D
perovskite, also named 2D /3D heterostructures. These structures combine 2D and 3D
perovskites to synthesize 3D-based PSCs that benefit from the stability of 2D perovskites.
In the literature, 2D /3D heterostructures have been separated into at least two cate-
gories, illustrated in Figure 1.22, each associated with a specific synthesis process [Ortiz-
Cervantes et al. 2019, Mahmud et al. 2021a]:
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e 2D bulk incorporation, or mixed 2D /3D perovskite. This structure incorporates
spacer cations directly into the 3D perovskite precursor solution. The precursor
solution is deposited and annealed to form a layer with 3D and 2D perovskite
phases. Some works divide this category into two specific cases: higher spacer
concentration in the precursor solution forms a layer with crystallized grains of 2D
and 3D perovskite phase. In contrast, low spacer concentration in the precursor
solution forms smaller 2D perovskite phases only at the grain boundaries of the
3D grains. However, these two sub-categories present rather close properties and
challenges, so we will not distinguish between them.

e 2D surface treatment, or 2D capping layer. This structure first synthesizes a 3D
perovskite layer (deposition of a precursor solution and thermal annealing to crys-
tallize the perovskite phase). Then, a precursor solution of spacer cations is de-
posited on the 3D layer, followed by a second thermal annealing, to crystallize a
2D perovskite layer on top of the 3D bulk.
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Figure 1.22: Tllustration of the deposition method and the resulting 2D /3D het-
erostructure for (a) bulk incorporation with mixed 2D /3D phases or passivated
3D grains, and (b) 2D surface treatment. Adapted from |[Ortiz-Cervantes et al.
2019, Mahmud et al. 2021a).

The choice of spacer cation to form the 2D perovskite phase in 2D /3D heterostruc-
tures has been influenced by the 2D perovskite literature. As a result, many cations
have been investigated, as seen in Figure 1.23a, but a significant part of published works
applied PEA and BA spacers, which were already the most popular in 2D perovskites.
Furthermore, no consensus has yet been found on the best working spacer cations, leaving
room for further spacer engineering.
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Because 2D /3D heterostructures are an addition to efficient 3D perovskite absorbers,
PCEs of 2D /3D materials rapidly reached the ones obtained in purely 3D-based PSCs.
In this regard, better PCEs were obtained with surface treatment structures than with
bulk incorporation, as seen in Figure 1.23b. This observation could be explained by bulk
incorporation structures requiring more thorough optimization of the 2D /3D perovskite
absorber, whereas surface treatment only forms a 2D layer on top of an already optimized
3D perovskite. Hence, the record PCE of 2D/3D heterostructures was obtained with
surface treatment by Jeong et al., who treated a FAPI perovskite with n-octylammonium
iodide (CgH17NHsl, (n-OAI)) and reached a certified PCE of 24.64%, close to the 25.7%
global record for PSCs [Jeong et al. 2020].
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Figure 1.23: (a) Organic spacer cations used in 2D /3D heterostructures for PSCs.
Reproduced from [Fu et al. 2021]|. (b) Distribution of maximum PCE obtained
in individual PSC publications using either bulk incorporated, surface treated, or
vapor deposited 2D /3D perovskite heterostructures. Reproduced from [Mahmud
et al. 2021a].

1.4.1 Bulk incorporation

Li et al. was one of the first groups to use this strategy when they tried to stabilize
a-FAPI by incorporating PEA spacer cation instead of smaller MA or Cs cations, re-
sulting in FA,PEA;_,Pbls stoichiometry |Li et al. 2017|. They investigated several
PEA concentrations to form FA,PEA;_,Pbls perovskite with FA/PEA ratio of 10, 20,
40, 60, and oo (pure FAPI), and obtained their best PCE of 17.71% with the 40 ratio.
By assessing the evolution of optical and structural properties of the perovskite films in
ambient conditions with UV-visible spectroscopy and X-ray diffraction, they observed a
much better stability of the perovskite material compared to pristine FAPI thanks to
the addition of this hydrophobic spacer. Furthermore, the increased stability in ambient
conditions of the resulting devices was also revealed. Doing so, they provided a new way
to stabilize FAPI without using the more unstable MA cation.
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A study from Grancini et al. added aminovaleric acid cation (HOOC(CHz)4NH3™,
AVA™T) to a MAPI 3D perovskite in an n-i-p architecture, with Spiro-OMeTAD HTL
and gold metal electrode. With an optimal 3 mol% AVAI ratio, the formation of 2D
perovskite phases was showed with photoluminescence and Raman spectra, leading to a
champion PCE reduction from 15.95% to 14.6% compared to pure MAPI. However, it
led to better stability, with devices maintaining more than 60% of their initial efficiency
after 300 hours of continuous illumination under an argon atmosphere, while pure MAPI
devices kept less than 50%. They also developed an HTL-free structure, replacing Spiro-
OMeTAD and gold with a hydrophobic carbon electrode. This structure was applied
in 0.64 cm? cells and 47.6 cm? modules using the 3% AVAI-MAPI absorber, leading to
respective PCEs of 11.9 and 10.1%. Remarkably, no efficiency loss was measured after
more than 10 000 hours in ambient conditions. This result highlighted the impact of both
hydrophobicity from the 2D perovskite and the HTL-free structure on device ambient
stability [Grancini et al. 2017].

The incorporation of BA cation in a double-cation perovskite was studied by Wang et
al. They obtained a champion PCE of 206% with a BA0.05(FAO.83080.17)Pb(IolgBro.Q)3
composition, and observed 2D perovskite platelets with perpendicular orientation to the
substrate thanks to scanning electron microscopy. They also discussed the mechanisms
at stake in the 2D /3D structure, schematized in Figure 1.24. Here, 2D perovskite phases
of higher bandgap acted as "barriers" and confined charge carriers in the lower bandgap
3D perovskite grains. This behavior, similar to type-I quantum wells, passivates grain
boundaries, preventing charge carriers recombinations at grain boundaries and leading
to higher device Voo [Wang et al. 2017].
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Figure 1.24: Ilustration of a mixed-phase 2D—-3D heterostructure, and its proposed
electronic band offsets. Reproduced from [Wang et al. 2017].

Another effect attributed to mixed 2D/3D heterostructures is the suppression of
thermal-induced ionic migration within the perovskite layer, responsible for hysteresis
effect observed in IV measurements and intrinsic instability [Liu et al. 2020, Zheng et al.
2020]. Due to the bulky nature of the organic spacers, they provide a physical barrier
to ionic motion within the layer and act as a "self-encapsulation," potentially decreasing
the hysteresis effect observed in PSCs and increasing their thermal stability.



36 Chapter 1. Context and state of the art

In bulk incorporation structures, controlling the nucleation of the 2D and 3D per-
ovskite phases to optimize the 2D /3D heterostructure is a major challenge. In this regard,
the application of specific additives was discussed. For examples, Ruggeri et al. used
ammonium thiocyanate (NH4SCN) to slow down the nucleation and crystallization of
3D domains in a PEA3FA(Pbg5Sn0.5)3l19 perovskite, whereas Kim et al. applied lead
thiocyanate Pb(SCN), additive growth in a mixture of (FAg g5 MAg2Csp.15)Pb(Ip.sBro.2)s
and 2 mol% of PEA(I,SCN;_,) to accelerate the 3D perovskite grain growth [Ruggeri
et al. 2019,Kim et al. 2020b].

1.4.2 Surface treatment

Surface treatment 2D /3D heterostructures appeared in the literature the same year as
bulk incorporation, with the work of Hu et al. released in 2016. After crystallizing a
MAPI absorber in an n-i-p architecture, they deposited a mix of phenylethylammonium
iodide (PEAI) and methylammonium iodide (MAI) precursors in IPA on the MAPI film
and annealed it. Thanks to X-ray diffraction and grazing incidence wide-angle X-ray
scattering, they reported the formation of a 20 nm thick RP (PEA)2(MA)4(Pbslis) (n
= 5) 2D perovskite layer on top of the MAPI bulk [Hu et al. 2016b].

Later, Ma et al. changed the nature of the precursor solution used to form the 2D
perovskite layer. Instead of spin-coating a mixture of spacer and A-site cations (PEAI
and MAI) on the 3D perovskite, they used a solution containing only the spacer cation
precursor: cyclopropylammonium iodide (C3HsNHsl, CAI) [Ma et al. 2016]. Conse-
quently, they formed a 2D CAsPbly perovskite layer (n = 1) by the reaction of CAI
precursors with Pbly excess from the 3D perovskite, confirmed by comparing the X-ray
diffraction pattern of their 2D /3D structure with the diffractogram of a purely CAsPbly
layer. This synthesis method remains the current standard for developing 2D /3D het-
erostructures with surface treatment in the literature, with changes only in the nature
of the solvent and the spacer cation or in the 3D perovskite’s composition. Furthermore,
the mechanism describing the reaction between spacer precursor and Pbly excess is still
central in explaining the formation of the 2D perovskite layer.

The beneficial effects of 2D /3D heterostructures are similar in surface treatment to
bulk incorporation configuration, but apply to the interface between the perovskite and
the charge transport layer instead of the perovskite layer itself. Thanks to its higher
hydrophobicity, demonstrated by contact angle measurements, the 2D perovskite encap-
sulates the 3D perovskite against moisture, increasing device stability. Several works
highlighted this feature by increasing the hydrophobicity of PEA spacer with the addi-
tion of fluorine to the molecule, which, after forming a 2D layer, was correlated with
better device stability towards moisture compared to non-fluorinated PEA spacer [Zhou
et al. 2019,Liu et al. 2019a, Wang et al. 2022|. Sutanto el al. studied a 2D /3D het-
erostructure based on thiophenemethylammonium iodide (SCsH5NH3I, TMAI) spacer
precursor, deposited on a Csg0sFAgsMAg.12Pb(IpgsBro.12)3 perovskite. They obtained
similar PCE with an improvement in stability under illumination. They explained it
with the ability of the 2D layer to block thermal-induced ionic migration from the 3D
perovskite, as seen in Figure 1.25a, thus protecting the HTL from further degradation.

PCE improvement in surface treatment 2D /3D structures was also attributed to pas-
sivation effects. The 2D layer should passivate the 3D perovskite surface, decreasing
non-radiative recombinations at its interface and leading to higher V¢, while the re-
duction of ionic migration would reduce current hysteresis [Liu et al. 2020, Gharibzadeh
et al. 2019|. In perovskites, the n-factor increase usually leads to lower energy levels
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Figure 1.25: (a) [lustration of ionic migration suppression induced by the 2D /3D
perovskite interface. Reproduced from [Sutanto et al. 2020]. (b) Evolution of
energy band alignment for (BA)sA,,_1Pb,ls, 1 perovskites with n = 1, 2, 3, 4,
and oo, with A = MA or FA cations. Reproduced from |Zibouche and Islam 2020].

for both VB and CB, as illustrated in Figure 1.25b. This phenomenon promotes hole
transport from higher to lower n-factor phases |Liu et al. 2017b, Zibouche and Islam
2020] and is mentioned as electronic passivation. Therefore, in 2D /3D structures, the
higher energy level alignment of the 2D layer should promote hole extraction from the
3D perovskite towards the 2D layer while blocking electrons and improving charge ex-
traction. However, passivation of the perovskite/ETL interface was also observed after
forming a 2D perovskite at this interface, questioning the real impact of the electronic
passivation |[Mahmud et al. 2020].

With surface treatment, having fine control over the formation of 2D and 3D per-
ovskite phases like in bulk incorporation is unnecessary, because 2D and 3D layers are
formed sequentially. However, because the 2D spacer precursor solution is deposited
on the 3D layer, its solvent needs to solubilize the spacer precursors without dissolv-
ing the 3D perovskite. In this regard, isopropanol (IPA) has been the most popular
and efficient solvent, but due to highly polar nature, a potential degradation of the 3D
layer was suggested and the use of other solvents, such as chloroform, was reported [Yoo
et al. 2019, Sidhik et al. 2022]. Furthermore, due to the thinness of the 2D layer in
typical 2D /3D structures (on the order of few nanometers), assessing the properties of
the 2D phase with the already mentioned common characterization techniques (X-ray
diffraction, scanning electron microscopy, etc.) is a challenge in itself.

Other processes were explored for the synthesis of the 2D perovskite. Bai et al.
dissolved PEAI precursor in toluene and used this solution as an anti-solvent [Bai et al.
2017|. In doing so, they combined the anti-solvent washing of the 3D perovskite with the
2D perovskite spacer solution deposition, forming a "dimensionally graded layer" instead
of a 2D /3D interface. Several works investigated sequential vapor deposition of 2D /3D
heterostructures. Still, like in the 3D perovskite literature, such deposition technique
remains more marginal and leads to lower PCEs, as illustrated in Figure 1.23b [La-Placa
et al. 2019,Lin et al. 2019|.
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Finally, the use of spacer cation precursors not converted into a 2D perovskite layer
was reviewed. Several groups respectively studied the passivation of a 3D perovskite
layer with PEAI, l-naphthylmethylammonium iodide (C19H7CHoNH3I, NMAI), and
para-fluorophenylethylammonium iodide (4-FPEAI) spacer cation precursor solutions.
Thanks to X-ray photoelectron spectroscopy, they reported the formation of a new layer
that modified the material’s surface chemistry without forming a 2D perovskite phase,
and associated common beneficial effects (surface passivation, reduced charge accumu-
lation, etc.) to this new layer |Jiang et al. 2019a, Liang et al. 2020, Jiang et al. 2021].
Therefore, they questioned the need to create a 2D layer to obtain efficient passivation
of the 3D perovskite absorber and suggested that the spacer cation may be sufficient for
this purpose, which still needs to be resolved in the literature.

1.5 Summary

This first chapter introduced the general knowledge behind this thesis work. In the
first place, this introduction was centered on the physical background of solar cells,
starting with sunlight and explaining how it is converted into electricity by solar cells
using semiconductor materials. Then, we discussed the theoretical efficiency limit of
single-junction solar cells, and how tandem solar cells are able to bypass this limit by
combining silicon and hybrid halide perovskite materials.

We presented hybrid halide perovskites, their structure, and the remarkable opto-
electronic properties that make them suitable for integration in solar cells. After that,
we detailed the development of the perovskite solar cell technology, the main materials
and processes used in the literature, and how they evolved through a decade of existence.
Despite promising development, perovskite technology must tackle several challenges to
enter the photovoltaic market, such as improving its stability. The stability subject led
us to hybrid halide 2D perovskites. We revealed the unique nature of this specific class
of perovskites and explained how their layered structure dictates their opto-electronic
properties. Even though these opto-electronic properties were constraining for solar
cell applications and delayed their use, photovoltaic devices using 2D perovskites have
eventually been developed, and nowadays, this technology is promising. We covered how
2D and 3D perovskites were combined to improve the stability of 3D perovskite solar
cells. We described the two main classes of 2D /3D heterostructures: bulk incorporation
and surface treatment, and we explained how these two classes differ and the benefits
they provide.

This knowledge helped us to develop a 2D /3D perovskite structure and integrate it
into perovskite solar cells. In this regard, it was crucial to investigate the properties of our
2D /3D heterostructure to understand this material more thoroughly and bring answers
to the questions that did not make consensus in the literature. Therefore, our efforts
were concentrated on the physical properties of the 2D /3D material to establish if a 2D
perovskite layer was formed, and if so, which phases were constituting it and what their
thickness was. Furthermore, the formation mechanisms of these structures were also not
treated extensively in the literature and seemed an important topic to study. For this
purpose, we applied common characterization techniques used in perovskites, such as X-
ray diffraction, photoluminescence measurements, or X-ray photoemission spectroscopy.
All these techniques will be presented in the next chapter, along with the synthesis
process of PSCs.



Chapter 2

Experimental processes and
methods

This chapter presents all the techniques applied in this work, from the synthesis of samples
to their characterization. The first section contextualizes every step of the triple-cation
baseline process. The choices made for synthesizing the 2D /3D heterostructure are also
justified. The second part provides the theoretical background of each characterization
method, from the characterization of perovskite solar cell devices to the physico-chemical

properties of the perovskite absorber itself.
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2.1 Fabrication of perovskite solar cells

Our focus in this thesis work was to implement a 2D /3D perovskite heterostructure into
the main fabrication process of PSCs of IPVF, called the baseline process. Therefore,
we were interested specifically in the development of a 2D treatment, to transform a 3D
perovskite absorber into a 2D /3D heterostructure. The baseline process has been the
starting point for the development of most samples, whether for device-oriented studies,
or for studies dedicated to the perovskite material itself. Hence, this section will detail
every step of this process. The architecture is based on a mesoporous n-i-p structure,
and the layers will be presented in their fabrication order, corresponding to the order in
which sunlight passes through the stack.

2.1.1 Transparent substrate

For the fabrication of samples, the first step was the preparation of transparent conductive
oxide (TCO) substrates. We used FTO TEC-7/3.1 commercial samples bought from
Solems, which consist of a 3.1 mm thick soda-lime glass, on top of which a 600 nm
thick FTO conductive layer is formed by chemical vapor deposition. This FTO layer is
indicated with a resistance of around 6-8 /sq. This material was bought in 30x30 cm?
slabs, which were cut into 2x2 cm? cells. For practical reasons regarding the last step of
device preparation, solar cells were prepared in batches containing at least 16 samples.
This number could, however, be increased if necessary, i.e., for the preparation of samples
destined for material studies.

A first pattern was applied to the FTO layer to create an insulated area for the
deposition of the metallic cathode. Originally, this pattern was performed with chemical
etching of the layer. The sample surface was covered with Kapton tape, except for the
soon-to-be-etched line. A combo of zinc powder and hydrochloric acid solution (diluted
at 30% in water) was applied on this line to chemically etch the FTO layer of this
unprotected line. During this thesis, chemical etching of the FTO layer was replaced
with laser patterning. This replacement did not lead to any specific improvement in
device results but provided several advantages for the synthesis team, such as a much
faster and more reproducible process.

Before moving on to the next stage, etched samples underwent a cleaning procedure
of three consecutive ultrasound baths with 50°C heating. The first bath occured in a 2%
vol. solution of RBS alkaline detergent in deionized water for 30 minutes. Subsequent
baths were realized in acetone and isopropanol for 20 minutes each.

— FTO

FTO — Glass
Glass

Figure 2.1: Side and top representation of substrates after laser patterning and
ultrasonic cleaning.
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2.1.2 Titanium oxide ETL

Once cleaned, etched glass-FTO substrates were ready for deposition of the following
layer: the titanium oxide ETL, a bilayer made of compact-TiOs (c-TiO2) hole blocking
layer and of mesoporous-TiOy (m-TiOg2) layer. c-TiOgy layer formation is one of the
processes that was changed during this work. Initially, it was realized using a spray
pyrolysis process, later replaced with an Atomic Layer Deposition (ALD) process. Both
processes will be presented, as they were each used for a significant part of this work and
imply a few modifications on sample preparation.

Compact-TiO, by spray pyrolysis

For spray pyrolysis deposition, etched and cleaned substrates were treated with a UV-
Ozone cleaner for 15 minutes before being placed on a hot plate at 500°C for 30 minutes
of annealing. On the hot plate, samples were lined up into four to five lines in a way
that aligned the etched-FTO lines of each sample. Glass slabs were used to separate
each sample line, and thin silicon pieces were placed on the substrates to protect them
from ¢-TiOg layer spray deposition for proper electrical contact of the cells. This setup
is illustrated in Figure 2.2.

Substrates Covering silicon Separating glass

HOT PLATE

Figure 2.2: Schematized representation of spray pyrolysis deposition setup for c-
TiO5 on glass-FTO substrates.

¢-TiO4 solution was prepared right before deposition from a mix of 2.4 mL of tita-
nium diisopropoxide bis(acetylacetonate) (TAA) (TAA precursor solution diluted at 30
vol.% in IPA), 1.6 mL of acetylacetone, and 36 mL of IPA. This solution was sprayed
on the substrates with a nozzle over 20 deposition steps, divided into four runs with
different directions for better homogeneity: front to back, back to front, left to right,
and right to left. After these 20 steps, a ¢-TiO9 layer of around 20 nm was formed on
the substrates. Samples were left at 450°C for 15 minutes of annealing and then cooled
to room temperature. Even though spray pyrolysis allowed the development of efficient
solar cell devices, this method came with some inconveniences:

e Storage requirements. TAA solution was hygroscopic, and lesser quality films
were obtained in case of its hydration. Thus, it required glovebox environment
storage, and the solution must be prepared before deposition.
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e Poor homogeneity and reproducibility. While considered homogeneous on
the scale of a single cell (4 cm?), over an entire hotplate (> 200 cm?), large thickness
variations of the TiOy layer were measured. Furthermore, at IPVF, this process
was performed manually, adding a dependency on the operator’s gestures to the
already significant sensitivity to environmental conditions (moisture, temperature,
dust, affecting the aerosol droplets’ spread and size). Therefore, the process was
very operator-dependant and rather poorly reproducible.

e High temperatures. To form a proper layer with spray pyrolysis, high tempera-
tures (> 450 °C) were required, limiting the number of usable substrates (e.g., ITO,
that cannot withstand such temperatures), restricting in the same way potential
applications of perovskite solar cells.

Compact-TiO, by ALD

ALD is a vapor phase deposition technique. It consists of the sequential exposition of
a substrate to several molecular precursors. A series of self-limiting chemical reactions
between the precursors leads to the growth of a thin film on the substrate. Nowadays,
ALD found applications in various photovoltaic technologies, such as the formation of
AlO, layers in PERC silicon solar cells, ZnO layers in thin film architectures, or TiO5 and
SnO9 ETLs in perovskite devices |Hossain et al. 2020|. Various studies demonstrated
potential benefits of ALD-TiOy compared to spray pyrolysis-TiOo [Lu et al. 2015, Roelofs
et al. 2016]. In this regard, a ¢-TiOs ALD process was developed at IPVF in the
framework of O. Fournier thesis work [Fournier 2021|. This ALD process consisted of the
repetition of a four-steps ALD cycle within a closed reactor, illustrated in Figure 2.3:

1. A first precursor, titanium tetraisopropoxide (TTIP), was introduced in the reactor
and chemisorbed on available sites of the substrate surface.

2. The reactor was purged with an inert gas (here N3) to remove unreacted TTIP.

3. A second precursor, water (H20), was introduced in the reactor, and chemisorbed
aswell on the substrate surface, reacting with TTIP to form a TiO, layer.

4. The reactor was purged once more with No to remove unreacted gaseous H»O,
along with potential byproducts of the reaction.

Compared to spray-pyrolysis, this ALD process presented slight improvements in
solar cell device efficiency, while adding several practical advantages:

e Easier storage. TTIP and H»O precursors used for the reaction could be stored
in the ALD reactor for weeks without any noticeable degradation of film quality.

e Homogeneity and reproducibility. ALD process allowed a good homogeneity
of the deposited film over substrates up to 230 cm?. Furthermore, the deposited
layer thickness scaled with the number of ALD cycles, providing fine control over
film thickness. Furthermore, good reproducibility of the deposition was observed
with this method, which could only be affected by the precursors’ quality.

e Lower temperatures. c-TiO» films could be deposited with ALD at lower tem-
peratures (200 °C), allowing more diverse substrates to be used and expanding
potential applications while reducing the energy cost of the process.
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Figure 2.3: Schematic representation of an ALD cycle for the formation of a c-
TiO, layer. Reproduced from [Hu et al. 2016a).

Therefore, ALD was implemented in the baseline process as the new primary method
for ¢-TiOg5 layer synthesis. As a result, glass-FTO substrates underwent laser patterning,
ultrasonic cleaning, and ALD c-TiOq deposition as 225 cm? slabs, with a simpler covering
of the substrate top and bottom sides to prevent ¢-TiOg deposition. The slabs were then
cut into 4 cm? cells for the next step: spin-coating deposition of m-TiOg layer.

1— FTO

— ¢-TiO,
c-TiO,

Figure 2.4: Side and top representation of substrates after ¢c-TiOy ALD deposition.

Mesoporous-TiO, layer by spin-coating

Samples preparation for m-TiOs consisted of covering the substrates’ top and bottom
sides - already masked for ¢-TiO5 deposition - with Kapton tape to prevent the deposition
of m-TiOs layer. Taped substrates were then placed under 15 mins UV-Ozone cleaning.

At least 24 hours before deposition, a m-TiO2 nanoparticles colloidal solution was
prepared with 30 NR-D titania paste diluted in absolute ethanol from Greatcell Solar
Materials, with an ethanol:TiOs mass ratio of 7:1. The spin-coating deposition of 50 L
of this solution occurred in ambient atmosphere for a duration of 30 s, at a speed of 4000
rpm and a 2000 rpm.s~! acceleration. After deposition, a hot plate annealing up to 500
°C was applied to the substrates following the program described in Table 2.1, resulting
in a m-TiOg layer of around 120 nm thick.

After cooling to 150 °C, samples were placed in UV-Ozone cleaning for 30 mins before
glovebox transfer for the synthesis of the 3D perovskite absorber.
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Table 2.1: Annealing parameters of the mesoporous-TiO, layer.

Steps H 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5
Rise time (min) 5 | 15 | 5 5 5
Temperature (°C) || 125 | 325 | 375 | 450 | 500
Dwell time (min) 5 5 5 | 15 | 15

+— FTO

m-Tio, — m-TiO,

Figure 2.5: Side and top representation of substrates after m-TiOs spin-coating.

2.1.3 Triple-cation 3D perovskite absorber

The baseline perovskite composition was already used for a few years when this work
started. This process was developed on a FAPI perovskite, presenting better properties
than MA-based compositions [Rehman et al. 2017]. MA and Cs were combined to FA
cations, while Br was added to I halide to optimize the tolerance factor of this FAPI
composition, its bandgap, and to stabilize it, preventing the formation of §-FAPI [Jeon
et al. 2015, Rehman et al. 2015]. These inclusions led to the mixed-halide triple-cation
CS(),()5(MAo_17FA0,83)0,95Pb(10,83Br0,17)3 3D perovskite stoichiometry, fairly common in
the literature. This composition was completed with a 2.0% stoichiometric Pbly excess,
revealed as a way to improve device efficiency [Jacobsson et al. 2016, Bi et al. 2016].
The perovskite precursor solution was obtained by mixing two primary solutions.
A first cesium iodide (CsI) solution at 1.5 mol.L~! in DMSO was prepared and stirred
overnight at room temperature before use. A second solution was prepared by mixing
0.2 mmol of methylammonium bromide (MABr), 0.2 mmol of lead bromide (PbBrz), 1.0
mmol of formamidinium iodide (FAI), and 1.1 mmol of lead iodide (Pblz) in 1 mL of
an 800 pL DMF / 200 L DMSO mix (4:1 volume ratio). After 2 hours of stirring at
room temperature, 1 mL of this solution was mixed with 42 uL of the CsI solution. This
mix was stirred for another 15 mins before deposition. The triple-cation solution was
spin-coated on TiOs-covered substrates following the program shown in Figure 2.6.

Rotation speed

Chlorobenzene
washing

6000 rpm —+ | |

Perovskite End

deposition
2000 rpm ——

| || | [
o 1 ) ! — Time
2s 11s 12s 32s 42s

Figure 2.6: Spin-coating program for triple-cation baseline 3D perovskite synthesis.
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This program contained two main stages. The first one consisted of a 2000 rpm
rotation for 12 s, with a 1000 rpm.s~! acceleration. After 2 s of acceleration, 35 uL of
the perovskite solution was deposited on the substrate, and the stage kept rotating for
9 s at 2000 rpm. After accelerating to 6000 rpm in 1 s, the second stage began for 30 s.
This stage was dedicated to depositing 100 uL of chlorobenzene antisolvent 12 s before
the rotation’s end. The intermediate films were then annealed on a hot plate at 100°C
for 30 min to crystallize the perovskite film.

Once the 3D perovskite layer crystallized, samples could go through the next step in
Section 2.1.4 : 2D solution treatment. Some samples, later designated as "pristine" 3D
perovskite, were left without 2D perovskite addition as references.

Triple-cation
3D perovskite

Figure 2.7: Side and top representation of substrates after 3D perovskite synthesis.

2.1.4 2D perovskite addition

For 2D perovskite addition, the choice of 2D /3D structure and 2D spacer cation was
based on the knowledge available in the literature at that time, which was still quite an
emerging subject. Devices based on 2D/3D structures made with a 2D capping layer
on the 3D perovskite absorber seemed more efficient than mixed 2D /3D phases [Yan
et al. 2018,Kim et al. 2019a]. Besides, controlling the formation of the 2D /3D structure
appeared easier with two separate layers instead of a single one.

25
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Figure 2.8: PCE of devices using a 2D perovskite absorber, 2D /3D mixed phases,
or 2D /3D structures with 2D capping layer. Reproduced from [Yan et al. 2018].

Among the many available spacer cations, the investigation of 2D/3D structures
began with classic cations already used in 2D perovskite, such as BA or PEA. Significant
works based on these spacers proposed noticeable device improvements. Furthermore,
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at that time, the LuMIn research group directed by E. Deleporte had already been
studying 2D perovskites for more than a decade. More specifically, the team possessed an
important experience with PEA-based perovskites. The group had characterized optical
and structural properties of various PEA;PbX, phases, studied fluorinated versions of
these materials, and developed synthesis methods of monocrystalline phases of PEA;Pbly
[Zhang et al. 2010, Wei et al. 2013, Wei et al. 2014, Lédée et al. 2017].

Therefore, for developing 2D /3D perovskite heterostructures, we focused on synthe-
sizing a 2D perovskite capping layer on top of the baseline triple-cation 3D perovskite
absorber. For the 2D phase spacer cation, preliminary experimentation was conducted
on PEAI and 4-FPEALI cation salts. 4-FPEAI was retained as the main cation for this
work for a double purpose. First, these tests seemed in agreement with literature data
from Section 1.4.2, indicating better device efficiency and stability compared to devices
using non-fluorinated PEAI. Furthermore, the presence of fluorine could be used as a
probe element in chemical characterizations to track the presence of the 2D cation salt.

(a)
2D/3D structure (b)

/ m NH" I
F

% S
LT
4-FluoroPhenylEthylAmmoniumlodide

f-."
SIS 4
M 2D perovskite (4-FPEAI spacer)

[Tl Baseline 3D perovskite
Cs0.05(MAg 17FA 3)0.95PP(lo.83Br0.17)3

Figure 2.9: (a) Representation of the bi-layer 2D /3D heterostructure used in this
work, adapted from [Ortiz-Cervantes et al. 2019]. (b) Illustration of the 4-FPEAI
spacer molecule used for 2D perovskite treatment.

The synthesis of 4-FPEAI cation salts was realized by G. Trippé-Allard. A solution
of para-fluorophenylethylamine (5 mL, 38.1 mmol) in ethanol (20 mL) was added drop by
drop to another solution of hydriodic acid (57%, 5.3 mL, 1.05 eq.) and hydrophosphoric
acid (0.5 mL) in ethanol (50 mL), cooled to 0°C. The solution was stirred at room
temperature for 1 hour before removing the solvent in vacuo. The crude was purified by
re-crystallization in ethanol, forming 7.0 g of 4-FPEAI white crystals with a 69% yield.

One of the main constraints of 2D /3D structures in capping layer is to use a solvent
solubilizing the 2D cation salt without dissolving the crystallized 3D perovskite. In this
regard, IPA was chosen as 2D solution solvent, as it was already significantly used. Hence,
4-FPEALI solution was prepared by dissolving 4-FPEAI crystals in IPA. Typical solution
concentrations of 2.5, 5, and 10mg.mL~! were used across this manuscript. This solution
was stirred for 2 hours at room temperature. After annealing the 3D layer, 100 uL of
the 4-FPEAI solution was spin-coated on each 4-FPEAI treated sample at 4000 rpm for
30 s, with 4000 rpm.s~! acceleration, followed by 100°C annealing for 5 min.

After this second annealing, the formation of a 2D perovskite layer on top of the
3D absorber was supposedly obtained. Samples destined for material characterization
were taken out of the glovebox in their current state as so-called half-cells (being either
pristine 3D or 4-FPEAI treated half-cells). Meanwhile, samples planned as solar cell
devices underwent HTL layer deposition, described in Section 2.1.5.
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2D/3D perovskite

Figure 2.10: Side and top representation of substrates after 2D perovskite layer
spin-coating.

2.1.5 Organic HTL layer

The choice of HTL for solar cell devices also evolved during this work. In the early part,
Spiro-OMeTAD (2,2",7,7'-tetrakis(N,N-di-p-methoxyphenyl-amine)9,9’-spirobifluorene) was
the only HTL used in the baseline process, as it was a well-optimized material and a refer-
ence HTL in perovskite solar cells for many years (and remains as of nowadays) [Hawash
et al. 2018, M. Rombach et al. 2021].

To obtain high hole mobility, which is a necessary factor for efficient hole collection
and thus, efficient devices, Spiro-OMeTAD needs to be doped. This doping was real-
ized by adding to the Spiro-OMeTAD lithium bistrifluoromethanesulfonimidate (LiTFSI)
and tris|2-(1H-pyrazol-1-yl)-4-tert-butylpyridine|cobalt (III) tri[bis(trifluoromethane) sul-
fonimide| (FK209) p-type dopants, as well as 4-tertbutylpyridine (t-BP). However, these
dopants came at a cost, as they were revealed as important sources of intrinsic, moisture,
and thermal instability [Lamberti et al. 2019, Zhao et al. 2017|, which was detrimen-
tal to device aging and was incompatible with thermal encapsulation processes. The
HTL literature has shown more and more interest in other materials, such as poly|bis(4-
phenyl)(2,4,6-trimethylphenyl)amine| (PTAA), or copper(I) thiocyanate (CuSCN) [Yang
et al. 2020a|, and has gradually been shifting towards the use of fewer dopants, or even
dopant-free materials. [Zhou et al. 2018, Pham et al. 2020].

Among HTL alternatives, PTAA was chosen at IPVF as a new device route for various
reasons. Firstly, undoped PTAA shows a more favorable HOMO energy level position
of -5.2 €V, and so, a better energy level alignment than Spiro-OMeTAD [M. Rombach
et al. 2021]. Therefore, optimal transport properties of the material are obtained with
much lower concentrations of dopants than the ones required in Spiro-OMeTAD and
excluded the use of FK209 cobalt complex. Consequently, devices using PTAA as the
HTL offered better stability than Spiro-based devices, and after some optimization of the
layer, quite similar performances. Therefore, PTAA gradually replaced Spiro-OMeTAD
as the baseline process HTL and was the exclusive HTL in devices used for stability
measurements. After confirming the compatibility of PTAA with the 2D perovskite
layer addition, it was also added to this work.

For HTL preparation, regarding the material used, a solution of Spiro-OMeTAD or
PTAA was solubilized and stirred at least 2 hours before deposition:

e For Spiro-OMeTAD solution, 110 mg of Spiro-OMeTAD powder was dissolved in
1 mL of chlorobenzene. Right before deposition, this solution was doped with
three oxidizing additives: 17 uL of FK209 at 5 mmol.L~!, 25 uL of LiTFSI at 45
mmol.L ™!, and 45 uL of a commercial t-BP solution at 310 mmol. L.

e For PTAA solution, 10 mg of PTAA powder was dissolved in 1 mL of toluene. As
mentioned previously, this solution was only doped with two additives: 2.4 uL of
LiTFSI solution and 3.75 uL of t-BP solution.
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The HTL was formed by spin-coating on the pristine or 2D-treated perovskite layer
35 uL of HTL solution at 3000 rpm for 30 seconds, after a 1500 rpm.s~! acceleration,
without any further annealing. Samples were then taken out of the glovebox for the
deposition of a last layer.

(HTL) Spiro/PTAA

HTL (Spiro/PTAA)

Figure 2.11: Side and top representation of substrates after HTL spin-coating.

2.1.6 Metallic back contact

A 100 nm gold electrode was deposited as the metallic back contact to finalize the fab-
rication of perovskite solar cells. The substrates’ top and bottom edges were chemically
etched with DMF down to the FTO layer. Subsequently, a 0.16 mm? active area was
delimited on the samples. The gold contact was formed on the substrates by E-beam
evaporation under vacuum, using a Plassys MEB550S metal evaporator, which is schema-
tized in Figure 2.12a.
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Figure 2.12: (a) Illustration of Plassys MEB550S e-beam evaporator. (b) Side
representation of substrates after chemical etching post-HTL deposition. (c) Side
and top representation of substrates after gold electrode evaporation.
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The procedure consisted in loading the samples into a limited vacuum (10~2 mbar)
loadlock, before transferring them into the main chamber. There, a cryogenic pump
got the chamber to a sufficient vacuum (10~7 mbar) for evaporation. Gold was melted
and evaporated from a crucible by electronic bombardment. Due to the vacuum, the
evaporated metal reached the sample surface and condensated to form a metallic film.
The first 10 nm of gold were deposited with a reduced deposition speed of 0.01 nm.s~! to
prevent any degradation of the HTL and perovskite layers. The remaining 90 nm were
evaporated at a speed of 0.1 nm.s~'. Finally, the cells were removed from the evaporator,
and were completed by bringing electrical contacts to the front side with copper tape.

(a)
Gold
HTL (Spiro-PTAA)

m-TiO,
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FTO
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Figure 2.13: (a) Side representation of a baseline perovskite solar cell full stack.
Picture of a finalized cell: (b) Back-side, and (c¢) Front-side.

2.2 Characterization techniques

After describing sample synthesis in the previous section, this section is dedicated to pre-
senting the main characterization methods used, separated between the ones performed
on full devices and those on half-cells, focused on characterizing the perovskite material.

2.2.1 Assessing device performances

IV measurements

The most important feature to assess in our solar cell devices was their efficiency, allowed
by IV measurements. The theoretical background of such analysis was presented in
Section 1.1.2. Therefore, only the measurement setup used will be discussed here.

IV measurements were performed in ambient environmental conditions, with glass-
side illumination of the samples. The devices were covered with metallic masks to avoid
any influence of the non-active area on the measurements. 3x3 mm? aperture masks were
used to prevent misalignment between the mask and the 0.16 cm? active area, leading
to a final 0.09 cm? cell active area. By knowing the exact active area of our devices, the
current (in mA) measured during IV measurements was converted into current density (in
mA.cm~2), leading to the current density-voltage (JV) characterization of the samples.

An Oriel Sol3A AA A-class xenon lamp simulator from Newport was used to illuminate
the samples with AM 1.5G solar spectrum filter and a light intensity of 100 mW.cm™=2. JV
characteristics were obtained within a bias voltage range of -0.2 to 1.2 V with a computer-
controlled Keithley 2400, at a scanning speed of 20 mV.s~!. Scans were performed in
forward (FW) and reverse (RV) bias directions to detect potential hysteresis. After JV
scans, MPP tracking under illumination was performed for a few minutes.
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External Quantum Efficiency

Another way to characterize devices was the measure of their External Quantum Effi-
ciency (EQE), which is the ratio between the number of charge carriers collected in a
device to the number of incident photons of a given energy.

EQE characterization of a device provides some information on its absorber proper-
ties, illustrated in Figure 2.14. An ideal theoretical EQE would show a square shape,
with EQE = 0 at Ejcident < Eg, and EQE = 1 for Ejcigent > E4 , implying that all
photons of each wavelength are absorbed, and the resulting charge carriers are also all
collected. However, several phenomena lower the experimental EQE. First, photons need
to be absorbed in order to be converted to charge carriers. Hence, in our case EQE signal
is limited by the perovskite absorption (spectra shown in Figure 2.16a). Then, an EQE
decrease low-wavelength photons indicates front surface defects, as they are absorbed
closer to the surface. High absorption from upper layers of the stack (glass substrate
and TiOj) also reduces EQE at lower wavelengths. On the other hand, an EQE de-
crease for high-wavelength photons indicate back surface defects, but is also caused by
the perovskite lower absorption and lower diffusion of the carriers at such wavelengths.
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Figure 2.14: Ilustration of theoretical and experimental (measured on a pristine
3D perovskite sample) EQE measurements.

In a complementary way to JV characterization, integrating the product of EQE
spectrum to the spectral density of incident photons ®(\) is also a method to determine
device Jg¢, via the following equation:

Jse = —q / " EQE(N6(\)dA (2.1)

At IPVF, EQE was measured between 300 and 850 nm for perovskite cells using an
Oriel IQE 200 system connected to a source meter (Keithley 2400) and a 300 W xenon
lamp. Sample illumination was obtained with a monochromator at a power slightly
lower than an AM 1.5G solar illumination, resulting in probable differences between
Jso measured during JV scans and Jgo calculated using EQE data. However, as those
differences would occur evenly across samples, they would not be a significant problem.
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2.2.2 Optical properties of the material

While previous techniques were performed on complete devices, characterization meth-
ods presented onwards were applied on half-cells to describe the perovskite material
properties, starting with its optical properties.

Photoluminesence measurements using -PL setup

Photoluminescence (PL) is an optical phenomenon describing the production of light
by a material (typically semiconductors) under illumination. Enlightening this material
with an incident light which energy is superior to the material’s bandgap energy leads
to the excitation of its electrons. Without any action to collect these excited electrons,
they return to their ground state, emitting photons close to the semiconductor’s bandgap
energy. Steady-state PL measurements (later simplified as PL measurements) character-
ize a material’s radiative properties by collecting the PL signal with a spectrometer and
analyzing its spectra. PL spectra were obtained with a homemade micro-PL (u-PL)
experiment from LuMIn lab, simplified and illustrated in Figure 2.15a.
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Figure 2.15: (a) Simplified illustration of the micro-photoluminescence setup. (b)
PL spectra of a pristine baseline perovskite.

This setup involved exciting the sample with a source focused through a microscope
objective and collecting the resulting PL signal. The source used was a PDL 800-D
impulsionnal laser diode from PicoQuant, emitting at 405 nm with a repetition rate
between 31.25 kHz and 80 MHz. An optical density was put on the beam path to control
the exciting power, measured after the density by a power meter from Thorlabs. The
loss coeflicient was determined by comparing the power measured by the power meter to
the power measured after the objective. A dichroic mirror reflected the laser to a Nikon
microscope objective with a 40x magnification and a 0.6 numerical aperture, focusing the
exciting signal on the sample. The sample luminescence went through the same objective
and was separated from the excitation beam with a beam splitter and long-pass filter. A
flip mirror was used to send the sample PL on two different paths:
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e The first path focused the signal through a Spectrapro 25001 spectrometer, which
was collected by a nitrogen-cooled PyLoN CCD camera, both controlled with
the LightField software from Princeton Instruments. This path was employed
for steady-state PL spectra measurements.

e The second path focused the signal on an ID100 avalanche photodiode from IDQ.
This second path was employed for time-resolved PL (TR-PL) measurements,
which were not used significantly in this work.

With this setup, the exciting spot was focused on the perovskite layer with a 1.2 um
diameter. This localized excitation could be used to assess the homogeneity of synthesized
layers, which is relevant in the case of 2D perovskites as they are often made of a mix of
different n-factor values.

The resulting PL spectrum of a pristine baseline sample is shown in Figure 2.15b.
During measurements, a shift of the PL signal was observed under illumination. Instantly
after light exposure, the perovskite PL peak was located around 760 nm (1.631 eV), and
gradually moved to stabilize around 780 nm (1.590 €V) after 1 min of light-soaking with
fluences close to 1 ;J /cm?. This observation is attributed to light-induced phase segrega-
tion of iodine phases in the perovskite, already observed in mixed-halide perovskites and
slightly decreasing the perovskite bandgap |Draguta et al. 2017, Gautam et al. 2020].

UV-Visible spectroscopy

UV-Visible (UV-Vis) spectroscopy assesses a material’s ability to absorb, reflect, or be
transparent to a light source of a specific wavelength. To do so, a monochromator converts
a light source into a series of monochromatic radiations directed toward the sample.
The incident light intensity is compared to the intensity of the absorbed, reflected, or
transmitted beam, providing a measurement of the sample’s optical absorption, reflection,
or transmission for each wavelength. These features are related to the following equation:

100 = Ag(A\) + Ry (N) + T (N) (2.2)

Thus, measuring two of these features allows a calculation of the third one. We
measured optical reflection and transmission between 200 and 1300 nm using an Agilent
Cary 5000 spectrophotometer. This equipment contained two different light sources: a
deuterium arc UV source for wavelengths < 300 nm and a tungsten halogen source for
higher wavelengths. It also had two detectors, one for UV-Visible (R928 PMT) and one
for IR (Cooled PbS). Absorption was then calculated from reflection and transmission
values using Equation 2.2.

This work was focused on the perovskite layer. Therefore, most spectroscopy mea-
surements will have a 400-800 nm range, as higher wavelengths were not energetic enough
to interact significantly with the perovskite layer (E<E,). On the other hand, at lower
wavelengths, the perovskite layer contribution was marginal in comparison with the other
layers of the stack. Optical absorption, reflection, and transmission spectra of pristine
perovskite samples illuminated from the perovskite side are shown in Figure 2.16.

These spectra are consistent with PL measurement, showing a drastic absorption
increase - related to a reflection and transmission decrease - around 775 nm, close to
the emission wavelength. Under 550 nm, almost no light is transmitted through the
perovskite layer.
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Figure 2.16: (a) Optical absorption, (b) reflection, and (c) transmission of baseline
perovskite half-cells (illuminated from perovskite side).

From spectroscopy spectra, it was also possible to estimate an optical bandgap around
1.592 eV (= 779 nm) of the perovskite using a Tauc-plot, shown in Figure 2.17. As we

established earlier in this manuscript, perovskite shot little Stokes shift, therefore, this
estimated value is consistent with PL data.
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Figure 2.17: Tauc-plot for the determination of baseline perovskite band gap.

2.2.3 Structural, chemical, and topological characterization
Outside of optical techniques, other characterization techniques were applied to the sam-
ples to assess their structural, morphological, or chemical properties.

X-Ray crystallography

X-Ray crystallography (or X-Ray Diffraction, XRD) is a characterization method used
to determine the crystallographic properties of a material. By sending an X-ray beam
on a sample, its crystalline structure diffracts the X-rays into specific directions, based
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on the X-ray wavelength, but more importantly, the crystal properties, such as its lattice
orientation and size. The intensity and diffraction angle of the resulting X-rays are col-
lected into a diffractogram that identifies the material’s crystalline lattice, its dimensions,
size, or electronic density. Consequently, it also provides chemical information about the
material and various other information.

A variation of this technique, called GIXRD, for Grazing-Incidence X-Ray Diffraction,
is based on similar principles to XRD but with the use of small angles (close to the critical
angle and typically < 3°) for the incident X-ray beam. As a result, more superficial scans
are performed, with only a few tens to a few hundreds of nanometers of penetration
depth in our case, with the measure of thin films.

For XRD and GIXRD measurements of perovskite samples, we used a Panalytical
XRD analyzer (Cu Ka; Kag radiations, with A 1/4 1.5418 A). The resulting diffrac-
tograms were analyzed using HighScore software. An example of a diffractogram mea-
sured on a pristine perovskite sample is shown in Figure 2.18.
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Figure 2.18: XRD diffractogram of pristine baseline perovskite.

First, this diffractogram shows three peaks at 26.4, 33.7, and 37.8° corresponding to
the FTO substrate. Secondly, a series of peaks are observed at 14.1, 20.0, 24.5, 28.4, 31.8°,
35.0, 40.6, 43.2, 45.7, and 48.0°. These peaks are attributed to (001), (011), (111), (002),
and (012) (112) (022) (003) (013) (113) crystallographic plans of the photo-active black
a-phase of the FAPI perovskite, belonging in the Pm3m space group [Weller et al. 2015,
Zhumekenov et al. 2016, Alam and Lewis 2020|. As a-FAPI is the only perovskite phase
detected here, it confirms the FA-based nature of the baseline triple-cation perovskite,
and that MA or Cs cations only stabilize it without crystallizing significantly on their
own. A last peak centered at 12.7° is associated with Pbly crystallization, caused by
the 2.0% stoichiometric excess introduced in the baseline perovskite precursor solution
[Jesper Jacobsson et al. 2016].

X-Ray Photoelectron Spectroscopy

To investigate the chemical composition of our perovskite materials, we used X-ray Pho-
toelectron Spectroscopy (XPS). This technique is commonly used in perovskites, as it
allows the chemical characterization of the extreme surface (5 to 10 nm) of thin films.
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It consists in irradiating a sample by an X-ray source of few keV in ultra-high vacuum
(UHV), resulting in the emission of photoelectrons. X-ray absorption and photoelectron
emission happen near the sample surface, resulting in a depth probed close to the first 10
nm of the material, which is an important asset to characterize extremely thin 2D layers
in surface treatment 2D /3D structures.

Each chemical element produces specific features depending on the level frow which
the photoelectrons are produced (from core to valence levels, e.g., 1s, 2s, 2p), and on its
binding state (chemical shift). By measuring the kinetic energy of these photoelectrons,
the nature of their chemical elements and their intimate atomic networks can be identi-
fied. The area of each peak is proportional to the amount of its corresponding element
in the scanned area, which allows an accurate quantification of the material’s surface
stoichiometry and chemistry. The different contributions of the chemical environments,
along with the associated proportions, are determined with specific fitting procedures.
In addition to studying the extreme surface, it is also possible to investigate the in-depth
chemical profile of different elemental species by etching the sample with ionic sputtering,
and performing XPS scans in the generated crater.

For XPS analyses, freshly synthesized perovskite samples were transferred to the XPS
spectrometer in the dark and under inert atmosphere conditions to ensure the reliability
of the analysis. Measurements were carried out with a Thermo Electron K-Alpha+ spec-
trometer equipped with a monochromated Al-Ka X-Ray source for excitation at 1486.6
eV. The X-ray beam spot was set to 400 um. Calibration of the spectrometer was done
using Cu and Au samples following the ASTM-E-902-94 protocol. The constant analyzer
energy (CAE) mode was used and both survey spectra (100 eV pass energy, 1 eV step size,
100 ms dwell time) and high energy resolution spectra (20 eV pass energy, 0.1 ev step size,
100 ms dwell time) were acquired. The total analysis sequence duration was optimized
not to exceed 1h to limit the X-ray dose and possible surface alteration. Elements more
prone to degradation were acquired first, and two surveys, one at the beginning and one
at the end of the analysis, were recorded. This optimized analysis procedure is described
in the following work [Cacovich et al. 2020]. Thermo Fisher Scientific Avantage© data
system was used for data treatment and peak fitting. Energy calibrations were performed
regarding the Cls peak located at 284.8 eV. For each experimental condition, a set of ten
randomly positioned analysis points was used on several 2x2 cm? samples to certify the
reliability of the information collected and the homogeneity of samples surface chemistry.

To probe the elemental distribution within the perovskite layers, XPS in-depth pro-
filing was carried out. The elemental depth distribution is obtained by alternating sput-
tering and acquisition sequences. Fach sputtering step lasts for 60 seconds, using a
monoatomic Ar™ gun with an energy of 1000 eV and a 10 mA current density, and is fol-
lowed by a surface analysis step performed inside the generated crater. Caution has to be
taken for the interpretation due to possible bombardment artefacts such as preferential
sputtering.

All XPS measurements and data analysis were performed at Institut Lavoisier de
Versailles (ILV) by Pia Dally, and later by Mirella Al Katrib, both under the supervision
of Muriel Bouttemy.

Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was this work’s main imaging technique. By scan-
ning a sample with a focused, high-energy electron beam (with typical wavelengths of a
few tens of picometers) instead of a light source, a SEM microscope can produce images
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of this sample with far better resolutions than optical microscopy techniques. In return,
measurement scanning has to be performed under high-vacuum on conductive samples
(in order to for them to interact, and thus, evacuate electrons). The incident electrons,
also called primary electrons, interact with the atoms constituting the sample, producing
on each point of impact two main kinds of measurable electron signals:

e Secondary electrons (SE) are low-energy electrons ejected from outer energy levels
of the sample atoms due to inelastic scattering with primary electrons. The inten-
sity (associated with its brightness) of the measured SE signal is proportional to
the number of secondary electrons detected. Due to their low energy, SE are used
for topology imaging, as they originate from the first nanometers of the material.

e Backscattered electrons (BSE) are high-energy primary electrons reflected or back-
scattered from the sample by elastic scattering interactions with its atoms. BSE
are emitted from slightly deeper parts than SE, and are produced in a greater
amount by heavier elements. Therefore, the intensity of a BSE signal provides
information on the sample’s chemical composition.

SEM images were made using a Zeiss Merlin VP Compact field emission scanning elec-
tron microscope in the InLensDuo mode, measuring both secondary and back-scattered
electrons. Typical magnifications of 10k to 50k were used, with acceleration voltages
of 1 kV for surface images. Such acceleration voltage focused more on the topological
resolution, with less chemical information about the samples. Example surface image of
a pristine perovskite sample is shown in Figure 2.19a, which corresponds to a classical
3D perovskite layer without any additive |Liu et al. 2019b, Dehghanipour et al. 2020].
Figure 2.19b shows the grain diameter distribution extracted from this surface image,
with an average crystalline grains diameter close to 200 nm.
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Figure 2.19: (a) SEM surface image of pristine baseline perovskite. (b) Resulting
grain diameter distribution.

Cross-section images of the samples were also acquired. Due to the 3 mm thick glass
substrate, perovskite cross-section samples were not conductive to electrons and so, were
incompatible with SEM. To fix this problem, samples were covered with a few nanometers
thick carbon layer during a primary vacuum metallization step, performed in a Denton
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Vaccum Desk V Evaporator. Cross-section images were obtained with similar parameters
to surface images, with only higher 15 kV acceleration voltages. A cross-section image of
a pristine perovskite sample is shown in Figure 2.20, highlighting the thickness of each
layer constituting the baseline stack.
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Figure 2.20: Cross-section SEM image of pristine baseline perovskite, with corre-
sponding thickness for each layer of this stack.

Atomic Force Microscopy

Atomic Force Microscopy (AFM) is an imaging technique that can scan the surface
topology of most kinds of materials, with a vertical resolution close to 0.1 nm and in-
plane resolutions of ~ 1 nm. This technique belongs to the scanning probe microscopy
group, involving physical probes to scan the surface of a sample. For AFM, the scanning
probe is a sharp tip with a 10 to 20 nm wide apex fixed on a flexible cantilever, and
the imaging comes from the interaction between the tip and the surface atoms of the
material. Two mains scanning modes are used:

e In the first one, the cantilever oscillates close to its resonance frequency (around
100 kHz) with a constant amplitude, and the tip only touches the sample surface at
the bottom of the oscillation, resulting in the "tapping mode" denomination. The
sample surface is scanned by assessing the variations in the oscillation amplitude.

e The second method, called the "contact mode", applies a constant contact between
the tip and the sample surface, and its topology is scanned by measuring variations
of cantilever deflection. This method is more specific than tapping mode and is
applied less extensively.

In our case, AFM images (10x10 um?) were acquired with an Agilent 5600 LS atomic
force microscope, using an ACL probe from AppNano in tapping mode under ambient
air. The roughness was extracted from images with Gwyddion software and expressed
in (Sq) and (S,) values. S, (root mean square (RMS) height) roughness corresponds to
the standard deviation of height distribution for all peaks and valleys in the delimited
area. On the other hand, S, (arithmetic mean height) roughness is calculated as the
average difference from the absolute height of all peaks to the mean surface. Overall, the
values of S, roughness are inferior to S, and are less sensitive to abnormal topographic
areas, such as large peaks or valleys. The topographic amplitude, which is the height
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difference between the highest and the lowest point measured, also gives an indication of
the material surface. An example AFM image of a pristine baseline perovskite is shown
in Figure 2.21, but will not be discussed until the next chapter.
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Figure 2.21: Pristine baseline perovskite AFM 10x10 pm? topographic scan.

Confocal miscroscopy

Confocal microscopy is an optical imaging technique usually using a light source produced
by a laser beam instead of a lamp. A pinhole is placed before the light source to obtain
a point illumination. A lens focuses the incident light on the sample, and a second
pinhole is placed in front of the detector, optically conjugated with the source pinhole,
hence the name confocal. Therefore, out-of-plane signal is eliminated, resulting in a very
small depth of field (about 400 nm) but with a far better optical resolution than wide-
field microscopes. By gradually moving the microscope’s focal plane over several sample
depths, it is possible to perform 3D scans of the sample surface.

Confocal images were acquired with an Olympus LEXT OLS5100 confocal microscope
using a white light source. S, and S, roughness values were extracted from 3D scans
of the sample surface with the highest magnification (129x129 pm? area). Similarly to
AFM, a confocal image of the pristine baseline perovskite and the resulting topographic
scan are visible in Figure 2.22, and will not be discussed until later.

Figure 2.22: Pristine baseline perovskite confocal microscope 129x129 pm? (a)
white light image, and (b) resulting topographic scan.
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2.3 Summary

This chapter presented how the development of 2D /3D perovskite heterostructures was
integrated in IPVF’s baseline fabrication process of perovskite solar cells. This process
relies on a mesoporous n-i-p architecture with the following stack: glass-FTO substrate
/ compact and mesoporous TiOq bilayer / triple-cation 3D perovskite / Spiro-OMeTAD
or PTAA / gold electrode. We detailed the techniques for synthesizing each layer of this
stack (spin-coating, ALD, metal e-beam evaporation, chemical etchings...) and how they
evolved throughout this thesis work. We also explained the process for incorporating a
2D perovskite between the 3D perovskite and HTL layer.

Subsequently, we dealt with the main methods that will be used in this work to
characterize the fabricated devices electrically, determine their performance and its evo-
lution over time. Then, the attention was drawn onto characterization methods applied
to the perovskite material itself. Some of the presented techniques were completed with
example data obtained on the baseline perovskite, to discuss its properties. PL measure-
ments will be used to assess its emission properties and get information on the perovskite
bandgap. In addition, UV-Vis spectroscopy will evaluate its transmission, reflection, and
absorption properties. On the other hand, several other characterization methods will
be used to reveal the physico-chemical properties of the material structure. XRD will
characterize the structural features of the 2D /3D structure, while XPS will allow us to
obtain important knowledge on the chemical composition of the 2D /3D structure surface
and bulk. Lastly, surface scanning and imaging techniques, such as SEM, AFM, and
confocal microscopy, will provide information on the material morphology.






Chapter 3

Synthesis parameters of the 2D /3D
perovskite structure

This chapter focuses on the understanding of the 2D/3D perovskite structure. The first
section presents the fabrication of 2D perovskite references. The second and third sections
deal with the characterization of the 2D/3D structure regarding two different synthesis
parameters: the 2D solution concentration and the static deposition of this 2D solution.
The critical importance of 2D solution concentration on the thickness and morphology of
the 2D perovskite formed is revealed. At the same time, static deposition is exposed as an
unreliable method to alter the 2D layer. The fourth section is dedicated to photovoltaic
device applications. Compared to the pristine 3D material, the 2D /3D material leads to
significant efficiency and stability improvements in solar cell devices. Finally, the results
obtained on mini-modules show the potential of 2D /3D structures in higher-scale devices.
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3.1 Reference 2D perovskite layer

3.1.1 Fabrication of a pure 2D perovskite

In this work, the main guideline was the formation of a 2D /3D perovskite heterostructure,
based on the synthesis process detailed in Section 2.1.4, to improve the performances of
PSCs. However, before attributing any potential improvement of solar cell devices to
the addition of a 2D perovskite layer, being able to characterize the presence of the 2D
perovskite layer was required. This led to the fabrication of reference samples made with
a pure n=1 2D perovskite deposited directly on 2x2 cm? ITO-coated glass substrates,
cleaned with the same sonication process than glass-FTO substrates and treated with
UV-Ozone for 30 minutes before glovebox introduction.

While one of the main constraints to design 2D /3D structures was to solubilize the
2D perovskite cation salt without dissolving the crystallized 3D perovskite underneath,
the formation of pure 2D perovskite films did not need to comply with this constraint
and could be performed more directly. In this regard, an antisolvent process already
applied at LuMIn was used and is schematized in Figure 3.1.
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‘ 3)
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solution deposition washing

Figure 3.1: Synthesis process of (4-FPEA),Pbly pure 2D perovskite.

This process involved mixing 4-FPEAI cation salts and Pbls at a 2:1 molar ratio.
This blend was dissolved in a DMF and DMSO mix (4:1 volume ratio) with a 10% weight
concentration to form the 2D perovskite precursor solution. 100 pL of this solution was
spin-coated in step (1) on the substrate at 2000 rpm for 30 seconds. In step (2), a second
run of the same spin-coating program was dedicated to depositing 100 uL of an anti-
solvent, here toluene. Crystallization of the perovskite layer was finalized during step (3)
with hot plate annealing at 100 °C for 1 min. This reaction process, which is described
by the following chemical equation, led to the formation of a (4-FPEA),Pbly n=1 pure
2D perovskite:

2(4 — FPEAI) + Pbly — (4 — FPEA)yPbl, (3.1)
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3.1.2 Characterization of the pure 2D layer

Several characterizations were performed on the synthesized films to confirm that this
this (4-FPEA)2Pbly pure 2D perovskite had the same specific features than in the lit-
erature. These features would later be searched in 4-FPEAI treated samples to confirm
the presence of a 2D layer on the 3D perovskite. Optical properties of the 2D layer
were investigated through UV-Vis spectroscopy and PL measurements, while XRD was
performed to look for the structural properties of the materials. The results of these
measurements are shown in Figure 3.2.
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Figure 3.2: (a) Optical absorption, (b) reflection, (c¢) transmission, (d) PL spectra,
and (e) XRD diffractogram of (4-FPEA),Pbl, pure 2D perovskite.

Figures 3.2a, 3.2b, 3.2c, and Figure 3.2d confirm the excitonic nature of this 2D
perovskite, with negligible absorption at low energies, until the 1s excitonic absorption
peak located at 516 nm (2.4 V). Furthermore, the emission peak seen at 523 nm (2.37 eV)
highlights that absorption and emission properties of (4-FPEA)oPbly are nearly identical
with its non-fluorinated version (PEA)2Pbly [Ledee 2018]. The structural properties are
not significantly altered either, as the diffractogram from Figure 3.2e displays peaks
located at 5.4, 10.8, 16.3, 21.7, 27.2, and 32.8°, very close to the peaks observed in
(PEA)2Pbly, corresponding to the (002), (004), (006), (008), (0010), and (0012) plans of
the 2D perovskite [Ledee 2018, Jiang et al. 2019a,Zhou et al. 2019]



64 Chapter 3. Synthesis parameters of the 2D /3D perovskite structure

3.2 Concentration of the spacer cation solution

With pure 2D perovskite references available, our focus shifted to the study of 2D /3D
structures. This investigation was realized by tuning the synthesis parameters of of
our process, analyzing the effect of this modification on the properties of the 2D /3D
material. The first parameter studied was the concentration of the 4-FPEAI precursor
solution. Three 4-FPEAI concentrations were used for this IPA solution: 2.5, 5, and
10 mg.mL~!. Theses samples will later be named 2.5 mg.mL~!, 5 mg.mL~!, and 10
mg.mL~!, according to the concentration used.

3.2.1 Identification of 2D perovskite in the 2D /3D structure

XRD was carried out to assess the structural properties of the 2D layer for 4-FPEAI
treated samples. Figure 3.3a compares the pure 2D perovskite diffractogram from Figure
3.2¢ with a pristine 3D perovskite reference and a 10 mg.mL~! sample data.

As discussed in the previous chapter, the 3D perovskite reference features the 14.1,
20.0, 24.5, 28.4, and 31.8° characteristic peaks attributed to the (001), (011), (111), (002),
and (012) plans of a-FAPI. Furthermore, the peak centered at 12.7°, attributed to Pbly
excess, and the FTO peaks at 26.4 and 33.7° are also visible. Figure 3.4 compares Bragg-
Brentano and GIXRD diffractograms of a pristine 3D sample, respectively scanning the
whole perovskite layer and only its first few tens/hundreds nanometers. This comparison
highlights that the Pbls peak is mainly localized on the material’s surface. A small shift
towards higher angles is observed with the transition from XRD to GIXRD, but this
difference is observed for all peaks and so, is only caused by the use of a different setup.
10 mg.mL~! sample displays all 3D perovskite peaks, with the addition of two peaks: one
at 5.4°, and a second, smaller peak, at 27.2°. These peaks corresponds to the (002) and
(0010) peaks seen in the pure 2D reference, suggesting the formation of a 2D perovskite
layer on the 3D bulk [Zhou et al. 2019]. However, their intensity is significantly lower
than the one of peaks from the 3D phase, implying a presumed low thickness.
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Figure 3.3: (a) XRD patterns of (4-FPEA),Pbl, pure 2D perovskite, pristine 3D,

and 10 mg.mL~! samples. (b) Diffractogram evolution regarding 4-FPEAT solution
concentration, zoomed on 2D (002) and 3D (001) perovskites peaks.



3.2. Concentration of the spacer cation solution 65

| FWHM (°20) | Area(cts**20)
0.26 ‘ 79.63

— Pristine (Bragg XRD) (001)
g | FWHM (°20) | Area(cts*°20)
| Pl 0.18 108.17
= Pbl
S [(001) 0.13 332.37 bl
o
(&)
-c 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
'g — Pristine (GIXRD) (001)
T
£
o
Pz

Pbl,

(001) 0.23 109.94

5 6 7 8 9 10 11 12 13 14 15

Angle 2theta (degree)

Figure 3.4: Comparison between Bragg-Brentano XRD and GIXRD diffractograms
of a pristine 3D perovskite.

Figure 3.3b shows the XRD pattern evolution as a function of 4-FPEAI solution
concentration, focused on the first 2D and 3D peaks. While increasing the solution
concentration of the 4-FPEAI treatment, two behaviors emerge: the peak at 5.4°, related
to the 2D phase, appears and its intensity increases, and secondly, the Pbls peak intensity
progressively decreases. These observations underline the reaction between the 2D cation
salt, here 4-FPEAI, and the Pbls excess of the 3D phase surface to form a pure 2D
perovskite, similarly to Equation 3.1. Thus, as 4-FPEAI solution concentration increases,
the reaction consumes a greater Pbls amount, leading to the Pbls peak disappearance
during XRD measurements for the highest 4-FPEAI solution concentration, in agreement
with other works from the literature [Liu et al. 2019a, Kim et al. 2021|

Optical properties

Optical characterizations were carried out on pristine and 4-FPEAI treated samples to
further analyze the deposited 2D layer. UV-Vis absorption, reflection, and transmission
spectra obtained by illuminating the samples from the top side are presented in Fig-
ures 3.5a, 3.5b, and 3.5¢, along with spectra of the (4-FPEA)9Pbly pure 2D reference.
A significant modification of absorption and reflection of the material is observed with
4-FPEALI treatment, and the reflection pattern of the (4-FPEA),Pbly perovskite seems
"added" to the reflectivity of the 3D material, with a slight blue-shift. This leads to a
decrease of the material reflectivity, which intensifies with 4-FPEAI solution concentra-
tion. Meanwhile, the transmission remain close to zero percent under 525 nm regardless
of the samples. Therefore, 4-FPEAI treatment with higher concentrations increases the
optical absorption of the stack.

From a purely optical point of view, this phenomenon could benefit to solar cells, as
more light reaching the 3D perovskite layer means more possible charge carriers genera-
tion. However, the absorption increase is only visible with 2D perovskite side illumina-
tion, while our devices have an n-i-p architecture (see Figure 2.13a), and therefore, are
enlightened from the 3D perovskite side. Hence, 2D perovskite treatment could be more
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beneficial in p-i-n devices, and here, the main interest of spectroscopy measurements is
to confirm the presence of the 2D perovskite layer.
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Figure 3.5: (a) Optical absorption, (b) reflection, and (c¢) transmission of pristine
and all 4-FPEAT treated samples, compared to (4-FPEA),Pbl, pure 2D perovskite.

PL measurements were also used on the 2D/3D structure. Figure 3.6 shows the
PL spectra of pristine and the three 4-FPEAI treated samples, normalized on the 3D
perovskite emission. The 3D perovskite peak is located around 760 nm. It remains
unchanged regardless of 4-FPEAI solution concentration, confirming that the solutions
employed do not affect the emission properties and so, do not damage the 3D perovskite.
On the other hand, adding the 2D cation solution leads to the emergence of two new
emission peaks around 510 and 552 nm. Increasing 4-FPEAI solution concentration
enhances the intensity of these peaks, especially for the first one, relatively to the 3D
peak intensity. Thus, we could reasonably assume that they correspond to the excitonic
transition of n=1 and n=2 phases of the (4-FPEA)y(MA,FA,Cs),,—1Pb,ls,+1 RP 2D
perovskite formed by the 4-FPEAI treatment, with a predominance for the n=1 phase
[Delport et al. 2019, Chehade 2022].
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Figure 3.6: PL spectra of pristine 3D and 4-FPEAI treated samples with all three
concentrations (2.5, 5, and 10 mg.mL™!)



3.2. Concentration of the spacer cation solution 67

3.2.2 Morphological properties

With XRD and optical characterization data suggesting a significant increase in 2D layer
thickness along 4-FPEAI solution concentration, film morphology and coverage was also
investigated through SEM and AFM imaging of samples’ surface. Resulting SEM images
of pristine and 4-FPEAI treated samples for limit 2.5 and 10 mg.mL~! concentrations,
showing the most visible surface evolution, are presented in Figure 3.7. The pristine
image corresponds to the characteristics presented in Section 2.2.3. Depositing a weakly
concentrated solution for the 2.5 mg.mL~! sample visually seems to induce the forma-
tion of a thin homogeneous layer, smoothing the space between grains and leveling the
surface (see Figure 3.7b). Yet, 3D perovskite grains remain visible underneath, suggest-
ing the low 2D layer thickness. For 10 mg.mL~! concentration, both SEM and AFM in
Figures 3.7c and 3.8c show less visible 3D perovskite grains, indicating an increased 2D
perovskite thickness. While no general consensus exist on the morphology that should
be obtained after 2D solution treatment, our results match with other works in the
literature [Dehghanipour et al. 2020, He et al. 2020,Li et al. 2021c¢].

(a)

Figure 3.7: SEM surface images of (a) pristine, (b) 2.5 mg.mL™!, and (c) 10
mg.mL~! samples. d) Cross-section SEM image of a 10 mg.mL™! sample, e)
zoomed on the 2D perovskite layer.

Cross-section SEM images of the 10 mg.mL~! sample in Figures 3.7d and 3.7e sup-
ports the formation of a new layer made of few tens of nanometers wide grains on the
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3D perovskite, covering its surface. By correlating this image with the size of the small
grains visible on the surface of the 10 mg.mL~! sample in Figure 3.7c, we estimated that
the 2D layer thickness for this concentration was around 30 nm or less. Hence, these
results confirm the formation of a 2D layer on the 3D perovskite bulk, changing the
surface morphology according to the 4-FPEAI solution concentration.

AFM images shown in Figure 3.8 corroborate observations made thanks to SEM
images and in the literature. The topographic amplitude shrinks from 150 nm for the
pristine sample to 99 nm after 2.5 mg.mL~! treatment, only to increase back close to
140 nm with the 10 mg.mL~! concentration.
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Figure 3.8: AFM 10x10 pum? topographic scans of (a) pristine, (b) 2.5 mg.mL™!,
and (c) 10 mg.mL~! samples.

A study was performed to determine the impact of 4-FPEAI treatment on the 2D /3D
structure surface roughness. In this study, S, and S, roughness values of pristine and all
4-FPEALI treated samples were estimated from AFM scan images and were compared to
values measured from confocal microscopy images shown in Figure 3.9.

(a)

Figure 3.9: Confocal microscope 129x129 pm? topographic scans of (a) pristine,
(b) 2.5 mg.mL !, and (c) 10 mg.mL~" samples.

The distribution of measured roughness values is presented in Figure 3.10, and their
means are summed-up in Table 3.1. This study confirms that a weakly concentrated
4-FPEAI solution improves surface smoothness due to the 2D top layer formation. As
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a result, the average S, roughness of pristine samples decreases from 25.69 nm to 17.95
nm with 2.5 mg.mL~! 4-FPEAI treatment. Increasing the concentration to 5 mg.mL™!
further decreases the roughness to 17.05 nm, however, for the 10 mg.mL ™! concentration,
the roughness worsens up to a value of 22.20 nm. This observation reveals that forming
a significantly thicker 2D layer reduces the smoothness of the surface, in line with the
morphological changes (visible sub-micrometer grains inhomogeneous distribution).
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Figure 3.10: Distribution of S, and S, roughness measured with (a), (b) an AFM or
with (c), (d) a confocal microscope, for pristine, 2.5, 5, and 10 mg.mL~! samples.

Table 3.1: Average S, and S, roughness of pristine, 2.5, 5, and 10 mg.mL ™! samples,
measured either with an AFM or a confocal microscope.

Sq roughness (nm) | S, roughness (nm)
AFM‘ Confocal AFM‘ Confocal

Pristine 24.4 28 19.2 22
2.5 mg.mL~! || 18.0 23 14.3 18
5 mg.mL~! 17.0 21 13.5 16
10 mg.mL~t || 22.2 29 17.4 23

Through imaging techniques, a first estimation of the 2D layer thickness was presented
for the highest 10 mg.mL~! concentration. However, this result is quite limited for several
reasons. First, due to the low amount of 2D perovskite formed for the lower 2.5 and 5
mg.mL~! concentrations, an accurate estimation of the 2D layer thickness is not possible
with such techniques. Second, there are more appropriate techniques to establish the 2D
layer existence only at the material’s surface than imaging techniques.
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3.2.3 Chemical characterization using XPS

Surface characterization

On top of previous characterizations, evaluating the surface chemistry of the 2D /3D
structure is essential to unveil its formation mechanism. Therefore, XPS surface anal-
yses were performed on all 4-FPEAI treated samples to assess the surface composition
modifications consecutive to the 2D process for every concentration. For such thin 2D
overlayers (ultimate thickness estimated to 30 nm for 10 mg.mL~!, close to the 10 nm
depth probed with XPS), the main challenge is to discriminate spectral contributions
from the superimposed 2D and 3D layers, as many elements within both layers are iden-
tical, such as carbon, nitrogen, lead, and iodine. Among the remaining elements, the
presence of fluorine is direct evidence of the presence of the 2D layer, while bromine and
cesium should indicate the 3D layer underneath.

XPS surface analysis was first carried out on pristine 3D and pure 2D perovskites to
determine the signals from separate materials, which served as a point of comparison for
measurements performed on 4-FPEAI treated samples. Figure 3.11 depicts the results
of these measurements, with XPS high-resolution spectra of every element measured at
the materials’ surface: Cls, N1s, Fls, Pb4f, 13d, Br3d, and Cs3d.
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Figure 3.11: XPS high-resolution spectra of (a) Cls, (b) Nls, (c) Fls, (d) Pb4f,
(e) I3d, (f) Br3d, and (g) Cs3d of pristine and 4-FPEAI-treated 3D samples (2.5,
5, and 10 mg.mL™!), compared to (4-FPEA),Pbl, pure 2D perovskite.
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Since the 3D perovskite contains no fluorine, pristine data is not visible for Fls
spectra in Figure 3.11c, while Br3d and Cs3d spectra from Figures 3.11f and 3.11g do
not display pure 2D perovskite data, as they are not involved in this material.

From a qualitative perspective, the intensity of Fls spectra - related to the C —
F contribution - increases with 4-FPEAI solution concentration. Combined with XRD
and PL data, this observation evidences the 2D layer presence in every 4-FPEAI treated
sample. This is also confirmed by the evolution of Cls spectra, showing a gradual increase
of the signal at 287.5 + 0.2 €V coming from the C - F bonding (while the C - O bonding
has close binding energies, the signal was confirmed as a C - F response). Subsequently,
we observe a signal decrease of the FA™ imidine (288.3 £ 0.2 eV) and MA™ (286.4 £ 0.2
eV) bonds resulting from the 3D perovskite underneath. Similar observations are made
on the FA™T contribution (400.9 + 0.2 eV) from the N1s spectra, which disappears for the
highest 10 mg.mL~! concentration. The C - N bond originating from MA™ contribution
in the 3D perovskite and the C - N bond of the 2D molecule have very close binding
energies (402.4 4+ 0.2 eV), which explains the increase of this peak for higher 4-FPEAI
concentrations, most probably attributed to the 2D layer. Correspondingly, Pb4f and 13d
peaks come both from 2D and 3D perovskites. However, the iodine/lead ratio increases
from 3.35 for pristine to 3.82 for 10 mg.mL~! sample, getting closer to the one of the
pure 2D reference (theoretical I/Pb ratio of 2.5 in the 3D perovskite, and 4 in the 2D).
Meanwhile, Cs3ds/; and Cs3d3/, peaks at 725.0 and 739.1 eV, brought only by the 3D
perovskite, disappear, meaning that the 2D layer becomes thick enough to prevent the
3D perovskite from being detected by XPS measurements.

Numerous measurements performed for each experimental condition confirmed the
spatial homogeneity of the surface composition (400 pm spot size) and the repeatability
of measured data. At the same time, SEM and AFM images from Figures 3.7 and 3.8
showed good coverage of the 2D layer formed. Furthermore, Perini et al., who studied
the deposition of PEAI, OAI, and OABr spacers on a 3D perovskite composition similar
ours, provided high-resolution XPS spectra with identical trends than the ones observed
in this work |Perini et al. 2021].

Therefore, we conclude that for 2.5 mg.mL~! samples, the measured XPS signal orig-
inates from the 2D layer and the 3D perovskite underneath, due to a nanometric 2D layer
thickness. By increasing 4-FPEAI solution concentration, the 2D overlayer gets thicker
and progressively screens the 3D layer signal, confirming previous correlations between
4-FPEAI solution concentration and 2D layer thickness. Surprisingly, Br3d spectra, con-
trarily to Cs3d, remain similar between pristine and 4-FPEAI treated samples, while
its presence is only expected within the 3D phase. This finding raises a question about
bromine distribution in the 2D /3D structure, and its role in the formation mechanism of
the 2D perovskite layer, which will be discussed in the next chapter. Using XPS quanti-
tative information, the atomic percentage of every element and corresponding key atomic
ratios at the material surface was determined for the pure 2D perovskite, pristine and
all 4-FPEALI treated samples. These experimental ratios were compared to the expected
ratios obtained from theoretical stoichiometry. The atomic percentages are gathered in
Table 3.2, along with the most meaningful C/N ratio. For conciseness purposes, only
such tables will be presented for the next studies instead of presenting high-resolution
spectra.

Pure 2D and pristine 3D perovskite present very different chemical compositions.
Fluorine is exclusive to the 2D phase, and bromine and cesium are found only in the 3D
layer. After 2.5 mg.mL~! 4-FPEAI treatment, the surface chemical composition evolves
halfway between 2D and 3D perovskite references, confirming that the 2D layer is only
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Table 3.2: XPS surface chemical composition of a pristine 3D perovskite, a pure

2D perovskite, and 4-FPEAI treated samples for all concentrations studied.

Pristine 3D | 2.5 mg.mL™!' 5 mgmL~! 10 mgmL™' | Pure 2D
Cls 31.6 £ 3.5 46.7 £ 1.2 60.0 £ 0.6  62.6 0.4 | 623 £0.7
13d5,2 31.5 +£ 2.2 21.3 +£0.5 14.1 £ 0.5 13.0+ 05 | 16.3+04
Nls 182+ 1.1 13.3 £ 0.3 8.8 £ 0.2 7.9 £ 0.3 7.7 +£0.2
Pbdfy 9.4+ 0.6 6.3 £ 0.2 3.8+ 0.1 3.4+0.1 3.0+ 0.1
Ol1s° 4.5+ 1.2 1.9+0.2 1.4+ 0.6 1.4+ 1.0 1.6 £0.9
F1s® - 55+ 0.2 8.0+04 8.3+ 0.6 8.6 £ 0.2
Cs3ds 0" || 0.6 + 0.0 0.4 £ 0.0 0.1 £0.0 0.1 £0.0 -
Br3d® 5.2+ 0.3 4.7 £ 0.1 3.8 +£0.1 3.4+£0.1 -
C/N ratio 1.7 3.5 6.8 7.9 8.1

¢ Only in 4-FPEAL
b Only in 3D perovskite.
¢ Ambient carbonaceous contamination.

a few nanometers thick (lower than the depth probed with XPS), and that the top 2D
layer and 3D perovskite underneath are detected. As 4-FPEAI solution concentration
increases, the surface chemical composition of 4-FPEAI treated samples tends to the one
of a pure 2D perovskite, giving us indications about the thickness evolution of the 2D
layer. At the highest 10 mg.mL~! concentration, the chemical composition is almost
identical to a pure 2D layer, as illustrated by the C/N ratio. Thus, we conclude that
with 5 mg.mL~!, the 2D layer thickness has increased compared to 2.5 mg.mL~!, but
remains slightly lower than the 10 nm of XPS scanning depth. At 10 mg.mL~!, however,
no more 3D perovskite is detected, and the 2D layer thickness should be greater than
10 nm, supporting the 30 nm thickness estimation made with cross-section SEM. As
seen in the high-resolution spectra, the bromine amount within the material’s surface
remains noteworthy regardless of 4-FPEAI concentration, highlighting the importance of
the study performed in the next chapter.

In-depth profiling

To assess the elemental distribution within 2D and 3D layers and to position their inter-
face, XPS in-depth profiling was performed on pristine and 4-FPEAI treated samples,
and the results are displayed in Figure 3.12. The procedure for these measurements is de-
tailed in Section 2.2.3. Due to the quick evolution in chemical composition of the surface
of 4-FPEAI treated samples, the sputtering steps between each analysis were shortened
to 20 seconds. After 200 seconds of etching time, sputtering steps were set back to 60
seconds each, until the TiOy layer was reached.

For the pristine sample in Figure 3.12a, after the first sputtering sequence, a radical
decrease of the Cls content is observed due to the elimination of superficial adventitious
contamination and the degradation of the C-N bounds due to Ar"™ bombardment, in
line with the Nls decrease also visible |Cacovich et al. 2022]. Going to the second
scan, Cls, Nls, and Pb4f amounts are stable along the layer. As the perovskite layer
is etched, the iodine/bromine ratio decreases from 6.8 to 4.1, suggesting inhomogeneous
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halide distribution, with more iodine towards the 3D perovskite surface, and bromine
moving to the bottom of the layer, as shown in the paper above. After 400 seconds, Ols
and Ti2p signals increase while the 3D perovskite elements decrease, pinpointing the
end of the layer. This evolution is progressive due to the intermixing of 3D perovskite
and mesoporous-TiOy layers. We consider that the interface between the 3D perovskite
and the TiOg layer is reached when Ols and Ti2p signals get close to the half of their
maximum value, which is estimated for this sample close to 500 seconds of etching, in
agreement with other works on the same perovskite [Cacovich et al. 2022].
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Figure 3.12: Atomic percentage evolution of chemical elements over etching time,
for pristine, 2.5, 5, and 10 mg.mL~! samples.

The 2.5 mg.mL~! sample from Figure 3.12b shows equivalent behavior to pristine
material, with similar atomic percentages evolution (only more continuous due to more
frequent scans), and TiO9 layer reached after comparable etching times. A 5% fluorine
signal in the first scan is the only indication of the 2D perovskite, confirming its shallow
thickness. On the other hand, 5 and 10 mg.mL~! samples reveal a different outcome.
Correspondingly to the 2D perovskite surface composition seen in Table 3.2, the first
scan (performed before any etching) on these samples show higher Cls and lower 13d
and Pb4f amounts. The composition gradually moves from a 2D to a 3D perovskite
stoichiometry, suggesting a not well defined interface between 2D and 3D phases. Fls
signal also confirms the 2D layer presence, but its content decreases after the first scan,
stabilizing then around a few percents along the 2D layer profiling. This intensity decrease
is however stronger than expected, possibly due to the volatile nature of fluorine, which
would get removed from the layer during etching, or because of a 4-FPEAI aggregation
in the first few nanometers of the 2D layer. With a more visible 2D layer, it became
possible to estimate the interface between 2D and 3D materials.
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Just like for the 3D perovskite/TiO interface, the 2D /3D interface was defined as
the point when the percentage of 13d and Cls elements is halfway their value in the 2D
layer and their value in the 3D perovskite. Therefore, the 2D /3D interface is reached
after 60s of etching for the 5 mg.mL~! sample, and 170s for the 10 mg.mL~' sample.
Using surface XPS, we estimated the 2D layer thickness to be slightly lower than 10 nm
in the 5 mg.mL~! sample. Hence, by considering a constant etching speed in the 2D
layer, its thickness should be around 2.8x greater in the 10 mg.mL~! sample than in the
5 mg.mL~! one, leading to a maximum thickness of around 25 to 30 nm, consistent with
our previous observations, and with the orders of magnitude found in the literature for
such structures [Liu et al. 2019a,La-Placa et al. 2019].

3.2.4 Solvent washing of the 2D layer

Despite a fairly repeatable process, higher 4-FPEAI solution concentrations combined
with small operator-dependant variations during synthesis led to the fabrication of some
samples with unusually thick 2D layers. As seen in Figures 3.13, 3.14a, and 3.14b, this
kind of sample, named "thick 10 mg.mL~'", exhibits more intense 2D contributions
during XRD measurements, and shows a drastically different morphology in comparison
with classic 10 mg.mL~! samples, with big flakes instead of a quite uniform layer with
smaller grains on top. In addition to the more intense 2D peaks, the diffractogram of the
thick 10 mg.mL~! sample shows new peaks regularly distributed at 4.5, 9.0, 17.9, and
22.5°. These peaks do not correspond to a 2D perovskite phase, and so, based on work
from Jiang et al., who observed similar phenomenon with PEAI cation salt, we believe
they correspond to a crystallized 4-FPEAI phase [Jiang et al. 2019a].
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Figure 3.13: XRD patterns of a 10 mg.mL~! sample thick 10 mg.mL~! samples,
before and after IPA washing subsequently to 2D perovskite layer annealing.
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This phase would be formed after a complete depletion of Pbly used by 4-FPEAI to
form the 2D perovskite. As a result, excess 4-FPEAI would crystallize on the sample
surface during the annealing. As shown in the next subsection, such 2D layer thicknesses
are already suboptimal for device applications. Thus, the optoelectronic effects induced
by this supplementary cation salt phase were not studied, and instead, a way to remove
this compound was explored.

While 4-FPEAI cation salt is solvable in IPA, it should be different for the (4-
FPEA),Pbly 2D perovskite phase. Regarding this assumption, after annealing the 2D
layer, 100 pL of IPA was spin-coated on the sample’s surface as a subsequent washing
process. Figures 3.13 and 3.14c display the consequence of this IPA washing. All peaks
from the 4-FPEALI crystalline phase disappeared without altering both 2D and 3D phases
noticeably. On the sample surface, partial etching of the top layer is observed, and most
of the flakes disappeared, leaving what are expected to be small (4-FPEA)oPbl, grains
(few nanometers to few tens of nanometers). As a result, the surface aspect is much more
similar to a classic 10 mg.mL~!, with less visible 3D perovskite grains underneath due
to the thicker 2D layer. These observations suggest that IPA is a viable washing solvent
to clean the 2D perovskite surface without damaging it.

(b) (c)
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Figure 3.14: SEM images of (b) 10 mg.mL™", (c¢) thick 10 mg.mL™", and (d) IPA-
washed thick 10 mg.mL~! samples.

Surface XPS measurements were performed on 10 mg.mL~! 4-FPEAI treated sam-
ples, with and without IPA washing, to assess its effect on the 2D perovskite layer.
However, samples used for this study are classic 10 mg.mL~! for several reasons. First,
thick 10 mg.mL~! samples are uncommon products of the 4-FPEAI treatment process
with this concentration. Secondly, it was not possible to discriminate thick 10 mg.mL ™"
samples and standard ones before sending them for XPS measurements, as samples had
to be kept in inert atmosphere before measurements to prevent surface contamination as
much as possible. Finally, we did not want to increase further 4-FPEAI concentration to
try obtaining such samples more repeatably.

Surface chemical composition of 10 mg.mL~! samples before and after IPA washing
are presented in Table 3.3. Without IPA washing, sample surface composition is similar to
10 mg.mL~! samples from the previous study in Table 3.2. As a result of IPA washing, the
surface chemical composition is modified and the C/N ratio decreases, getting between
the ones of 2.5 and 5 mg.mL~! samples. This result could either indicate a significant
decrease in the 2D layer thickness or a modification of its stoichiometry. XPS in-depth
profiling, shown in Figure 3.15 was used to arbitrate between these two hypotheses.
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Table 3.3: XPS surface chemical composition of a pristine 3D perovskite, and 10
mg.mL~! samples without and with IPA washing.

Pristine 3D 10 mg.mL~*
+ IPA washing
Cls 31.6 £3.5 | 63.6 + 0.1 472 £ 0.1
13d5, 31.5+22 [ 13.0+ 0.1 22.6 + 0.5
N1s 182+ 1.1 | 7.9+ 0.1 10.2 + 0.2
PbAfy 94406 | 3.1+0.0 7.3+ 0.2
O1s¢ 454+12 | 05+0.1 1.8 +0.1
Fls® - 8.8 4+ 0.1 6.6 + 0.2
Cs3ds/2” || 0.64+0.0 | 0.0+ 0.0 0.2 + 0.0
Br3d® 52403 | 32400 41401
C/N ratio 1.7 8.1 4.6

¢ Only in 4-FPEAIL
® Only in 3D perovskite.
¢ Ambient carbonaceous contamination.

The chemical composition of the 10 mg.mL~! sample in Figure 3.15a evolves similarly
to the same sample from Figure 3.12d, and so, will not be commented again. The only
difference is that the 3D perovskite/TiO9 interface is reached later, possibly due to a
lower etching rate caused by denser/thicker perovskite layers. After IPA washing, two
main changes are visible. First, the 2D layer gets significantly thinner as it is without
washing, reducing the etching time required to reach the 2D /3D interface from 185 to 100
seconds (which is closer to a 5 mg.mL~! sample from Figure 3.12c). The second change
is the different surface composition, with lower Cls and F1s amounts, and proportionally
increased Nl1s, Pb4f, 13d, and Br3d signals. It confirms that IPA not only removes the
crystallized 4-FPEAI phase but also etches the 2D perovskite.

= (a) 10 mg.mL™* (b) 10 mg.mL™* + IPA washing
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Figure 3.15: Atomic percentage evolution of chemical elements with etching time,
(a) a 10 mg.mL~! sample, (b) washed with IPA after 2D perovskite annealing.
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This study revealed the possibility of using IPA as a washing solvent to clean a 2D /3D
perovskite structure, removing crystallized 2D cation salt from its surface. However, it
also highlighted that IPA might not be the best solvent for this purpose, as it noticeably
solves the 2D perovskite phase.

3.3 Static deposition of the 2D precursor solution

The previous section investigated the formation of a 2D /3D structure by focusing on
4-FPEAI solution concentration. This study revealed the significant effect of this pa-
rameter on the 2D perovskite layer, and provided a better understanding of the 2D /3D
structure properties. As presented in the first chapter of this work, the development
of industrial-scale devices with greater active areas (> 100 cm?) is crucial for PSCs.
Larger-scale techniques commonly use longer coating windows, i.e., longer times between
the deposition of the precursor solution and the extraction of excess solvent, than spin-
coating [Yang et al. 2017, Howard et al. 2019].

Therefore, to acquire more knowledge on the 2D /3D structure and figure out how
the formation of a 2D perovskite on a 3D layer could be compatible with such processes,
another synthesis parameter was studied in the form of a modified deposition method
that would be more comparable to solution processing techniques for larger devices. This
new deposition procedure was inspired by several works, which used a prolonged contact
between the annealed 3D perovskite and the 2D precursor solution. This prolonged
contact was realized either by dipping the samples into the 2D solution, or by depositing
this solution for a specific soaking time, and annealing again the samples after removing
the excess solvent to form the 2D perovskite [Zhao et al. 2016, Wu et al. 2020, Teale
et al. 2020].

3.3.1 Deposition process

So far, after the 3D perovskite crystallization, 100 pL of 4-FPEAI solution in IPA was
deposited dynamically during a 30-second spin-coating procedure, followed by a 5 minutes
annealing step at 100 °C to form the 2D perovskite. Instead, 100 pL of the 4-FPEAI
precursor solution was deposited statically onto the 3D layer and left for a certain amount
of soaking time. After reaching the desired time, the same spin-coating and annealing
steps were used to remove solution excess from the sample surface and form the 2D
perovskite layer (spin-coating was still used to remove excess solvent for practical reasons,
the object of this study being the soaking time between 2D precursor solution and the
3D layer). The deposition procedure of these new experimental conditions is illustrated
in Figure 3.16.

Based on results from the previous section and the next one dedicated to device
applications, the 2.5 mg.mL™! solution concentration was used for this study. Dynamic
deposition was compared to static deposition using 10 and 30 seconds soaking times (later
designated as dynamic, static 10s, and static 30s). An extra condition, with 5 minutes of
soaking time, was also used to investigate the effect of prolonged contact between the 3D
perovskite and 4-FPEAI solution. The characterizations performed on this experimental
condition are presented in Annex A.2.
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Figure 3.16: Spin-coating deposition procedure for dynamic and static (10 or 30
seconds soaking time) 4-FPEAT treated samples.

3.3.2 Impact on the 2D layer

To analyze the properties of the 2D perovskite layer formed with this static deposition,
we used the same characterization methods than in the previous study in Section 3.2.

Optical properties

Looking at absorption and PL spectra from Figure 3.17, increasing the soaking time of
4-FPEATI solution on the 3D perovskite surface leads to a similar result than increasing
the solution concentration, but to a considerably lesser extent.
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Figure 3.17: (a) Optical absorption and (b) PL spectra of pristine and 4-FPEAI

treated samples for all soaking times.
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In Figure 3.17a, the difference between the absorption spectra of each condition is
insignificant, except for the static 30s. This sample shows similar features to 5 and 10
mg.mL~! samples in Figure 3.5 which are characteristic of the 2D perovskite presence
(absorption increase under 550 nm, with an inflection around 500 nm). Nevertheless,
these features are comparatively smaller in the static 30s sample than in the 5 mg.mL ™!
one. Regarding PL spectra from Figure 3.17b, analogous comments can be made on the
emission properties of the layer. Increasing soaking time does not affect the 3D perovskite
bulk and leads to a brighter 2D phase. However, even with the longest soaking time,
the PL signal is only increased by a factor of 3, which is slightly lower than the increase
observed by increasing 4-FPEALI solution concentration from 2.5 to 5 mg.mL~!.

Structural and morphological properties

The 2D layer was also characterized with XRD. The resulting zoomed diffractograms in
Figure 3.18b corroborate the trend from optical measurements, with a slight increase of
the 2D phase signal with longer soaking times. This result would confirm that increasing
soaking time forms a greater 2D perovskite amount. Unlike in Figure 3.3b, more 2D
perovskite is not correlated with an intensity decrease of the Pbly peak. This peak is
reduced after dynamic 4-FPEAI solution deposition, but with greater soaking times, it
increases back. Furthermore, based on Figure 3.18a, static deposition modifies the 3D
perovskite peaks in favor of (011) direction, detrimentally to (001) plans.
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‘e |— Dynamic 2
% y Static 30s :
© Static 10s
— Pristine Dynamic
w Pristine
5 10 15 20 25 30 35 5 6 7 8 9 10 11 12 13 14 15

Angle 2theta (degree) Angle 2theta (degree)

Figure 3.18: (a) XRD pattern of pristine and 4-FPEAI treated (2.5 mg.mL™")
samples for all soaking times, (b) zoomed on first 2D and 3D perovskites peaks.

Both statements are confirmed in Table 3.4, which reports the area of Pbly, (001), and
(011) peaks of the 3D perovskite, extracted from XRD measurements. These data suggest
that a prolonged contact between 4-FPEAT solution and the 3D perovskite material leads
to the degradation of this layer.

SEM was performed on all 4-FPEAI treated samples. The resulting images shown
in Figures 3.19a% 3.19b, and 3.19¢ reveal only a negligible evolution of the 2D layer
thickness between all soaking times, and 3D perovskite grains remain visible regardless
of the soaking time. As this time increases, a growing number of small grains appear

®top-right area masked to hide a hole in the 3D layer unrelated to 4-FPEAI treatment
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Table 3.4: XRD parameters of Pbly peak, (001) and (011) peaks from the 3D
perovskite in pristine and 4-FPEAI treated samples for all soaking times.

Area (ctsx°20) (001)/Pbly | (001)/(011)
Pbl, | (001) | (011) ratio ratio
Pristine || 49.1 | 377.8 | 60.0 7.7 6.3
Dynamic || 21.9 | 443.7 | 50.85 20.3 8.7
Static 10s || 33.6 | 293.1 | 112.0 8.7 2.6
Static 30s || 30.7 | 300.4 | 84.5 9.8 3.6

on the material’s surface. For 30 seconds of soaking, these small grains start coalescing
into bigger aggregates, suggesting the formation of a more inhomogeneous 2D layer and
inducing a rougher surface.

(b)

Statc 10s

(c)

Static 30s

Figure 3.19: SEM images of (a) dynamic, (b) static 10s, and (c) static 30s samples.

Surface roughness was also estimated for each sample. After demonstrating in Section
3.2.2 that AFM and confocal microscopy led to similar results for roughness measure-
ments, only confocal microscopy was used here. The distribution of roughness values,
obtained through several measurements, are displayed in Figure 3.20, while average val-
ues for each soaking time are presented in Table 3.5.

Due to the irregular segregation of 2D perovskite grains on the material surface
observed with SEM, static depositions leads to higher and more inhomogeneous roughness
values compared to dynamic deposition.

Table 3.5: Average S, and S, roughness of pristine and 4-FPEAI treated samples.

|| Sq roughness (nm) | Sqroughness (nm)

Pristine 23 18
Dynamic 21 17
Static 10s 31 25
Static 30s 24 19
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Figure 3.20: Distribution of (a) S, and (b) S, roughness measured with confocal
microscopy on pristine, and 4-FPEAI treated samples for each soaking time.

Confirmation of the results with XPS

This soaking time study was completed with XPS measurements. Table 3.6 sums-up
these measurements and shows the surface atomic percentage measured for each sample.
Reference pristine 3D and pure 2D surface compositions are identical to the ones from
the 4-FPEAI solution concentration study, as well as the 2.5 mg.mL~! sample, which
is labeled here as dynamic. The use of a static deposition does not induce a significant
evolution of surface composition. After 10 seconds of soaking, the surface composition is
slightly closer to the pure 2D perovskite. However, for 30 seconds of soaking, it comes
back closer to the dynamic sample, with increased standard deviation.

Table 3.6: XPS surface chemical composition of pristine 3D perovskite, (4-
FPEA),Pbly pure 2D perovskite, and 4-FPEAI treated samples for all soaking
times.

Pristine 3D 2.5 mg.mL ™! Pure 2D
Dynamic | Static 10s | Static 30s
Cls 316 £35 [ 467+ 12 |524+10 | 4744+38|623+0.7
13d5/2 31.5+22 | 21.3+£05|17.0+ 0.7 | 20.7 +4.0 | 16.3 =04
Nis 182 4+1.1 | 13.34+03|11.1+03]103+09 | 7.7+0.2
Pbaf; 9.4+ 0.6 6.3+£02 | 49+£02 | 6.5+1.6 | 3.0+ 0.1
O1s® 45+ 1.2 1.9+ 0.2 234+ 1.2 3.7+ 2.2 1.6 + 0.9
F1s® - 55+02 | 694+08 | 6.0+09 | 86 +0.2
Cs3d5/2b 0.6 £ 0.0 0.3 £0.1 0.4 + 0.1 0.1 £0.0 -
Br3d? 5.2 +0.3 4.7+ 0.1 5.0+£02 | 49402 -

% Only in 4-FPEAL

b Only in 3D perovskite.

¢ Ambient carbonaceous contamination.

While these results confirm that switching from a dynamic to a static deposition
increase the 2D layer thickness, they also reveal that this method is ineffective, for several
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reasons. First, with 30 seconds of soaking, most of the characterizations performed
provided inhomogeneous results. Secondly, the surface chemical composition of the 5
mg.mL~! sample (see Table 3.2 from the previous study) was much closer to the 2D
perovskite reference than static 10s and 30s samples. Therefore, increasing 4-FPEAI
solution concentration was more efficient in forming a thicker 2D layer. Therefore, using
a static deposition does not provide a good control over layer thickness, and in this
regard, increasing 4-FPEAI solution concentration is a much more efficient technique.
Purely based on material properties, the low effect on 2D layer thickness, added to the
lack of repeatability in the results obtained, were sufficient to discard the use of soaking
time as the main synthesis parameter to control the formation of a 2D /3D structure.

3.3.3 Effect of 2D solution solvent on the 3D perovskite

The last investigation was performed to decorrelate the effects on the 3D perovskite
of pure IPA solvent from the effects of the 4-FPEAI solution. The same experimental
conditions used in the soaking time study - pristine, dynamic, static 10s, and static 30s -
were applied again. However, 2.5 mg.mL~! 4-FPEAI solution in IPA was replaced with
pure IPA leading to the new conditions named pristine, IPA dynamic, IPA static 10s,
and TPA static 30s. A sample with 5 minutes soaking time was also added and will be
referred as IPA 5bmins. These samples were characterized with XRD and SEM. Resulting
diffractograms and peak parameters are presented in Figure 3.21 and Table 3.7 and reveal
a clear trend.
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Figure 3.21: XRD pattern of pristine and IPA treated samples using dynamic or
static deposition with 10 seconds, 30 seconds, or 5 minutes soaking time.
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Here, increasing the soaking time leads to a slight decrease of peaks from the 3D phase
while significantly enhancing the Pbly peak. This suggests that the 3D phase is more
damaged in contact with IPA than in contact with the 4-FPEAI solution. Furthermore,
this decrease of 3D perovskite peaks with IPA treatment seems distributed evenly among
all crystallographic directions, instead of specifically on the (001) plans as seen with 4-
FPEAI treatment.

Table 3.7: XRD parameters of Pbl, peak and (001) peak from the 3D perovskite
in pristine and IPA treated samples.

Area (ctsx°20) (001)/Pbly | (001)/(011)
Pbl, | (001) | (011) ratio ratio
Pristine 66.0 | 270.7 | 126.7 4.1 2.1
IPA dynamic 61.1 | 285.8 | 133.2 4.68 2.1
IPA static 10s || 161.5 | 266.2 | 141.5 1.65 1.9
IPA static 30s || 178.8 | 276.0 | 116.4 1.54 2.4
IPA static 5mins || 235.3 | 245.7 | 121.0 1.04 2.0

SEM images from Figure 3.22 align with XRD observations as the quite uniform pris-
tine 3D layer, after being exposed to IPA for longer times, is progressively degraded. With
the dynamic deposition of IPA solvent, this degradation effect remains mild. Switching
to static deposition induces more pronounced damages to the layer. After 10 seconds
of soaking time, the surface remains fairly homogeneous, with the appearance of a few
damaged areas. Increasing soaking time to 30 seconds, most of the surface is altered, and
several granular layers at different depths are seen. After 5 minutes of soaking, the layer
is entirely damaged and gets a porous aspect, showing numerous holes. While grain size
is not modified by IPA, the solvent gradually etched the 3D perovskite in a way that was
not seen with the 4-FPEAI treatment.

Therefore, while direct contact with IPA is detrimental to the 3D perovskite layer,
this phenomenon is hindered by applying only short soaking times, kept under about ten
seconds. Furthermore, the formation of a 2D perovskite layer, driven by the deposition of
a 4-FPEAI solution, tempers this degradation effect. To a lesser extent, these results are
supported by work from Yoo et al. In their work, they considered IPA as a problematic
solvent due to its polar protic nature and ability to solubilize FAI, and applied what
they called a "selective precursor dissolution (SPD)" strategy. This method consisted in
choosing first a solvent considered harmless for the 3D perovskite: chloroform, which had
already been used as an anti-solvent for 3D perovskites, and combine it to a 2D cation
salt that was soluble in this solvent: n-hexylammonium bromide [Yoo et al. 2019].

To conclude, this study raised significant problems regarding the use of a dipping
process to form a 2D /3D structure. The formation of a 2D perovskite layer on 3D bulk
using short soaking times did not prove to be very problematic in our configuration (4-
FPEAT solution in IPA, deposited on a FA-based triple-cation 3D perovskite). More
generally, the results obtained on longer soaking times raise a question about the pos-
sibility to apply this process in larger devices, as fast excess solvent disposal, trivial in
spin-coating deposition, is a more critical issue in large-scale techniques such as blade-
coating or slot-die coating. However, Liu et al. successfully formed a 2D /3D structure
by dipping pristine 3D samples in a 2D precursor solution and annealing it without any
excess solvent removal, which could be an interesting approach to investigate [Liu et al.
2019a]. Nevertheless, our current process, while being adapted to synthesize 2D /3D
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structures with spin-coating, requires further solvent and 2D cation salt engineering to
be applied in up-scale deposition methods with longer coating windows.

(a) (b)

Pristine IPA Dynamic

() (e)

SOk

Figure 3.22: SEM surface images of (a) pristine, (b) IPA dynamic, (c¢) IPA static
10s, (d) IPA static 30s, and (e) IPA static 5mins samples.

3.4 Device applications

In this chapter, Sections 3.2 and 3.3 were focused on a material study of the 2D /3D struc-
ture, varying two different synthesis parameters: concentration of the 4-FPEAI solution,
and the soaking time of this solution onto the 3D perovskite. The following section will
focus on applying the 2D /3D structure in solar cells to improve their performances.

3.4.1 Optimal synthesis parameters

To focus on a single 2D /3D experimental condition, we first investigated which syn-
thesis parameter among the ones studied during this chapter provided the best device
performances. On the one hand, we compared the photovoltaic parameters of devices
using pristine, dynamic, static 10s, and static 30s materials. On the other hand, this
comparison was carried out between 2.5, 5, 7.5, and 10 mg.mL~! 4-FPEAI solution con-
centrations. The distribution of photovoltaic parameters for each condition is presented
in Figure 3.23 for soaking times, and in Figure 3.24 for solution concentrations.
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Looking first at the soaking time study, dynamic deposition leads to the best PCEs,
along with more repeatable data. More inhomogeneous results are obtained with the use
of a 30 seconds soaking time, corroborating the observations made during the material
study in Section 3.3. Hence, dynamic deposition was preferred over static deposition for
device applications.
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Figure 3.23: PCE, Voc, Jsc, and FF distribution of 4-FPEAI treated cells for
each soaking time. (RV: blue, FW: green ; 4 cells/condition)

Similarly to the material studies, tuning the concentration of the 4-FPEAI solution
results in more drastic changes than increasing the deposition soaking time. As a result,
the solar cells exhibit significantly altered PV parameters regarding the 4-FPEAT solution
concentration used.

The overall best efficiency is obtained with the lowest 2.5 mg.mL~! concentration,
and a significant efficiency drop is observed for higher concentrations. Noticeable losses
in open-circuit voltage Voo are seen. However, this characteristic is not the main one
affected by the 2D layer thickness increase, and fill factor FF shows a more significant
and continuous decrease. This suggests that increasing 4-FPEAI solution concentration,
is detrimental to device performances and leads to higher resistive losses. The most
affected parameter is short-circuit current density (Jgc), which is almost halved for
higher concentrations. This behavior could be caused by the formation of a too-thick 2D
perovskite that would start blocking charge extraction towards the electrodes.

Hence, the use of a 2.5 mg.mL~! 4-FPEATI solution concentration, deposited dynam-
ically on the 3D perovskite, was defined as the routine process for 4-FPEAI treatment of
PV devices. It was applied for the following study and all collaborations within IPVF.
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Figure 3.24: PCE, Voc, Jsc, and FF distribution of pristine and 4-FPEAT treated
cells for each solution concentration. (RV: blue, FW: green ; 4 cells/condition)

3.4.2 Device improvement with 2D /3D structure
Efficiency

After choosing the dynamic deposition of a 2.5 mg.mL~' 4-FPEAI solution as the best
experimental condition, we focused on assessing its impact on solar cell devices compared
to the pristine 3D material. The distribution of photovoltaic parameters for both pristine
and 2.5 mg.mL~! devices are presented in Figure 3.25.
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Figure 3.25: PCE, Voc, Jsc, and FF distribution of pristine and 2.5 mg.mL™!
devices (8 cells/condition). (RV: blue, FW: green ; 8 cells/condition)

These results report a systematic significant average Voo improvement of 40 mV with
4-FPEALI treatment. Statistically negligible variations are observed on Jgco and FF in
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comparison with pristine samples, as Jg¢ undergoes a slight increase, while FF slightly
decreases. As a result, 4-FPEAI treatment of the 3D perovskite leads to an average
efficiency increase of 0.8% for 2.5 mg.mL~! devices compared to pristine. A moderate
Jsc improvement is corroborated by the average EQE data from Figure 3.26a, with an

integrated Jgc going from 18.74 to 19.29 mA /em? with 4-FPEAI treatment.
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Figure 3.26: (a) PCE, V¢, Jsc, and FF distribution of pristine and 2.5 mg.mL ™!
devices (8 cells/condition). (b) EQE of pristine and 2.5 mg.mL~! devices averaged
from devices in (a). (c¢) JV curve of best working pristine and 2.5 mg.mL~"! devices.

Consistently with the literature, the V¢ increase is attributed to surface passivation
of the 3D perovskite by the 2D layer, inducing a reduction of non-radiative recombinations
at the perovskite/HTL interface. Furthermore, the slightly better Jg¢, in correlation
with enhanced EQE for higher wavelengths, would indicate improved charge extraction
to the HTL |Li et al. 2020b, Kim et al. 2021, Mahmud et al. 2021a]. Ultimately, the
JV characteristic and photovoltaic parameters of best working pristine and 2.5 mg.mL ™"
devices from Figure 3.26b display encouraging results, with the achievement of a PCE
> 20%. Thus, these results validated the potential of our 4-FPEAI treatment process to
improve the efficiency of PSCs while pushing us to study it further with, for example,
new 3D perovskite compositions or larger-scale devices.

Stability

The effect of 4-FPEAI treatment on device stability was assessed with maximum power
point tracking (MPPT) of devices under a continuous 1-sun illumination (without UV)
within inert atmosphere and controlled temperature of 25 °C. An important improvement
of the stability under illumination is seen in Figure 3.27 with the 2D perovskite addition,
with 70% of the initial PCE remaining after 110 hours, compared to 32% for the pristine
sample. This result supports a reduction of light-induced ionic migration observed in the
literature, which is an important cause of intrinsic perovskite degradation [Huang et al.
2019, Zheng et al. 2020, Mahmud et al. 2021a].

These promising observations reveal the potential of the 2D perovskite layer to im-
prove the stability of 3D perovskite-based PSCs. Pushing further this study by assessing
device stability for longer operating times, under ambient conditions, increased humidity,
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or thermal stress, would be interesting to obtain a deeper understanding of the 2D /3D
structure degradation mechanisms and optimize the devices using this structure.

1.2

— 2.5mg.mL?

— Pristine
1.0

0.8 1

0.6

Normalized PCE

0.4 +

0.2

0-0 T T T T T
0 20 40 60 80 100

Exposure Time (hours)

Figure 3.27: Maximum Power Point Tracking (MPPT) of pristine and 2.5 mg.mL~!
devices under continuous 1-sun illumination (without UV).

3.4.3 Upscale to mini-modules

On behalf of the good results obtained by adding 4-FPEAI treatment to the triple-cation
process for 0.09 cm? solar cells, we investigated its applicability to higher-scale devices.

Therefore, 4-FPEAI treatment was included in the fabrication process of perovskite mini-
modules developed at IPVF.

P1/P2/P3 architecture

Until now, solar cell devices were made using spin-coating deposition on 2x2 cm? sub-
strates and with a final active surface of 0.09 cm?. It was established in IPVF that
perovskite films formed by spin-coating were uniformed when deposited on substrates
up to 5x5 cm? wide. Therefore, in order to keep using spin-coating deposition, the
fabrication of mini-modules was realized on such substrates. Hence, the fabrication of
mini-modules matched the baseline process detailed in Section 2.1 from ETL to gold
cathode, and only solution volumes were adapted when necessary.

With such active areas, one-cell devices would produce much higher photo-currents,
leading to a drastic increase in resistive losses. Therefore, mini-modules were divided
into smaller "sub-cells" to limit this phenomenon. These sub-cells were all intercon-
nected in series thanks to P1/P2/P3 laser patterning, illustrated in Figure 3.28a. This
method consists of a series of three different scribing steps, each one mandatory to obtain
functioning devices [Walter et al. 2018, Brooks and Nazeeruddin 2021]:

e P1 takes place on glass/FTO substrates, and patterns the FTO layer to insulate
the front transparent contact of each individual sub-cell.

e P2 scribing is performed after HTL deposition, down to the FTO layer, to inter-
connect each sub-cell in series.
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e P3 is performed last on the evaporated gold back contact, down to the FTO layer
aswell, to separate each sub-cell.

The resulting area between P1 and P3 scribings of each sub-cell no longer produces
a collectible electric current and so, becomes a dead area, characterized by its width Wy.
Within the dead area, two security areas (SA) are left between P1/P2 and P2/P3 scrib-
ings to prevent misalignment in the scribings that would hinder module performances.
On the other hand, the working part of each sub-cell is named the active area, character-
ized by its width W,. Hence, optimizing the width of dead and security areas is crucial
to limit efficiency losses when up-scaling cells to modules.

Gold
HTL

PVK

Tio,
FTO

1
Glass ! ! !

T T
Active area Dead area

T
Sub-cell

Figure 3.28: (a) Schematic of P1/P2/P3 scribings for perovskite mini-modules.
(b) Photo of a 4 cm? mini-module used in this study.

These scribings were made with an Innolas ILS LT laser system producing monochro-
matic 10 ps pulses at 400 kHz either with a 355 nm UV laser or a 532 nm green laser.
For P1 scribing, the UV laser was used at maximum power. For P2 and P3, the green
laser was used with respective powers of 12.7 W and 0.5 W.

For encapsulation purposes, the whole 5x5 cm? substrate could not be used as an
active surface. Hence, the mini-module architecture for stability measurements was com-
posed of 5 sub-cells of 0.8 cm? each, leading to a total mini-module area of 4 cm?.
The picture of a mini-module in Figure 3.28b shows this architecture. Finally, electrical

contacts and encapsulation took place similarly to smaller-scale devices.

Device results

Preliminary results obtained on mini-modules in Figure 3.29 reveal a similar trend to
small cells. With 4-FPEAI treatment, a V¢ increase from 4.4 to 4.6 V is obtained, which
is proportionally close to the results obtained with cells (+ 40 mV for cells, vs. + 200 mV
for mini-modules with 4x bigger Vo). Additionally, Jg¢ is also slightly improved, while
FF is a bit reduced, resulting in average mini-module efficiency enhanced from 16.81 to
17.70%. This result confirms the similar effect of 4-FPEAI treatment on devices with
greater active areas. Furthermore, the PCEs obtained for these mini-modules are fairly
close to the state of the art on devices with such active areas deposited by spin-coating,
and thus, it would be interesting to pursue this study and perform stability measurements
on such mini-modules [Bu et al. 2020, Wang et al. 2021,Li et al. 2022].
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Figure 3.29: PCE, Voc, Jsc, and FF distribution of pristine and 2.5 mg.mL™!
4-FPEAI treated mini-modules. (RV: blue, FW: green ; 3 modules/condition)

3.5 Summary

This chapter can be summarized as an in-depth study of 2D /3D perovskite heterostruc-
tures based on the 4-FPEA 2D spacer and triple-cation 3D perovskite. In this regard,
our goal was to improve our understanding of the synthesis, characterization, and appli-
cation of this material. The pursuit of this objective started with a small first section,
dedicated to the production of pure 2D perovskite references.

Then, the second section focused on the synthesis of 2D/3D perovskite structure.
Here, we reported the formation of a 2D perovskite layer with mainly n=1 phase, only a
few nanometers thick, on top of the 3D perovskite bulk. By increasing 4-FPEAT solution
concentration and characterizing the properties of the resulting 2D /3D structure formed,
the critical importance of this synthesis parameter on the 2D perovskite formation was
revealed. Within the 4-FPEAI solution concentration range used, the 2D layer thickness
was increased from a few nanometers to a few tens of nanometers, and its aspect was
significantly modified.

The third section was a continuation of the second one. The 2D /3D structure prop-
erties were studied under the prism of another synthesis parameter: a static deposition
of the 2D solution, with several soaking times between the 4-FPEAI solution and the 3D
perovskite. This study revealed the low potential of this method to significantly alter
the amount of 2D perovskite formed, paired with irregular results, especially with longer
soaking times (> 10 seconds). Furthermore, the detrimental effect of IPA solvent on the
3D perovskite layer was also exposed for these longer soaking times. This phenomenon
highlights the importance of more thorough solvent engineering for 2D /3D structures in
order to push their usage for device industrialization.

The last section was dedicated to device applications. The best experimental condi-
tion for 4-FPEAI treatment was determined, corroborating results obtained in material
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studies from previous sections. An overall efficiency and stability improvement was ob-
served with the addition of the 2D perovskite layer, confirming their interest for 3D
perovskite-based PSCs. Ultimately, 4-FPEAI treatment was also applied in mini-module
devices, up-scaling the active area from 0.09 to 4 cm?. Promising results were obtained
with these bigger devices, revealing the potential of this kind of 2D /3D structure for
PSC industrialization, and the need to develop processes compatible with higher-scale
deposition methods.






Chapter 4

Formation mechanism of the 2D
perovskite layer

This chapter investigates the formation mechanisms of the 2D layer on the 3D perovskite.
In the first section, we reveal the 2D layer contamination by bromine from the 3D phase,
influencing its optical properties. Then, the bromine content of the layer is quantified
with XPS measurements, and a method is proposed to estimate it using only its emission
properties. The second section focuses on the 2D layer formation mechanisms leading to
this bromine contamination. The third and last section is centered on data that confirms
the theorized mechanisms. Pbly excess from the 3D perovskite seems to affect how the
formation mechanisms occur. A last study highlights how the halide composition of the
2D layer is mainly driven by halides from the 3D perovskite layer over halides from the
2D cation salt.
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4.1 Bromine contamination of the 2D perovskite

4.1.1 Optical shift between pure 2D and 2D /3D

In the previous chapter, Section 3.2.1 showed how a greater concentration of 4-FPEAI
cation solution deposited on the 3D perovskite (leading to a greater thickness of the 2D
layer) caused the increase of the PL signal detected around 510 nm, as seen in Figure
4.1a. This clear correlation led us to conclude that this PL emission was produced by
the 2D perovskite phase. However, the different PL peak position compared to the pure
2D perovskite reference raised a new question. Figure 4.1b shows a comparison between
the PL emission from the 2D phase of a 10 mg.mL~! sample, extracted from Figure 4.1a,
and the PL emission of a pure (4-FPEA)oPbly 2D perovskite. The PL emission of a
pure (PEA)2Pbly 2D perovskite made with PEA cation is added to this comparison, to
confirm that fluorine from 4-FPEA does not modify the PL position of the resulting 2D
perovskite.
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Figure 4.1: (a) PL spectra of pristine 3D and 4-FPEAI treated samples with all
three concentrations (2.5, 5, and 10 mg.mL™"). (b) Comparison between PL spec-

tra from the 2D phase of the 10mg.mL~! sample, and from a pure 2D perovskite
made with 4-FPEA or PEA cations.

For both 4-FPEA and PEA cations, the 2D perovskite PL signal is centered on
523 nm (2.37 eV), showing that fluorine addition does not affect the bandgap energy
of the 2D perovskite formed. Furthermore, this emission wavelength is consistent with
data published by LuMIn team on such PEA-based iodide 2D perovskites [Lanty et al.
2014, Delport et al. 2019]. In comparison, the PL signal from the 2D perovskite formed
on top of a 3D layer shows two major differences: the PL is centered on 507 nm (2.44
eV), and the emission peak appears significantly broader.
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4.1.2 Effect of bromine absence

Works from Cho et al. and Zhou et al. presented similar blue-shift on PEAI and 4-FPEAI
based 2D perovskite deposited on mixed halide 3D perovskite [Cho et al. 2018,Zhou et al.
2019]. Zhou et al. attributed this PL shift to the quantum confinement effect induced
by the "ultrathin" 2D perovskite formed. However, just like tuning the halide of a 3D
perovskite allows to stabilize its structure and control its bandgap energy [Noh et al.
2013, Eperon et al. 2014, Albero et al. 2016, T. Hoke et al. 2015|, tuning the halide
in a 2D perovskite has a similar effect, and modifies its excitonic bandgap |Lanty et al.
2014, Zhang et al. 2010, Jemli 2016|. Thus, another unmentioned factor could cause this
PL shift: the presence of bromine in the 2D phase. XPS data presented in Section 3.2.1
showed the presence of Br3d signal in the measurements realized on 4-FPEAI treated
samples. If this bromine (initially in the 3D perovskite) was to be found in the 2D phase
in a significant amount, it could increase the energy of its n=1 excitonic optical transition
from the 2.37 €V initial value with only iodine, to around 2.44 eV, broadening the PL
peak due to the presence of a halide mixture.

To confirm if bromine from the 3D perovskite was causing the optical shift observed
in 4-FPEAI samples, a new 3D perovskite composition was used. In this composition,
called full iodide, all sources of bromine ( 0.2 mmol of MABr and PbBrjy in the perovskite
precursor solution), were replaced with an identical molar amount of their iodide coun-
terparts, leading to the stoichiometry Csg g5(MAg.17FA¢.83)0.95Pbls. A 4-FPEAT solution
was deposited on the baseline perovskite composition used previously in this work and
on the new full iodide composition to form a 2D /3D structure. The properties of the 2D
perovskite formed were characterized for both cases. Figure 4.2 schematizes these two
experimental conditions and their halide mix differences.

M 4-FPEAI
1 (FA,MA,Cs)Pb(l g3Bro 17)s

J 24 — .
P, b0

PEiNENE NS 5

M 4-FPEAI
M (FA,MA,Cs)Pbl,

Full iodide

Figure 4.2: Schematic representation of a 2D /3D heterostructure made with base-
line or full iodide 3D perovskite compositions.

The first step was to determine the surface chemical composition of full iodide samples
treated with 4-FPEAI. XPS measurements were performed on a pristine baseline 3D, a
pure (4-FPEA),Pbly 2D perovskite, and baseline and full iodide 3D perovskites treated
with 10 mg.mL~! 4-FPEAI solution. Such concentration was used because, as stated
in Section 3.2.1, the 2D layer thickness with 10mg.mL~! was greater than the scanning
depth of XPS method and so, the measured surface composition is proper to the 2D
layer. The atomic percentage quantification for all samples presented above is gathered
in Table 4.1.

The first two columns show the surface composition of baseline 3D with and without
addition of a 10mg.mL~! solution. After 4-FPEAI treatment, this composition matches
the one of the 2D perovskite, with partial substitution of iodine by bromine. Meanwhile,
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4-FPEALI treatment of the full iodide 3D material leads to almost identical atomic per-
centages than the pure 2D reference. This observation confirms that with no bromine
involved in the 3D layer, 4-FPEAI treatment forms a (4-FPEA),Pbly 2D perovskite.

Table 4.1: XPS surface chemical composition of a pristine baseline 3D perovskite,
baseline and full iodide 3D compositions treated with a 10.mg.mL~! 4-FPEAI
solution, and a pure (4-FPEA),Pbl, 2D perovskite.

Baseline 3D | Baseline 3D | Full iodide 3D | Pure 2D
+ 10.mg.1rnL’1
Cls 31.6 £3.5 | 634403 63.6 + 0.4 | 62.3 +0.7
3ds/o || 315422 | 12.3 +0.2 156 £ 0.4 | 16.3 + 0.4
Nis 182411 | 8040.1 814 0.1 7.7+ 0.2
Pbdf; /o || 9.4 £ 06 2.8 + 0.0 2.8 4+ 0.1 3.0+ 0.1
O1s° 4.5 4+ 1.2 1.2 +£0.3 0.7+ 0.1 1.6 £0.9
Fls® - 9.0 + 0.1 9.2 + 0.2 8.6 + 0.2
Cs3ds/2"|| 0.6 £ 0.0 0.0 £ 0.0 0.1 £0.0 -
Br3d’ 524 0.3 3.3+0.1 - -

¢ Only in 4-FPEAL
b Only in 3D perovskite.
¢ Ambient carbonaceous contamination.

Optical characterizations were performed on baseline and full iodide samples treated
with 10 mg.mL~! 4-FPEATI solution to assess the effect of bromine’s absence on the 2D
layer optical properties. The resulting PL spectra are presented in Figure 4.3. The 3D
phase emission moves from 761 nm for the baseline sample to almost 800 nm for the
full iodide composition, supporting that removing bromine decreased the 3D perovskite
bandgap. The 2D perovskite formed on the baseline 3D shows a main n=1 excitonic
peak at 507 nm, with a small contribution from an n=2 phase at 553 nm.

When deposited onto full iodide perovskite, PL intensity of n=1 and n=2 phases
remains similar, and a minor signal appears, expected to come from an n=3 phase. This
new phase could indicate a better formation or improved emission properties of the 2D
layer when a single halide, here iodine, is used in the 2D and 3D compositions instead of
an iodine/bromine mix. The emission wavelengths of n=1 and n=2 phases red-shifts to
522 and 571 nm when deposited on the full iodide 3D, closer to the values expected for
the excitonic transitions in this material (523 nm for the n=1 phase, see Figure 4.1Db).

A mild difference remains between the emission of the n=1 2D phase on the full iodide
3D and the emission of a pure 2D perovskite (522 vs. 523 nm). This difference could
be explained by measurement uncertainty between samples. The presence of a 3D bulk
under the 2D phase could also modify the dielectric environment of the PbI42~ inorganic
layer, and so the energy of its excitonic transitions (considering the dielectric confinement
contributes significantly to the exciton binding energy of the 2D perovskite) [Yaffe et al.
2015, Blancon et al. 2018]. The small 2D layer thickness, involving specific constraints
modifying the bandgap, could also be considered. Nevertheless, this study underlines
that these factors remain marginal in the 2D phase PL blue-shift, and highlights the
crucial role of bromine presence in the 2D layer composition.
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Figure 4.3: PL of baseline and full iodide samples with 4-FPEAI treatment.

Optical absorption was also measured for both compositions with and without 4-
FPEAI treatment, and are presented in Figure 4.4. Similarly to PL results from Figure
4.3, the full iodide sample displays a similar absorption to the baseline 3D composition,
with only a spectrum shift towards higher wavelengths. With the addition of 4-FPEAI
treatment in Figure 4.4b, the absorption from the 3D phase still appears red-shifted,
and the excitonic absorption feature of the 2D phase around 520 nm shows a similar
red-shift. Thus, removing bromine from the 3D composition reduces both 2D and 3D
layers bandgap.
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Figure 4.4: (a) Absorption of baseline and full iodide samples without and (b)
with 4-FPEAIT treatment.
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4.1.3 Bromine quantification

After demonstrating that in a 2D/3D structure, the presence of bromine in the 3D
perovskite caused a blue-shift of the optical features of the 2D phase, our goal was to
determine how much bromine was located in the 2D layer. In this regard, XPS data
from 4.1 can be used, as the column "Baseline 3D + 10 mg.mL~!" shows the surface
chemical composition of what we expect to be only the 2D layer. This sample shows
iodine and bromine percentages of 12.3% and 3.3% (I/Br ratio of 3.74). Therefore, the
2D perovskite layer contains a halide mix close to (Iy.789Brp.211)-

Even though XPS is a very accurate method to probe the surface chemical composi-
tion of our perovskite material, we tried to quantify the halide mix in the 2D layer using
alternative characterization techniques (less time consuming and easier to implement
with no transfer to another lab, etc).

Structural properties

We started by investigating the 2D layer structural properties with XRD measurements.
To do so, we synthesized (4-FPEA)oPb(I;_,Br,;)s 2D perovskites samples with x values
of 0, 0.5, and 1 by using the process in Section 3.1.1 and gradually replacing 4-FPEAI
and Pbly by 4-FPEABr and PbBrs to obtain bromide compositions. Their normalized
XRD pattern is compared in Figure 4.5.
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Figure 4.5: XRD diffractogram of (4-FPEA),Pb(I;_,Br,), for x = 0 ((4-
FPEA),Pbly), 0.50, and 1 ((4-FPEA),PbBr,) pure 2D perovskites.

For the halide-mixed 2D perovskite, its peaks get broader and their intensity de-
crease, resulting in a more intense background signal from the substrate due to signal
normalization, and suggesting a thinner or less crystallized layer. The peak diffraction
angles are very close to the ones of the iodine-based perovskite, suggesting that the crys-
tal lattice is driven by the bigger iodine halide. With a purely bromide 2D perovskite,
the peaks are slightly shifted to lower diffraction angles, related to an increase in the
lattice parameter. This angle variation is almost negligible for the (002) peak and gets



4.1. Bromine contamination of the 2D perovskite 99

more visible with higher order peaks. However, the thin 2D layers formed in 2D/3D
structures only produce low signals, and higher order peaks could be used as they were
not detected. Hence, this XRD method seemed ineffective to differentiate (I3Brg) and
(In.5Brg.5) mixtures in a 2D layer using only the first (002) peak. Put in parallel with the
(In.789Brp.211) mix estimated above with XPS; it highlighted that a much more extensive
study would be necessary to assess the I/Br ratio in the 2D phase from its structural
properties, and this approach was quickly abandoned.

Optical properties

Since PL and UV-Vis spectroscopy are simple and rapid non-destructive methods, the
layer’s optical properties were also considered to determine its iodine /bromine mix, based
on previous work from LuMIn team [Lanty et al. 2014]. In addition to x = 0, 0.5, and
1 samples, we synthesized more (4-FPEA)9Pb(I3_,Br,;)s samples with x values varying
gradually from 0 to 0.5. Optical absorption and normalized PL data are respectively
shown in Figures 4.6 and 4.7. The 10 mg.mL~! sample spectrum is also included in PL
data since the emission of its 2D phase can easily be compared to the spectra of pure 2D
perovskites.

S a1 (o))
o o o
1 | 1

w
o
|

Absorption (%)

N
o
1

=
o
1

0 T T T T T T T T T T T T
375 400 425 450 475 500 525 550 575
Wavelength (nm)

Figure 4.6: Absorption spectra of (4-FPEA),Pb(I;_,Br,), pure 2D perovskites for
x = 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.35, 0.50, and 1.

Absorption spectra show clear excitonic peaks for all samples, shifting towards lower
wavelengths when substituting iodine with bromine. This known property of halide
perovskites is due to an electronic structure modification of the material, which is caused
by the hybridization of lead s atomic orbitals with the p atomic orbitals of the halide
(5p for iodine, or 4p) [Jemli 2016, Ledee 2018], and was demonstrated in (4-FPEA);Pbly
by Even el al [Even et al. 2012|. PL measurements performed on the same samples
reveal a similar trend. As the iodine/bromine mix tends to an equal 50/50 proportion,
the distribution between iodine and bromine rich phases gradually increases, leading to
greater FWHM. Higher peak asymmetry is also visible due to the development of a tail
at lower energies. This tail could arise from defects-related emission [Kahmann et al.
2020] or self-trapped excitons [Li et al. 2020a, DeCrescent et al. 2020] and thus, might
indicate a disorder increase in the material and a higher number of defects.
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Figure 4.7: Normalized PL spectra of (4-FPEA),Pb(I;_,Br, )4 pure 2D perovskites
for x = 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.35, 0.50, and 1, and of the 2D phase formed
on a 3D layer for 10 mg.mL~! concentration.

The absorption and PL wavelengths for each x value were reported in Figure 4.8.
A linear evolution of peak position with bromine substitution is observed for both ab-
sorption and PL data, confirming bromine’s role in opening the bangap of halide per-
ovskites [Lanty et al. 2014, Protesescu et al. 2015]. We fitted the linear evolution of
absorption and PL wavelengths of pure 2D perovskites regarding their halide mix. Ap-
plying this fit to the peak from the 2D phase in the 10 mg.mL~! sample, we estimated
its halide mix at (Ip.798Brp.202) (I/Br ratio of 3.95), while this mix was estimated at
(In.789Brp211) (I/Br ratio of 3.74) with XPS analysis. Absorption data could not be
used for such estimation, as it was not possible to accurately discriminate the absorption
features from the 2D and the 3D phases in 4-FPEAI treated samples.
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Figure 4.8: (a) Absorption and (b) PL peak position of (4-FPEA),Pb(I;_,Br,)s
perovskites regarding x value.
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Therefore, with a difference close to 5% between the bromine content estimated with
XPS and with PL, this optical method seems relevant and could be used as a first
approximation to estimate the bromine amount of the 2D phase in a 2D /3D structure.

4.2 2D perovskite formation mechanisms

4.2.1 Need for a new mechanism description

In the previous Section 4.1, we demonstrated the contamination of the 2D phase by
bromine from the 3D perovskite, leading to the modification of its optical properties.
However, the literature consensus for the formation of the 2D layer was based on a
reaction between the 4-FPEAI cation and local Pbly excess on the 3D perovskite surface
following Equation 3.1. Furthermore, this mechanism was confirmed in the previous
chapter of this work through XRD measurements from Figure 3.3b. If this mechanism
was the only one involved in the 2D perovskite layer formation, the presence of bromine
within this 2D layer would not be possible. Based on this affirmation, we presumed
that the 2D layer formation was driven by at least another mechanism parallel to the
4-FPEAI/Pbly reaction.

4.2.2 Unlikely mechanisms

Reaction with lead bromide

We just argued that a reaction mechanism involving bromine was necessary to explain
the formation of a 2D layer containing a significant amount of bromine. In this regard, we
first looked at bromine sources in our synthesis process, and thus inspected the precursors
used for the 3D perovskite solution. The main source of bromine among the precursors
used to make the 3D perovskite is PbBrs. Thus, PbBry could interact with 4-FPEAT in
the same way as Pbls in Equation 3.1 to form a 2D perovskite that would contain both
iodine and bromine, based on this reaction:

2(4 - FPEAI) + PbBTQ — (4 - FPEA)QPb(IO.5B7“0.5)4 (41)

However, the 3D perovskite precursor solution contained far less PbBry than Pbls
(0.2 mmol of PbBry versus 1.1 mmol of Pbls). Besides, PbBrs is more reactive than Pbly
in forming the 3D perovskite [Jesper Jacobsson et al. 2016]. Hence, there should not be
any PbBrs in the 3D layer available for reaction with 4-FPEAI. Furthermore, no sign of
unreacted PbBro was visible in XRD data from Figure 3.3b. Thus, it is likely that when
the 4-FPEAT solution is deposited on the 3D surface, bromine is already embedded in
the crystallized 3D structure and cannot not get involved in the 2D phase formation,
casting aside this mechanism.

Bromine diffusion

In order to explain bromine contamination of the 2D phase, bromine diffusion from the 3D
to the 2D layer seemed a viable explanation. Using XPS in-depth profiling, we quantified
bromine distribution along material depth for pristine and 10 mg.mL~" samples. Based
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on the results presented in Figure 4.9a, both samples show a similar distribution in the
3D layer, with bromine accumulation at the rear interface of the 3D perovskite.
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Figure 4.9: (a) Bromine atomic percentage evolution over etching time for pristine
and 10mg.mL~"! samples. (b) Iodine/bromine ratio evolution evolution over etch-
ing time for 10mg.mL~! sample.

This result explained the low bromine amount in the pristine baseline sample shown
in Table 4.1 (31.5% of iodine and 5.2% of bromine, corresponding to a halide mix of
(In.g6Brp.14) in the 3D phase, instead of the (Iy.g3Brp.17) mix of its stoichiometry). How-
ever, it does not seem related to the 2D phase, as the bromine amount in the 3D phase
is similar for both samples, regardless of 4-FPEAI deposition. In the case of bromine
diffusion, the iodine/bromine ratio would progressively decrease as we get closer to the
3D perovskite and the 2D layer gets more bromine-rich. Instead, Figure 4.9b shows that
almost the opposite behavior happens, and the surface of the 2D layer has the lowest io-
dine/bromine ratio. Then, this ratio quickly increases until a maximum is found halfway
through the layer, and progressively decreases as we scan deeper in the 3D layer. Finally,
XPS measurements performed on 4-FPEALI treated samples for each concentration (Fig-
ure 3.11f) reveal a similar bromine amount in the 3D phase, regardless of the 4-FPEAI
concentration. This observation contradicted the theory that bromine contamination of
the 2D layer would come from bromine diffusion. Instead, it suggested that the 3D per-
ovskite surface is "transformed" into a 2D layer, and most bromine from the 3D phase
is reused to constitute this new 2D layer.

4.2.3 Cation substitution

After discarding several mechanisms allowing bromine to infiltrate the 2D layer without
being involved in its formation, we were led to assume that bromine, and so the 3D
perovskite itself, played a direct role in forming the 2D layer. Thus, we hypothesized
that the presence of bromine in the 2D layer is induced by a reaction between 4-FPEAI
cation salt and the 3D perovskite, and this reaction is a substitution of the 3D perovskite
cations (MA, FA, and Cs) by 4-FPEAI, based on the following reaction:
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Cso.05(M Ap17F Ao.83)0.95Pb(10.83Bro.17)3 + 2(4 — FPEAI)

42
— (4— FPEA)9Pb(I,Br1_y)s + (I, Br)” + (FA,MA,Cs)* (4.2)

Huang et al. formulated this reaction for perovskite nanoparticle colloidal solutions,
later supported by Mayer et al. from LuMIn group [Huang et al. 2018a, Mayer et al.
2022|. This mechanism was also proposed in chemical vapor deposited perovskite thin
films [Huang et al. 2018b,Lin et al. 2019], and we speculate that it would also happen in
our solution-processed perovskite thin films. This mechanism would reorganize the very
surface of the 3D perovskite into a 2D layer. Chen et al. demonstrated this phenomena in
a MAPI thin-film exposed to a C6 gas [Chen et al. 2021]. Meanwhile, Tan et al. suggested
that this phenomena could be induced in FAPI perovskite by IPA solvent itself, leading
to FA vacancies and a more Pbly-rich surface [Tan et al. 2021]|, while Liu et al. theorized
that the non-photoactive phase 6-FAPI was converted into a 2D perovskite phase [Liu
et al. 2019a]. The greater complexation of Pb?T with Br~ than with I~ would favor
the formation of bromine-rich 2D phases before iodine-rich ones. This explanation would
justify the lower iodine/bromine ratio in the 2D layer (I 789Brg.211, ratio of 3.74) than
in the 3D perovskite surface (Ig858Bro.142, ratio of 6.0) observed in Table 4.1 [Yoon et al.
2016].

To form the A’sABsX7 n=2 phase visible in PL measurements, small A-site cations
from the 3D perovskite are mandatory. However, IPA’s highly polar nature makes it
an efficient solvent to solubilize FA and MA [Yoo et al. 2019]. As a result, both com-
pounds might be eliminated along with excess solvent during the spin-coating of 4-FPEAI
solution and by solvent evaporation during the 2D layer annealing, explaining their dis-
appearance from XPS measurements. Meanwhile, CsT ions are not soluble in IPA and
would not be evacuated from the surface as efficiently as FA and MA. However, due
to their inorganic nature, they are also less favorable for ionic exchange, leading to a
predominance of the n=1 phase due to the small number of A-site cations available |Liu
et al. 2021b]. Hence, we could not determine which free A-site cations are used during
the reconstruction of the 3D perovskite outer surface to form n>1 phases, and we assume
that all A-site cations (FA, MA, and Cs) are involved. For clarity, byproducts of the re-
action in Equation 4.2 were presented in their ionic form, with 3D perovskite cations
(FA, MA, Cs)™ on one side, and halide anions (I, Br)~ on the other. However, we do
not know how these species are evacuated, which could happen in the form of various
molecule combinations, such as FAI, FABr, MABr...

To sum up, a substitution of the 3D perovskite cations (FA, MA, and Cs) by 4-FPEAI
would form the 2D perovskite layer, reorganizing the material surface to form a 2D phase
with a significant amount of bromine.

4.3 Support to cation substitution hypothesis

We established that the 2D layer formation is linked to the 3D perovskite by a substitution
process of the 3D perovskite cations with 4-FPEAI. Even though this mechanism was
proposed based on a significant amount of experimental work and literature data, at this
stage, it remained a theory. Without any means to demonstrate this theory directly, we
deepened our study with new kinds of samples to support its relevance.
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4.3.1 Lead iodide excess in the 3D perovskite

Section 3.2.1 of the previous chapter presented the first mechanism for the 2D perovskite
formation: the reaction of 4-FPEAI with Pbly excess from the 3D perovskite surface.
Later, another mechanism was discussed in Section 4.2 of the current chapter, based on a
substitution of the 3D perovskite A-site cations (FA, MA, and Cs) by 4-FPEAL If these
two mechanisms exist, they should occur concurrently for the 2D perovskite formation.

In this regard, new 3D perovskite compositions were designed, with a modification
of the Pbls content in the 3D bulk. IPVF baseline 3D perovskite process used a 2.0%
Pbly stoichiometric excess. Two variations of this excess were made: by reducing Pbly
precursor amount from 1.1 to 1.0 mmol, the excess was transformed into a deficiency
of -6.2% Pbly, and by increasing it from 1.1 to 1.2 mmol, the excess was accentuated
to 9.0%. These three perovskite compositions were treated with a 5mg.mL~!' 4-FPEAI
solution to examine the 2D /3D structure formation with different Pbls amount available.
These experimental conditions are illustrated in Figure 4.10.
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Figure 4.10: Schematic representation of 2D /3D heterostructures made with 3D
perovskites containing a -6.2%, 2.0% (baseline), or 9.0% Pbl, excess.

Impact on 2D perovskite formation

Figures 4.11a and 4.11b compare the diffractograms between pristine and 4-FPEAI
treated samples to study how the 2D layer formation is affected. Figure 4.11b dis-
plays comparable 2D peaks regardless of the Pbly excess, implying similar 2D perovskite
layer thicknesses. The main difference in these diffractograms is the 12.7° Pbly peak.
This peak is not visible for both -6.2% and 2.0% samples, but for different reasons. For
the -6.2% Pbly deficiency, it does not appear due to the lower Pbly amount in the 3D
layer composition, preventing pure Pbls crystallization after the 3D perovskite forma-
tion. GIXRD performed on this sample in Figure 4.11c confirmed this assertion, as it
shows the complete absence of the Pbls peak.
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On the other hand, for the 2.0% excess, Pbly was fully consumed by reaction with
4-FPEAI, as explained previously in Section 3.2.1, leading to the peak disappearance
after 4-FPEAI treatment. Similar behavior is observed for the 9.0% sample. However,
in this case, the Pbly peak does not disappear but only decreases after 2D treatment,
suggesting that a significant amount of crystallized Pbls remains in the layer even after
4-FPEAI deposition. The reason could be a Pbls excess located in the bulk of the layer,
that was not depleted due to the superficial nature of 4-FPEAI treatment. An other
possibility could be that 4-FPEAI was the limiting reactant in the reaction with Pbls.

SEM images from Figures 4.11d and 4.11e, comparing pristine 3D perovskites with
2.0 and 9.0% excesses, show an increase of crystallized Pbly grains at the material surface,
supporting a stronger XRD Pbl, peak.
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Figure 4.11: Bragg XRD diffractograms of 3D perovskites with a -6.2%, 2.0%, or
9.0% Pbl, excess (a) without, and (b) with 5 mg.mL~" 4-FPEAT solution treat-
ment. (c¢) GIXRD diffractogram of a -6.2% Pbly deficiency 3D perovskite. SEM
image of pristine 3D perovskites with (d) 2.0%, and (e) 9.0% Pbl, excess.
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PL emission shift

PL measurements were performed on these samples. The results in Figure 4.12a show a
trend similar to XRD data, with only a slight intensity variation of the 2D phase signals
between all conditions. However, a slight blue-shift of the 2D peak is visible for the -6.2%
Pbl, deficiency. For this reason, we plotted in Figure 4.12b the wavelength position of
2D PL peaks measured on several samples for each Pbly excess. On average, the 2D
emission peaks are respectively located at 508.5 £+ 1.0, 510.3 4+ 0.7, and 510.5 + 0.9 nm
for the -6.2%, 2.0%, and 9.0% Pbl, excesses. Thus, with a lower Pbly amount in the 3D
layer, the 2D phase is blue-shifted.
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Figure 4.12: (a) PL spectra and (b) Distribution of 2D phase PL position, for
3D perovskites with -6.2%, 2.0%, or 9.0% Pbl, excesses, treated with 5 mg.mL ™!
4-FPEALI solution.

Two phenomena might cause this shift. First, with no Pbl, available from the 3D
phase, the cation substitution mechanism would be favored to form the 2D phase. As
this mechanism, unlike the reaction with Pblsy, involves bromine, the 2D layer formed
would contain slightly more bromine, leading to the PL blue-shift. Second, by reducing
Pbl; excess in the 3D layer, its iodine/bromine ratio would be decreased, which would be
transferred to the 2D phase during cation substitution. The 2.0 and 9.0% excesses show
similar PL position, revealing that increasing the amount of Pbls in the 3D perovskite
does not favor the 4-FPEAI/PbI, reaction and form an more iodine-rich 2D layer.

Similarly, Figure 4.13 compares the distribution of 2D emission peaks for each 4-
FPEAI concentration. These peaks are located at 509.4 + 1.2 and 509.9 + 0.5 nm for
2.5 and and 5 mg.mL~! samples, and are slighly blue-shifted to 507.8 4 1.3 nm for 10
mg.mL~! samples. In Chapter 3, we established that 4-FPEAI reacts with Pbly excess to
form the 2D perovskite, consuming this Pbly. Figure 3.3b showed that with a 4-FPEAI
concentration of 10 mg.mL~!, Pbly peak vanished from XRD data. In this chapter, we
stated that 4-FPEAI also reacts with the 3D perovskite by cation substitution. Thus, we
assumed that for high 4-FPEAI concentrations, Pbls becomes the limiting reactant of the
4-FPEAI/Pbl; reaction, and eventually stops it. The cation substitution then becomes
the only reaction forming 2D perovskite. Since this mechanism involves bromine, the
resulting 2D phase is slightly more bromine-rich, and its PL gets blue-shifted.
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Figure 4.13: Distribution of 2D phase PL position for baseline 3D perovskite
composition treated with 2.5, 5, or 10 mg.mL~! 4-FPEAI solution.

Confirmation with chemical composition

To conclude on the impact of Pbly excess on the 2D phase formation, XPS measurements
were carried out. New samples were made for XPS characterization with similar exper-
imental conditions, but using a 10 mg.mL~! 4-FPEAI solution instead of a 5 mg.mL™!
one, to from a thicker 2D layer and prevent the 3D layer from being scanned. The results
of measurements performed on baseline (2.0% excess), -6.2%, and 9.0% excess samples
before and after 4-FPEAI treatment are summed up in Table 4.2.

Without 4-FPEAI treatment, the table shows comparable compositions for all sam-
ples, with only slight differences. Decreasing Pbly excess in the layer leads to a lower
I/Br ratio in comparison with the baseline sample, suggesting a more bromine-rich sur-
face with a Pbly deficiency. On the other hand, increasing Pbly excess increases lead
contribution and also leads to a higher I/Br ratio, hinting a greater amount of Pblsy at
the surface. This result is consistent with the observation of an intense Pbly peak in the
XRD diffractogram of this sample.

After 4-FPEAI treatment, the result is significantly different between each sample.
For 9.0% Pbly excess, surface composition remains close to the baseline one, with slight
increase in iodine and lead contributions due to the presence of remaining Pbly. On the
other hand, in the -6.2% sample, atomic percentages are closer to the 3D perovskite, with
the C/N ratio being reduced from 7.9 to 5.9 in comparison with the baseline sample, sug-
gesting that the 3D phase was also scanned, and so, that the 2D layer formed with lower
Pbly amount is thinner. The I/Br ratio is also higher in baseline than is -6.2% sample
after 4-FPEALI treatment. This observation corroborates a higher bromine amount in the
2D layer than for the baseline sample, which is consistent with the blue-shift observed in
the position of its PL (see Figure 4.12b). On the opposite, I/Br ratio is higher in 9.0%
than in baseline sample. However, due to the presence of remaining Pbly at the sample’s
surface, this ratio is not representative of the 2D phase.

After analysing 2D phase composition with surface XPS, XPS in-depth profiling was
realized on 4-FPEALI treated baseline, -6.2% deficiency, and 9.0% excess 3D compositions
to investigate the 2D layer thickness. These measurements are presented in Figure 4.14.
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Table 4.2: XPS surface chemical composition of baseline, -6.2% Pbl,, and 9.0%
Pbl, 3D perovskites, with and without 10.mg.mL~! 4-FPEAI treatment.

Baseline | -6.2% Pbls | 9% Pbl, Baseline | -6.2% Pbls | 9% Pbl,
+ 10.mg.mL~!
Cls 316 £35| 305£02 | 319£05|634+03| 585+ 0.5 | 64.1 £0.1
I3d5/2 315422 | 31.3+£0.2 | 346 +05|123+02 | 142+ 0.3 | 13.5 £ 0.0
Nils 1824+ 1.1 | 206 4+0.2 | 1574+ 0.1 | 8.0 %+ 0.1 10,0 £0.3 | 7.7+ 0.1
Pbdiz o 9.4+ 0.6 944+00 |114+02| 28+£0.0 424+ 0.1 3.3 £0.0
O1s¢ 4.5+ 1.2 0.9 £ 0.1 1.1+ 0.0 1.24+0.3 0.5+0.3 0.6 £0.1
F1s® - - - 9.0 £ 0.1 6.7+ 0.2 8.1 4+ 0.1
Cs3d5/2b 0.6 £ 0.0 0.5 +£0.0 04+0.0 | 0.L0£0.0 0.5 £0.0 0.1 +0.1
Br3d® 5.2 +£0.3 6.0 £ 0.1 4.6 £0.0 3.3 £0.1 5.4 £ 0.1 2.7+ 0.1
C/N ratio 1.7 1.5 2.0 7.9 5.9 8.3
I/Br ratio 6.1 5.2 7.5 3.7 2.6 5.0

% Only in 4-FPEAL
b Only in 3D perovskite.
¢ Ambient carbonaceous contamination.

For the baseline sample, Ols and Ti2p atomic percentage profiles show that the rear
interface of the 3D perovskite in still not reached after 1000s, but approaching. With the
-6.2% deficiency, similar Ols and Ti2p signals are obtained after 900 seconds of etching,
suggesting that the 3D layer was either thinner or easier to etch due to a smaller Pbly
amount. In contrary, for 9.0% excess sample, at the etching’s end, Ols and Ti2p signals
are still very low, implying that the TiOq layer was not reached, either due to a thicker
or harder to etch 3D perovskite because of higher Pbly amount.

Focusing on the 2D phase, we considered that the 2D /3D interface was reached when
the Cls percentage got close to 30%, which is the surface Cls percentage of a pristine 3D
perovskite and corresponds to half of the atomic percentage on either side of the interface.
With this postulate, the time to reach the 2D /3D interface is almost equivalent for the
three samples. For 4-FPEAI treated baseline sample, this time is close to 175 seconds.
By reducing Pbly amount in the 3D phase for -6.2% sample, the 2D /3D interface is
reached after 150 seconds. This is consistent with the assumption on 2D layer thickness
decrease made based on data from Table 4.2. Oppositely, for 9.0% excess sample, 200
seconds of etching are necessary to reach the 3D perovskite, hinting a thicker 2D layer.

Therefore, we conclude that modifying Pbls excess of the 3D phase is not a viable
solution to modify the 2D perovskite, as its impact on the formation of a thin 2D passi-
vation layer is weak. Furthermore, by modifying this Pbly excess, the 2D phase halide
composition seems altered. By increasing Pbls amount, a slight increase in iodine con-
tent is measured, but not significant enough to be detected through PL measurements.
On the opposite, with lower Pbly excess, a 2D layer is still formed with a higher bromine
amount, leading to small blue-shift of its PL. This results confirms the existence of an-
other formation mechanism for the 2D layer, outside of the reaction with Pbl,.
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Figure 4.14: Atomic percentage evolution of chemical elements over etching time,
for (a) Baseline, (b) -6.2% Pbl, deficiency, and (c¢) 9.0% Pbl, excess 3D perovskites
treated with 10.mg.mL~! 4-FPEAI solution.

4.3.2 Contribution of halide mix in 3D perovskite and 2D
molecule on 2D perovskite halide composition

Section 4.1 revealed a contamination of the 2D layer by bromine from the 3D perovskite,
and Section 4.2.3 proposed a cation substitution of 3D perovskite cations by 4-FPEAI
to explain this contamination. In this regard, a final investigation was performed to
assess the importance of cation substitution in the final composition of the 2D perovskite
layer. To form the 2D layer of the 2D /3D structure, two elements are involved: the 3D
perovskite (FA,MA ,Cs)PbX3 (X designates the 3D perovskite halides), and the 2D cation
salt 4-FPEAY (Y is the 2D cation salt halides). The study consisted to modify either
X or Y halides, and to characterize the optical emission of the resulting layer. In this
regard, three different 3D perovskites were used:

e The full iodide configuration, used in Section 4.1.2, with the stoichiometry
Cs0.05(MAo.17FA0 83)0.05Pbl3. X =1

e Baseline composition, mainly used along this manuscript.
Stoichiometry: Cso.05(MAg.17FA0.83)0.95Pb(lo.83Bro.17)3. X = Ins3Bro.17

e A new design, where iodine sources were replaced by bromine counterparts (except
CSI), leading to the stoichiometry CSO_05(MAO.17FAO.83)0_95Pb(10.02BI'0_98)3. This
design was named bromine-rich. X ~ Br
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Each composition was treated with a 10mg.mL~! solution of 4-FPEAI, 4-FPEABT,
or 4-FPEAI( 5Brg 5, and each X-Y set was characterized with PL. Figures 4.15 and 4.16,
Figures 4.17 and 4.18, and Figures 4.19 and 4.20 display the experimental conditions and
PL spectra, respectively for full iodide, baseline, and bromine-rich configurations.

4-FPEAI, 4-FPEABr, and 4-FPEAI/Br on full iodide configuration

M 4-FPEAI, 4-FPEABE, or 4-FPEA(l 5By 5)
M (FA,MA,Cs)Pbl,

Full iodide

Figure 4.15: Schematic representation of 2D /3D heterostructures made with full
iodide 3D perovskite composition.

An observation of full iodide samples in Figure 4.16 reveals that switching Y halide
from iodine to bromine slightly blue-shifts 3D perovskite emission, shown in the top-right
corner. This phenomenon could be explained by an infiltration of Y halides in the 3D
bulk during 2D solution deposition, slightly altering its emission bandgap.
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Figure 4.16: PL spectra of full iodide 3D perovskite treated with a 10mg.mL™!
solution of (a) 4-FPEAI, (b) 4-FPEA(Iy5Brg5), or (¢) 4-FPEABr cation.

Focusing on 2D layer emission, n=1 and n=2 phases are visible at 522 and 571 nm
for Y = iodine in Figure 4.16a. When Y becomes an iodine/bromine mix (Figure 4.16b),
these peaks get wider and blue-shift to 515 and 565 nm, corresponding to the formation
of a 2D layer with higher bromine content. With Y = bromine in Figure 4.16¢, the
n=1 emission further blue-shifts to 495 nm, widens again (indicating an even higher
bromine content in the 2D layer), and displays two tails. The first one corresponds to
the n=2 phase that blue-shifted to 555 nm and started merging with the main n=1 peak.
The second tail is located around 425 nm, close to the emission of the (4-FPEA)2PbBry
perovskite (412 nm, see Figure 4.7), and so, is expected to be the emission of a 2D
perovskite phase segregated with a majority of bromine. Such photo-induced halide
segregation is more common in bromine-rich perovskites [T. Hoke et al. 2015, Bush et al.
2018|, and would be channeled by 4-FPEABr cation salt bringing a significant amount
of bromine into the reaction.
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The linear fit from Figure 4.8b was used to estimate the halide mix of 2D layers
in each configuration, which are summed up in the "Measured" columns of Table 4.3.
For full iodide/4-FPEAI, without any bromine involved, the 2D layer PL is similar to
the (4-FPEA)2Pbly reference. On the other hand, adding bromine in Y halides leads to
halide mixes estimated at (Ip.g1Brg.o9) for full iodide/4-FPEA(I,Br) configuration, and
(In.64Bro.36) for full iodide/4-FPEABr configuration.

From the reactants in the cation substitution Equation 4.2, three X halide anions
are brought by the 3D perovskite, while the 2D cation salt brings two Y halides. Hence,
the 3D perovskite would contribute to 60% of halides, and the 2D molecule to 40%.
The halide mix expected with this model are indicated in the "Expected" columns of
Table 4.3 for each configuration. However, the 2D perovskite layer contains only four
halide anions, while five halides were brought into the reaction. This method, based on
counting halides provided by each reactant to predict the halide mix of the 2D layer,
should therefore be considered with parsimony.

Table 4.3: Estimated halide mix of 2D layers for each full iodide configuration.

. Measured Expected

2D/3D configuration (%) ‘ Br (%) [T (%) ‘ Br (%)
Full iodide + 4-FPEAI 100 0 100 0
Full iodide + 4-FPEA(Ip5Bro5) | 90.7 9.3 80 20
Full iodide + 4-FPEABr 63.7 36.3 60 40

4-FPEAI, 4-FPEABr, and 4-FPEAI/Br on baseline configuration
X = Ipg3Broar

4-FPEAI, 4-FPEABT, or 4-FPEA(l, sBry 5)
(FA,MA,Cs)Pb(lg g3Bro.17)s

Baseline

Figure 4.17: Schematic representation of 2D /3D heterostructures made with base-
line 3D perovskite composition.

Baseline configurations in Figure 4.18 reveal a significant blue-shift visible for all
samples, due to the 16.7% of bromine in the 3D perovskite stoichiometry. Applying the
fit to these configurations gives the estimations presented in Table 4.4, showing a more
linear evolution than full iodide configurations.

Table 4.4: Estimated halide mix of 2D layers for each baseline configuration.

. Measured Expected
2D /3D configuration (%) ‘ Br (%) [ T (%) ‘ Br (%)
Baseline + 4FPEAI 79.8 20.2 90 10

Baseline + 4-FPEA(Ip5Brg5) | 66.4 33.6 70 30
Baseline + 4-FPEABr 51.0 49.0 50 50
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For baseline/4-FPEAI configuration, adding 16.7% of bromine in the 3D precursor
solution leads to 20% of bromine in the 2D perovskite. Replacing 4-FPEAI by 4-FPEABr
only increases bromine content from 20 to 49%. A similar result was observed in full
iodide configuration, as replacing 4-FPEAI with 4-FPEABr increased bromine amount
estimated in the 2D layer from 0 to 36%. These results suggest that the 3D perovskite is
the major contributor in the halide composition of the resulting 2D layer, and so, they
highlight the importance of the 3D perovskite stoichiometry.

(a) (b) (c)
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Figure 4.18: PL spectra of baseline 3D perovskite treated with a 10mg.mL™!
solution of (a) 4-FPEAI, (b) 4-FPEA(Iy5Brg5), or (¢) 4-FPEABr cation.

4-FPEAI, 4-FPEABr, and 4-FPEAI/Br on bromide rich configuration
X = Br

M 4-FPEAI, 4-FPEABT, or 4-FPEA(ly 5Brp 5)
B (FA,MA,Cs)Pb(ly 02Brg g5)3

Bromine rich

Figure 4.19: Schematic representation of 2D/3D heterostructures made with
bromine-rich 3D perovskite composition.

As the 3D phase rely on bromine instead of iodine, bromine-rich samples display
different results in Figure 4.20. The 3D emission is moved around 545 nm, and still
blue-shifts slightly when Y halide is replaced from iodine to bromine.

Using 4-FPEABr solution, the PL spectrum in Figure 4.20a can be compared to
iodine-based 3D perovskites. Distinct peaks are seen at 417, 445, and 477 nm, attributed
to n=1, n=2, and n=3 phases of a bromide (4-FPEA)sA,,_1Pb, Brs,+1 2D perovskite.
With Y = iodine/bromine mix, the 2D emission turns into a large band from 410 to 510
nm due to the formation of 2D phases with various iodine/bromine mixes. Two peaks
stand out at 424 and 448 nm, expected as the n=1 and n=2 phases of the bromide 2D
perovskite, red-shifted due to higher iodine amount. Another n=3 peak might be located
around 477 nm, but this peak is not clearly defined as it seems to have merged with the
more intense n=2 peak. Switching to Y = iodine, the emission band is significantly red-
shifted, and two peaks are visible at 464 and 506 nm. The first peak would come from
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Figure 4.20: PL spectra of full bromide 3D perovskite treated with a 10mg.mL™*
solution of (a) 4-FPEAI, (b) 4-FPEA(Iy5Brg5), or (c) 4-FPEABr cation.

the segregation of a bromine-based 2D phase, red-shifted to 464 nm due to a noticeable
iodine amount. The second peak originates from an iodine-based 2D phase, blue-shifted
to 506 nm because of bromine inclusion. The iodine-based peak would be more intense
than the bromine-based peak due to re-absorption by the low-bandgap (iodine) phase of
photons generated by the high-bandgap (bromine) phase.

This study provided a compelling amount of data. It unravelled the greater impor-
tance of halides from the 3D perovskite than the 2D cation on the composition of the
2D layer formed. It also shows interesting development potential for further knowledge
on the 2D perovskite formation.

4.4 Summary

This chapter focused on the formation mechanism of the 2D /3D perovskite structure.
Starting from observing a PL blue-shift of the 2D layer, we exposed the important role
of bromine from the 3D phase in this blue-shift. We observed that the 2D layer was
contaminated by bromine from the 3D perovskite, which affected its optical properties.
The amount of bromine in the 2D layer was quantified with XPS measurements and
later, we proposed a method to accurately determine this amount using only the optical
emission properties of the 2D layer.

Confirming bromine contamination of the 2D perovskite led us to the necessity of a
mechanism involving the 3D perovskite layer. After discarding various phenomena, we
proposed a reaction in which 4-FPEAI substitutes the 3D perovskite cations (i.e., FA,
MA, and Cs) to form a 2D perovskite layer containing a significant amount of bromine.

Reaction Pure iodide 2D layer
with Pbl, (4-FPEA),PbI,
2D cation (4-FPEAI) All Pbl, is consumed
deposition
Cation lodide/bromide 2D layer
substitution (4-FPEA),Pb(l,.,Br,),

Figure 4.21: Expected formation of a 4-FPEAI based 2D layer on a 3D perovskite.
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Finally, the third section consisted of various experiments made to support or con-
tradict the theorized mechanisms. Modifying the Pbly excess in the 3D perovskite has
proven to be a quite ineffective method of affecting the 2D perovskite layer thickness,
but gave a better understanding of its formation mechanisms and how they occur. The
last study revealed how the halides from the 3D perovskite prevail on the halide compo-
sition of the 2D phase, and thus, highlighted the importance of the cation substitution
mechanism to form the 2D layer on top of a 3D perovskite.



Chapter 5

Exploration perspectives of
alkylammonium cations

This last chapter explores the synthesis of a 2D/3D heterostructure based on the n-
octylammonium spacer cation. In the first section, we study the properties of the 2D /3D
structure regarding the 2D precursor solution concentration and highlight the formation of
a layer constituted mainly of n=2 RP phases, which differs from the 4-FPEAI treatment.
The presence of bromine from the 8D layer is found in these 2D phases. However, more

information would be required to conclude on the formation mechanisms.

The second

section is dedicated to applying n-OAI treatment in solar cells. Interestingly, the n-OAIl
spacer improves device efficiency and stability in a very similar way to 4-FPEAL
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In previous chapters, we studied 2D /3D heterostructures based on 4-FPEAI. Chap-
ter 3 focused on the properties of the 2D /3D structure, and we proposed a new per-
spective on the 2D layer formation mechanisms in Chapter 4. As described in Chap-
ter 1, many cations have been used in the literature to form 2D/3D materials. While
n-butylammmonium (n-BA) spacer cation is most common in 2D perovskites, various
works established that n-octylammonium (n-OA) was the optimal alkyl-chain length for
2D /3D structures |de Holanda et al. 2019, Kim et al. 2019b]. Furthermore, very high
PCE were obtained with 2D /3D structures based on n-OAI cation salt |Jeong et al.
2020]. After wondering if the drastically different shapes of n-OA and 4-FPEA cation
molecules could influence the resulting 2D /3D structure, we applied our experience to
explore the formation of 2D /3D structures based on n-OA.

5.1 OAlI-based 2D perovskite references

2D perovskite references were fabricated with n-OAI cation salt to assess their features.
Their synthesis was performed identically to (4-FPEA),Pbly references from Section
3.1.1. For the precursor solution, n-OAI and Pbly (2:1 molar ratio) were dissolved in
a DMF/DMSO (4:1) mix with 10% weight concentration. 100 pL of this solution was
spin-coated on the substrate at 2000 rpm for 30 s, followed by a second run to deposit
100 pL of toluene anti-solvent. Last, 100 °C hot plate annealing for 1 min crystallized
the (n-OA)oPbly n=1 pure 2D perovskite. We characterized their optical and structural
properties with UV-Vis spectroscopy, PL, and XRD, shown in Figures 5.1 and 5.2.
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Figure 5.1: (a) Optical absorption, (b) reflection, and (c) transmission of (n-
OA),Pbly reference 2D perovskite.

The properties of the resulting perovskite agree with the literature [Sheikh et al.
2019| and are analogous to the properties of the pure 2D references based on the 4-
FPEA spacer, with some noticeable differences. First, its optical properties are similar,
with only a slight blue-shift of the 1s excitonic absorption peak to 509 nm (2.44 eV)
and of the emission peak to 521 nm (2.38 V). Figure 5.2b also reveals that replacing 4-
FPEA with n-OAI increased the lattice parameter of the resulting perovskite and moved
its peaks to lower angles. As a result, the (002), (004), (006), (008), (0010), and (0012)
peaks are found at 4.7, 9.5, 14.2, 18.9, 23.7, and 28.5°. The (0014) peak shifted within
the scan range and is detected at 33.4°.
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Figure 5.2: (a) PL spectra and (b) Diffractogram of (n-OA);Pbl, 2D perovskite.

5.2 Properties of the 2D /3D heterostructure

5.2.1 Identification of the 2D phase

To study 2D /3D heterostructures made with n-OAI, we applied the same synthesis pro-
cess used in this thesis work and described in Section 2.1.4. Instead of 4-FPEAI, n-OAI
spacer cation precursor was solubilized in IPA with similar solution concentrations of 2.5,
5, and 10 mg.mL~!. This solution was dynamically deposited on the 3D perovskite and
annealed for 5 minutes at 100°C.

The structural properties of 2D /3D structures were assessed with XRD. Figure 5.3a
compares the diffractogram of an n-OAI 10 mg.mL~! sample with pure 2D and pristine
3D references.
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Figure 5.3: (a) XRD patterns of (n-OA),Pbl, pure 2D perovskite, pristine 3D,
and 10 mg.mL~! samples. (b) Diffractogram evolution regarding n-OAT solution
concentration, focused on the 3-15° diffraction angle range.
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For all samples, intense background noise is seen between 3 and 4° due to low mea-
surement angles (its intensity is constant, so it is less visible in the highly crystallized 2D
reference than in 3D samples). The n-OAI treated sample features (001), (011), (111),
(002), and (012) peaks of the 3D perovskite phase. A short peak is detected at 4.5° and
likely corresponds to the (002) plan of the (n-OA)sPbly phase. New peaks appear at
3.5 and 10.6° but do not match any peak visible in the 2D perovskite reference shown in
Figure 5.2b. Figure 5.3b displays the evolution of XRD pattern as the n-OAI solution
concentration increases, focused on low angles. The two peaks at 3.5 and 10.6° appear
more intense as n-OAI concentration increases. The 4.5° peak is only seen for the highest
concentration. Furthermore, the Pbly peak also disappears after n-OAI treatment, which
suggests that n-OAI reacted with Pbly excess from the 3D phase to form a new phase,
similarly to 4-FPEAI treatment. However, unlike with 4-FPEAI, this phase does not
correspond to the n=1 (n-OA)sPbly 2D perovskite.

UV-Vis spectroscopy and PL measurements were carried out on these samples to
understand better the 2D /3D interface from its optical properties. Absorption spectra
shown in Figure 5.4a reveal an identical behavior to 4-FPEAI treatment, with an increase
in optical absorption of the perovskite material that is further enhanced with higher 2D
solution concentration. Similarly, an absorption feature is added to the absorption of
the 3D perovskite. This feature looks like the excitonic peak of the 2D phase. With
4-FPEALI treatment, it was slightly blue-shifted in comparison with the (4-FPEA),Pbly
2D reference, which was later attributed to the presence of bromine in the 2D layer.
However, for n-OAI treatment, this feature is red-shifted further than the emission of the
(n-OA)2Pbly 2D reference in Figure 5.1a, which raised questions about its nature.
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Figure 5.4: (a) Optical absorption of pristine and n-OAI treated samples for all
concentrations (2.5, 5, and 10 mg.mL™!), compared to (n-OA),Pbl, 2D reference.
(b) PL spectra of pristine n-OAI treated samples with 10 mg.mL™!.

PL measurements from Figure 5.4b confirmed these observations. As 2.5 and 5
mg.mL~! samples did not differ from pristine material, only the 10 mg.mL~" PL spec-
trum is presented. With this concentration, a tiny emission peak is hardly distinguished
at 515 nm, and more intense peaks are seen at 572 and 620 nm. Such wavelength positions
would likely be attributed to n=1, n=2, and n=3 phases of the (n-OA)2(A),_1PbyIs,41
RP perovskite. Thus, unlike 4-FPEAI treatment which formed a majority of 2D n=1 per-
ovskite, RP n=2 phases would be formed predominantly with the n-OAI spacer cation,



5.2. Properties of the 2D /3D heterostructure 119

leading to XRD peaks that do not match the 2D n=1 (n-OA)yPbly reference. Such
behavior was already discussed by Sutanto et al., who observed the formation of either
n=1 or n=2 phases in 2D/3D structures regarding the spacer cation used for the 3D
perovskite surface treatment [Sutanto et al. 2020]. Furthermore, the formation of less

emissive n=2 phases would explain the lower emission intensity of 2D phases obtained
with n-OAI instead of 4-FPEAI treatment.

5.2.2 Morphology

SEM was used to investigate if n-OAI treatment (forming n=2 RP phases) resulted in a
different surface morphology than 4-FPEAT treatment (leading to n=1 2D phases). The
resulting images of n-OAI treated samples for every concentration are shown in Figure
5.5. For the lowest 2.5 mg.mL~! concentration, the 3D perovskite grains are still clearly
visible on most of the sample surface, and only specific areas show a smoothing effect,
with the appearance of platelet-like grains. This surface suggests the inhomogeneous
formation of a very thin 2D perovskite layer, which would not be seen by XRD or PL
measurements. The 3D grains are less visible after increasing the concentration to 5
mg.mL~!, and more platelet-like grains are formed evenly on the surface. Finally, with
10 mg.mL~! n-OAI treatment, the platelet-like grains merged into a more continuous
layer. As a result, the 3D perovskite grains can hardly be distinguished anymore.

(a) (b) (¢)

Figure 5.5: SEM surface images of n-OAI treated samples with (a) 2.5 mg.mL™!,
(b) 5 mg.mL™!, and (c¢) 10 mg.mL~! solution concentration.

After observing the evolution of surface morphology induced by n-OAI treatment
through SEM imaging, we used confocal microscopy to assess if surface roughness followed
a similar evolution. Figures 5.6a and 5.6b compare the distribution of S, and S, roughness
of n-OAI treated samples for all concentrations with 4-FPEAT treated references.

Due to lesser optimization of n-OAI treatment, micrometric-sized aggregates are vis-
ible on the sample surface (see Figures 5.6¢ and 5.6d). These aggregates lead to a more
inhomogeneous distribution of S; roughness in Figure 5.6a, with some unusually larger
values. As mentioned in Section 2.2.3, S, roughness in Figure 5.6b is less sensitive than
S, roughness to abnormal topology such as these aggregates, leading to its more homo-
geneous distribution.
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Figure 5.6: Distribution of (a) S, and (b) S, roughness measured with confocal
microscopy on 4-FPEAI and n-OAI treated samples, for 2.5, 5, and 10 mg.mL™*
2D precursor solution concentrations. (c¢) Confocal and (d) SEM image of 2.5
mg.mL~! n-OAI treated samples, with visible micrometric sized aggregates.

Table 5.1 summarizes the average value for each experimental condition. Although
SEM images revealed a slightly different outcome of n-OAI and 4-FPEAI treatment on
surface morphology, roughness measurements, on the other hand, suggest a shared trend.
Increasing the 2D solution concentration from 2.5 to 5 mg.mL~! leads to a smoother layer,
with the average S, roughness being reduced from 23 to 20 nm. Interestingly, while SEM
images would have suggested a smoother surface for the 10 mg.mL~! samples due to the
continuous layer formed, it is not the case, and the average S, roughness is increased
from 20 to 21 nm between 5 and 10 mg.mL~! samples.

Table 5.1: Average S, and S, roughness of 4-FPEAI and n-OAI treated samples
for 2.5, 5, and 10 mg.mL™! solution concentration.

n-OAI 4-FPEAI
Sq (nm) | Sq (nm) | Sy (nm) | S, (nm)
2.5 mg.mL~! 32 23 27 21
5 mg.mL~! 25 20 26 21
10 mg.mL~1 27 21 30 24
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5.2.3 Insight on bromine contamination and mechanisms

The experimental method from Section 4.1.2 was reused to determine if bromine from the
3D layer was still involved in forming the RP 2D perovskite phases characterized above.
10 mg.mL~!' n-OAI treatment was applied on baseline and full iodide 3D perovskite
compositions and we characterized their optical properties.

Absorption spectra of baseline and full iodide references without n-OAI treatment in
Figure 5.7a are comparable to the same references from Figure 4.4a, and the full iodide
sample is red-shifted compared to the baseline composition. After n-OAI addition (see
Figure 5.7b), the absorption feature of the 2D phase, close to 580 nm for the baseline
composition, is red-shifted to 595 nm for the full iodide perovskite. Therefore, the optical
absorption of the 2D /3D structure suggests that bromine from the 3D layer is involved
in forming the 2D phase with n-OAI treatment.
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Figure 5.7: Optical absorption of baseline and full iodide samples (a) without and
(b) with 10 mg.mL~! n-OAT treatment.

As expected, PL measurements from Figure 5.8 show a red-shifted 3D phase emission,
from 766 to 796 nm, when bromine is removed from its composition. Meanwhile, the
2D phases show a different behavior. First, with the full iodide perovskite, the PL
intensity of the 2D phases is increased (remarkably for the n—=2 phase, more mildly for
the n=3 phase), and emission peaks appear for the n—=1 and n=4 phases. The position
of the n=1 peak (522 nm) matches the emission of the (n-OA)sPbly, confirming its
nature, suggesting that the mixed-halide composition is unfavorable to form n=1 pure
2D perovskite. Additionally, a red-shift is observed for the emission of 2D phases (515
to 522 nm for n=1 and 620 to 628 nm for n=3). Surprisingly, this shift does not apply
to both compositions’ main n=2 peak, positioned at 572 nm.

Therefore, these preliminary optical characterizations lead us to assume that the
formation of 2D perovskite phases with n-OAI involves bromine from the 3D layer and
S0, involves the cation substitution mechanism. However, they should be pushed further
to confirm the results obtained.



122 Chapter 5. Exploration perspectives of alkylammonium cations

10 Full iodide + n-OAl 766nm 796nm
5 —7 — Baseline + n-OAl " —
S 0.08 -
2 0.8- Peak position (nm)
% Phase |n=1|n=2|n=3|n=4 0.06 -
= 0.6|Baseline | 515|572 620 -
: Full iodide| 522 | 572 | 628 | 672
0.04
o
- 0.44 E
e R
N 0.024 :
£ 0.2 ;
o B * 0.00 += : : .
zZ DAY 500 550 600 650 700
00___.-_‘_/\_-—-&--—-"‘"

500 550 600 650 700 750 800 850
Wavelength (nm)

Figure 5.8: PL spectra of 10 mg.mL~! OAI treated baseline and full iodide samples.

5.3 Application in solar cells

In collaboration with the postdoctoral researcher V. S. Nguyen from IPVF, the effect
of n-OAI treatment on solar cell devices was also investigated. A concentration of 3
mg.mL~! was chosen, close to 4-FPEAI treatment. Figure 5.9 compares the distribution
of photovoltaic parameters between pristine and n-OAI 3 mg.mL~! devices.
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Figure 5.9: (a) Photovoltaic parameters (PCE, V¢, Jsc, and FF) distribution of
pristine and 3 mg.mL~! n-OAT treated devices (6 cells/condition).

The impact of n-OAI treatment on device efficiency is similar to that obtained with
4-FPEALI treatment. A PCE increase is seen with n-OAI treatment, related to a Voo
improvement, while Jgo and FF do not show any statistically significant variation. Fur-
thermore, with an average PCE rising from 15.36 to 16.22% and an average Voc going



5.4. Summary 123

from 1.09 to 1.13 V, the value of this improvement is almost identical to the ones observed
with 4-FPEAT (4 0.8% PCE, + 40 mV increase). This result agrees with the literature
and confirms that an OAl-based 2D layer also passivates the 3D perovskite surface and
improves the perovskite/HTL interface [Kim et al. 2019b, Mahmud et al. 2021b].

The influence of n-OAI and 4-FPEAI treatment on stability was assessed with MPPT.
This tracking was performed in the same conditions as in Section 3.4.2 (continuous 1-sun
illumination without UV, inert atmosphere, 25°C controlled temperature). The results,
shown in Figure 5.10, confirmed the similar effect of both treatments on stability under
illumination, with respectively 75% and 70% of the initial PCE remaining after 110 hours
for n-OAI and 4-FPEALI treated cells, compared to 32% for the pristine sample.
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Figure 5.10: MPPT of pristine, 4-FPEAI treated, or n-OAI treated devices under
continuous 1-sun illumination (without UV).

Such results suggest that 2D /3D heterostructures improve the efficiency and sta-
bility of 3D-based PSCs similarly, regardless of the spacer cation nature. This result
corroborates the discussion made at the end of Section 3.3.3 about the potential greater
importance of the solvent than of the spacer for the 2D solution.

5.4 Summary

This work introduced the study of 2D/3D heterostructures based on the n-OA spacer
cation. We first fabricated and characterized 2D perovskite references made with n-OAI
precursor, before focusing on the study of the 2D /3D perovskite structure itself. After
assessing in Chapter 3 that the 2D precursor solution concentration was a crucial factor
to modify the thickness of the 2D layer formed with 4-FPEAI, we varied this synthesis
parameter in a similar way. We highlighted that replacing 4-FPEAI by n-OAI formed a
2D layer that seemed constituted mainly of n=2 RP phases instead of n=1 2D perovskite
phases. However, these different phases did not affect significantly the morphology of
the layer, and its thickness seemed to evolve similarly than with 4-FPEAI treatment.
To determine if bromine was involved in the formation of perovskite phases induced
by n-OAI treatment, we conducted a preliminary study dedicated to apply n-OAI treat-
ment on baseline and full iodide 3D perovskite compositions. This exploration study
suggested that bromine from the 3D perovskite impacted the optical properties of the
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2D layer. This result would confirm that the 3D perovskite, and so the cation substitu-
tion mechanism, is still involved in the formation of the 2D phase with n-OAI treatment.
For the development of this study, fabricating and characterizing OAl-based n=2 RP
references, performing new optical characterizations on baseline and full iodide composi-
tions, and using XPS would be necessary. This development would allow to conclude on
the formation mechanisms of the 2D layer involved during n-OAI treatment, and would
provide more information on the nature of the 2D spacer cation in 2D /3D structures.

Interestingly, with the application of n-OAI in solar cells, 4-FPEAI and n-OAI treat-
ment were found to improve similarly both efficiency and stability of devices. This result
suggests that prioritizing the choice of solvent for the 2D precursor solution before the
choice of spacer cation could be relevant for 2D /3D heterostructures in solar cells. Never-
theless, an extensive comparative study between 4-FPEAI and n-OAI treatments would
be interesting to assess the beneficial effects of each spacer cation.



Conclusion and perspectives

This thesis occurred as a collaboration between the research group led by E. Deleporte
in LuMIn laboratory, specialized in the optical study of 2D perovskites, and IPVF’s
IMPACTS program, which develops perovskite-silicon tandem cells. This work consisted
in the study of 2D /3D perovskite heterostructures, which were not studied in these labs
before the start of this PhD.

The first chapter provided a general context to this study. It highlighted how per-
ovskite solar cells appeared as relevant candidates for photovoltaics, and in particular
for low-cost tandem cells, one of the most promising solutions to develop the photo-
voltaic industry. So far, the development of perovskite solar cells has been astonishing,
and they reached similar efficiency (25.7%) than silicon technology in only a decade.
Several issues still need to be solved for perovskite technology to enter the photovoltaic
market on a large scale. Among these challenges, device stability is crucial to ensure
good energy and economic paybacks. Despite important progress in the stability of per-
ovskite solar cells through composition and interface engineering, further improvements
are necessary. In this regard, 2D perovskites, based on big organic spacer cations and a
layered structure, stood out thanks to better intrinsic and extrinsic stability than their
3D counterpart. Optimizing their specific structure made their application as the main
absorber in perovskite solar cells promising. However, their most popular application is
combining them with 3D perovskites to form 2D /3D perovskite heterostructures. Two
different approaches have been studied: synthesizing a single perovskite layer made with
mixed 2D and 3D perovskite phases, or forming a thin 2D layer on the surface of a 3D
absorber. These alternatives have both proved to improve 3D-based perovskite solar cells
by enhancing their intrinsic and extrinsic stability, and increasing their efficiency.

The development of perovskite solar cells using 2D /3D heterostructures was presented
in Chapter 2. This development started from a 3D perovskite-based solar cell fabrication
process designed at IPVF called the baseline process. The techniques used to synthesize
each layer of the devices were detailed (spin-coating, ALD, metal e-beam evaporation...).
The main challenge of this thesis was the integration of 2D /3D heterostructures in the
baseline process. We focused on the more promising surface treatment 2D /3D structures.
Thanks to the important knowledge of the LuMIn group in PEA-based 2D perovskites, 4-
FPEAT was chosen as the main material to form our 2D /3D structures. The measurement
of IV characteristics was central in assessing the effect of the 2D /3D heterostructures on
the efficiency and stability of solar cell devices. UV-Vis spectroscopy and PL measure-
ments were used to evaluate the optical properties of the perovskite material itself. XRD
and XPS were crucial to assess structural and chemical properties of the material. Imag-
ing techniques such as SEM, AFM, and confocal microscopy provided information on the
morphology of the 2D /3D structure.
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When this work started, the study of some 2D /3D perovskite heterostructures had
already begun in the literature. Still, no consensus existed on some of their properties
(thickness of the 2D layer, phases formed, surface aspect). Hence, the main goal of the
third chapter was to understand our 2D /3D material. A 2D perovskite layer, only a few
nanometers thin and constituted mainly of n=1 phases, was formed on the 3D perovskite
by the reaction of 4-FPEAI with Pbly. The concentration of 4-FPEAI precursor solution
was revealed as a major factor to alter the thickness of the 2D layer formed. Increasing
4-FPEALI solution concentration from 2.5 to 10 mg.mL~! thickened the 2D layer from a
few nanometers to a few tens of nanometers, significantly changing the morphology of the
layer. Applying each solution concentration in solar cell devices highlighted that a thin
2D layer was more optimal for improved efficiency. On the other hand, increasing the
soaking time between the 4-FPEAI solution and 3D perovskite did not alter the amount
of 2D perovskite formed in a relevant way. Furthermore, this method was exposed as
very inconsistent, due to IPA solvent being detrimental to the 3D perovskite layer for
longer soaking times. This study underlined that solvent engineering is necessary to
extend 2D /3D perovskite structures to large-scale deposition techniques. Applying it to
perovskite solar cells, 4-FPEAI treatment significantly improved device efficiency and
stability, and we obtained a promising record efficiency of 20.48% on 0.09 cm? devices.
An efficiency close to 18% was reached with 4 cm? mini-modules, further confirming the
relevance of integrating 2D /3D heterostructures in the baseline process of solar cells.

Despite the properties of the 2D layer in 2D /3D structures matching the ones of (4-
FPEA),Pbly 2D perovskite references, a blue-shift was observed in its optical properties.
Identifying the cause of this blue-shift was necessary to figure out how the 2D layer
formation, and was the subject of the fourth chapter. XPS measurements revealed the
presence of bromine in the 2D layer and quantified its halide mix to 79% of iodine and
21% of bromine. Removing bromine from the 3D perovskite composition allowed us to
confirm that bromine was the cause of the 2D layer blue-shift. We proposed a method to
accurately assess the amount of bromine in the 2D phase of a 2D /3D structure using only
its PL emission. The formation mechanism presented in Chapter 3 and generally accepted
in the literature could not explain the presence of bromine in the 2D layer. Therefore,
we hypothesized that 4-FPEAI substitutes the A-site cations of the 3D perovskite to
form a 2D layer containing bromine. Modifying Pbls excess in the 3D perovskite, we
confirmed the existence of this mechanism. Additionally, focusing on the formation
of 2D/3D structures with various halide compositions for the 3D perovskite and 2D
cation salt provided new supporting arguments. By revealing that the two mechanisms
are concurrent in forming the 2D layer and highlighting the importance of the cation
substitution mechanism, these studies bring new insights into the synthesis mechanisms
of 3D /2D perovskite heterostructures and improve their understanding,.

In the fifth chapter, we used our knowledge of 2D /3D structures to study their forma-
tion with another spacer cation, n-octylammonium. Based on the spacer cation used, the
formation of the 2D layer is modified. While 4-FPEAI forms mostly n=1 2D perovskite
phases, n-OAI instead forms a majority of n=2 phases. These different phases do not
lead to significantly different 2D layer morphology or thickness. The improvements ob-
tained on device efficiency and stability also suggested that 2D perovskite layers similarly
improve a 3D perovskite material, regardless of the spacer cation. Based on the opti-
cal properties of the 2D phase, the presence of bromine within the layer was suggested,
implying that n-OAI involved the cation substitution mechanism to form the n=2 RP
phases. However, further analysis is required to confirm the mechanisms at stake with
this other cation with more certainty.
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Perspectives

To sum-up this thesis work, we successfully developed 2D /3D perovskite heterostructures
and integrated them in perovskite solar cells. Furthermore, we provided new insight into
their synthesis mechanisms, which could be beneficial for future development.

This study was performed with a very empirical approach, based on specific charac-
terization methods applied to various experimental conditions, to understand how 2D /3D
perovskite structures are formed. Therefore, some aspects of these materials were not
treated extensively during this work, and exploring them could significantly improve its
comprehensiveness. For example, understanding how 2D /3D structures enhance the ef-
ficiency of solar cells is crucial to improve them further. In this regard, focusing on the
opto-electronic properties of the material and the devices through time-resolved photo-
luminescence or dark-current voltage would provide important information on the pas-
sivation effects induced by the 2D layer. Similarly, an important asset could be the
characterization of energy level alignment in 2D /3D perovskite solar cells using ultravi-
olet photoelectron spectroscopy (UPS) and inverse photoemission spectroscopy (IPES).

In addition, our work on the 2D /3D structure formation mechanisms was limited
by the characterization techniques available. For instance, grazing-incidence wide-angle
x-ray scattering (GIWAXS) could have helped us to determine the orientation of the
perovskite phases in the 2D layer. Likewise, assessing in real time the evolution of the
perovskite material during 2D treatment with in-situ techniques, such as in-situ PL,
would allow us to confirm the formation mechanisms proposed. The stability study of
solar cell devices should also be extended, with more samples, longer aging times, and
more aging conditions (thermal stress, high relative humidity, continuous illumination).

This study was based on a triple-cation 3D perovskite composition. However, the
perovskite literature is moving towards other compositions, such as (FA, Cs) double-
cation perovskites. Therefore, the relevance of 2D /3D structures should be investigated
for these new compositions. Using novel spacer cations, such as di-ammonium cations
forming Dion-Jacobson 2D perovskites, could also benefit 2D /3D structures. Solvent
engineering is also essential to ensure minimal degradation of the 3D perovskite phase and
to develop stable 2D /3D structures. It could be mandatory to integrate such structures
in devices made with large-scale deposition techniques [Sidhik et al. 2022].

The evolution of the perovskite solar cell literature confirms the relevance of this work.
At the beginning of this thesis, 2D /3D heterostructures were still a developing topic, with
bulk incorporation and surface treatment structures being studied in relatively equal
proportions. Nowadays, 2D /3D structures have become a hot topic. Capping layer has
become the dominant structure, and many published works use such 2D /3D perovskites
(sometimes without even mentioning it), highlighting that this material has become much
more common. An ever-increasing number of spacers are being used. Many of them have
proven their efficiency, such as 4-FPEAIL. However, none stand out as the reference to
follow, leaving room for further exploration.

From a broader perspective, there is still a long way to go in understanding and solving
the stability challenge raised by perovskite solar cells regarding the myriad solutions
proposed in the literature. However, the rapid development towards higher stability
and good efficiencies has attracted substantial interest. Thus, if its other challenges,
like large-scale industrial production, were overcome, perovskite solar cells could have a
major impact on the photovoltaic market and global energy production.
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A.2 Static deposition with 5 mins soaking time

Optical properties

Based on absorption and PL spectra from Figure A.1l, using increasing to 5 minutes
the soaking time of 4-FPEAI solution on the 3D perovskite surface produces interesting
results. The absorption spectra in Figure A.la is greatly modified in comparison with
the pristine sample. First, the overall absorption is decreased due to low surface due to
a more reflective surface. Second, a strong absorption feature associated to the 2D layer
is visible around 500 nm. This observation is confirmed by the PL spectrum from Figure
A.1b. The use of a long soaking time leads to the appearance of several peaks around 519,
552, 600, and 632 nm. These peaks are attributed to n=1, n=2, n=3, and n=4 phases
of the (4-FPEA)9(MA,FA,Cs),,—1PbyIs,+1 RP perovskite, and their intensity (the n=1
peak is significantly more intense than the 3D perovskite peak) suggest the formation of
an high amount of 2D perovskite.
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Figure A.1: (a) Optical absorption and (b) PL spectra of a 4-FPEAI treated
sample with 5 mins soaking time.

Structural and morphological properties

XRD and SEM were also used to characterize these samples. The diffractogram in Figure
A.2a supports the optical measurements, as peaks from both the 2D and 3D perovskites
are visible. More importantly, unlike any other experimental condition, all peaks of the
2D perovskite phase are visible in the 2D /3D structure, and their intensity is also higher
than the 3D phase peaks, further suggesting a high amount of 2D perovskite.

Finally, surface and cross-section SEM images confirmed the high amount of 2D
perovskite formed with such soaking time. The cross-section image in Figure A.2d shows
a new layer of 2D perovskite close to 100 nm thick on the 3D bulk. However, the surface
image in Figure A.2b reveals that this high amount of 2D perovskite does not form an
homogeneous thick 2D layer. Instead, the 2D phases crystallized in large aggregates,
few tens micrometers wide. The second SEM from Figure A.2¢, acquired with a higher
magnification, confirms the inhomogeneity of the 2D phases formed, as the 3D perovskite
grains are still visible between the large 2D aggregates.
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Figure A.2: (a) Diffractogram, (b) cross-section SEM image, (¢) SEM surface
image, and (d) SEM surface image focused on the 3D perovskite grains of a 4-
FPEAI treated sample with 5 mins soaking time.

Thus, these samples seem to confirm the observations made in the soaking time study
from Section 3.3. While increasing soaking can form higher 2D perovskite amount, this

greater quantity comes at the expense of the homogeneity of the layer formed, if it can
be designated as such.
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Titre: Etude d’hétérostructures de pérovskites 2D /3D pour cellules photovoltaiques.
Mots clés: Pérovskites, photovoltaique, matériau, interfaces.

Résumé: Dans le monde du photo-
voltaique (PV), les cellules solaires a
base de pérovskite ont connu un intérét
croissant au cours de la derniére dé-
cennie grace a leurs propriétés idéales
pour des applications PV et leur polyva-
lence. Cependant, certains défis restent
a relever pour que cette technologie devi-
enne un acteur majeur de l'industrie PV,
notamment une amélioration de la stabil-
ité des cellules. Dans ce but, ce travail
se focalise sur le développement d’une
hétérostructure de pérovskites 2D /3D,
via 'ajout d’une couche de pérovskite
2D sur la couche de pérovskite 3D déja

utilisée, afin d’améliorer le rendement et
la stabilité des cellules solaires. Cette
thése consiste a développer un procédé
de synthése d’hétérostructure 2D /3D et
de l'intégrer dans des dispositifs de cel-
lules solaires afin d’optimiser leurs per-
formances. L’objectif est également
une meilleure compréhension des mécan-
ismes de formation de cette structure
via la caractérisation de ses propriétés
physico-chimiques, ce qui bénéficierait
a l'optimisation de structures similaires
déja existantes et au développement de
nouvelles structures analogues.

Title: Study of 2D/3D perovskites heterostructures for solar cells.
Keywords: Perovskites, photovoltaics, material, interfaces.

Abstract: In the world of photovoltaics
(PV), perovskite solar cells have expe-
rienced increasing interest over the last
decade thanks to their ideal properties
for PV applications and their versatil-
ity. However, some challenges remain for
this technology to become a major player
in the PV industry, including improved
cell stability. To this end, this work fo-
cuses on the development of a 2D/3D
perovskite heterostructure, via the addi-
tion of a 2D perovskite layer on top of
the 3D perovskite layer already used, in

order to improve solar cells performance
and stability. This thesis consists in de-
veloping a 2D /3D heterostructure syn-
thesis process and integrating it into so-
lar cell devices to optimize their perfor-
The objective is also a better
understanding of the mechanisms of for-
mation of this structure via the charac-
terization of its physico-chemical proper-
ties, which would benefit the optimiza-
tion of already existing similar structures
and the development of new analogous
structures.

mance.




	Introduction
	Context and state of the art
	General background of solar cells
	From the Sun to electrons
	Homojunction and solar cell characteristics
	Tandem solar cells

	Perovskite solar cells
	Hybrid halide perovskites
	Application in solar cells
	Development towards industrialization

	2D hybrid halide perovskites
	Structure
	Opto-electronic properties
	Applications in photovoltaics

	2D/3D perovskite heterostructures
	Bulk incorporation
	Surface treatment

	Summary

	Experimental processes and methods
	Fabrication of perovskite solar cells
	Transparent substrate
	Titanium oxide ETL
	Triple-cation 3D perovskite absorber
	2D perovskite addition
	Organic HTL layer
	Metallic back contact

	Characterization techniques
	Assessing device performances
	Optical properties of the material
	Structural, chemical, and topological characterization

	Summary

	Synthesis parameters of the 2D/3D perovskite structure
	Reference 2D perovskite layer
	Fabrication of a pure 2D perovskite
	Characterization of the pure 2D layer

	Concentration of the spacer cation solution
	Identification of 2D perovskite in the 2D/3D structure
	Morphological properties
	Chemical characterization using XPS
	Solvent washing of the 2D layer

	Static deposition of the 2D precursor solution
	Deposition process
	Impact on the 2D layer
	Effect of 2D solution solvent on the 3D perovskite

	Device applications
	Optimal synthesis parameters
	Device improvement with 2D/3D structure
	Upscale to mini-modules

	Summary

	Formation mechanism of the 2D perovskite layer
	Bromine contamination of the 2D perovskite
	Optical shift between pure 2D and 2D/3D
	Effect of bromine absence
	Bromine quantification

	2D perovskite formation mechanisms
	Need for a new mechanism description
	Unlikely mechanisms
	Cation substitution

	Support to cation substitution hypothesis
	Lead iodide excess in the 3D perovskite
	3D PVK vs. 2D precursor halide in 2D PVK halide mix

	Summary

	Exploration perspectives of alkylammonium cations
	OAI-based 2D perovskite references
	Properties of the 2D/3D heterostructure
	Identification of the 2D phase
	Morphology
	Insight on bromine contamination and mechanisms

	Application in solar cells
	Summary

	Conclusion and perspectives
	Appendix
	List of conferences and publications
	Static deposition with 5 mins soaking time

	Bibliography

