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Abstract

Hybrids organic-inorganic perovskite(HOP) solar cells have unequivocally the potential
for being a new generation of solar panels with a lower cost and a greater efficiency
than well-known silicon solar panels. Today, even if HOPs are seen as one of the best
ways to overcome climate change, they still have drawbacks to overcome, such as limited
stability, especially in humid conditions. The more stable 2D perovskites, a low-dimension
subfamily of the HOP is a good candidate to protect the 3D HOP while keeping a good
efficiency. The understanding of the interaction between the 2D and the 3D perovskite is
crucial to push the HOP cell toward the next step.

Chapter 2 introduces the state-of-the-art methods used throughout the work pre-
sented. Those optical techniques, steady state and time resolve, make it possible to
reveal the intimate photophysics of new materials and interfaces.

Chapter 3 continues with an in-depth study of different 2D perovskites containing
heavily fluorinated cations for an improve water repellent property. These cations show a
large tunability of optical and dielectric properties according to their structure. We show
that despite no direct contribution to the electronic structure, the cation size does have a
large indirect influence. 2D perovskites made with longer cations show a smaller bandgap
and exciton binding energy. This phenomenon comes from the strains induced by the
cation in the perovskite structure and thus the orbital overlap, yielding a larger disper-
sion and a red shift of the bandgap. Finally, we demonstrated the excellent water stability

of the different material with samples being stable for more than one month in ambient




conditions. To follow, we have focused on one cation named A43. The (A43),Pbly per-
ovskite was extensively studied by means of ultrafast spectroscopy and electro-absorption,
revealing the presence of long-lasting correlated electron—hole pairs. Such states have a
marked charge- transfer character, as revealed by the persistent Stark effect in the form
of a second derivative in electro-absorption. This effect is the result of the unique fluo-
rinated cation electrostatic effect as well as the steric hindrance of the later. The stark

effect in (A43)2Pbl, perovskite is at the core of this chapter and of this thesis.

After studying the 2D perovskite alone, chapter 4 describes the photophysics of the
merged interface of the 2D and 3D perovskites in a bilayer system. Combining these
two materials yields an improved performance of perovskite solar cells thanks to the syn-
ergistic properties of the 2D, more stable, and 3D perovskite, more efficient. However
the interface was not well characterized. The crystal growth of the 2D layer as well as
the carrier transfer properties between the 2D and 3D perovskite are still open ques-
tions. In this work, we reveal the impact of 2D /3D crystal alignment in driving interface
charge-recombination dynamics. The 2D crystal growth and orientation are manipulated
by specific fluorination of phenethylammonium (PEA), used here as the organic cation
backbone of the 2D component. By means of time-resolved optoelectronic analysis from
the femto- to microsecond regions, we demonstrate a static function of the 2D layer as
an electron barrier and homogeneous surface passivant, together with a dynamic role in
retarding back charge recombination. Our results reveal a crucial dependence of such
beneficial effects with the 2D layer, leading to an enhanced open-circuit voltage (Voc),

mostly attributed to the 2D phase which orients parallel to the 3D layer.

In addition, we studied the long-term evolution of the interface and the effect on a
device. We revealed that the small cation from the 3D layer can migrate to the 2D top
layer and altering its structure over time. By playing with the 2D perovskite material,
we show that this migration can be blocked improving the cell lifetime.

Lastly, we studied the thermal stress on the 2D-3D interface in cells, knowing that

it is one of the factors in the cell instability. Using X-ray scattering and by thermally
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cycling the cells, we revealed that the 2D perovskite crystal layer undergoes a structural
transformation toward a higher dimensionality. At the same time, it protects the 3D
layer underneath as it does not show any changes. Indeed, the lead iodide leakage, the
cause of the 3D perovskite degradation, is blocked by the top 2D layer. Such findings
provide a deep understanding and delineate precise guidelines for the smart design of
multidimensional perovskite interfaces for advanced PVs and beyond.

Finally, chapter 5 explores the excited state dynamics of MoS2, a member of the 2D
layer transition metal dichalcogenides(TMDC), very similar in structure to the 2D per-
ovskite. MoSs has been explored as an HT'M for perovskite cell as well as a buffer layer
between the HTM and the perovskite layer for an improved stability. The excited state
of MoS; is already well studied, but only until a few nanoseconds. Free carrier dynam-
ics, living much longer than a few nanoseconds, is crucial for using this material in the
previously mentioned role, were not studied so far. We have uncovered the entire excited
state dynamics, from picoseconds up to the complete decay of carriers 10 microseconds
later. This enables the smart use of this material in application where the free carrier

dominates.
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Photovoltaic, perovskite, solar cells, spectroscopy, 2D perovskite, interface, 2D /3D, bi-

layer, low-dimensional, characterisation, optical,excited state,MoSs, stability







Resumeé

Les cellules solaires hybrides pérovskite organique-inorganique (HOP) ont sans conteste le
potentiel d’étre une nouvelle génération de panneaux solaires avec un cofit inférieur et un
rendement supérieur aux panneaux solaires en silicium bien connus. Aujourd’hui, méme si
les HOP sont considérées comme ['un des meilleurs moyens de lutter contre le changement
climatique, elles présentent encore des inconvénients & surmonter, comme une stabilité
limitée, notamment dans des conditions humides. Les pérovskites 2D, plus stables, une
sous-famille de faible dimension des HOP, sont un bon candidat pour protéger les HOP
3D tout en conservant une bonne efficacité. La compréhension de I'interaction entre les
pérovskites 2D et 3D est cruciale pour faire avancer la cellule HOP vers la prochaine
étape.

Le chapitre 2 présente les méthodes de pointe utilisées tout au long du travail présenté.
Ces techniques optiques, en régime permanent et a résolution temporelle, permettent de
révéler la photophysique intime de nouveaux matériaux et interfaces.

Le chapitre 3 continue avec une étude approfondie de différentes perovskites 2D con-
tenant des cations fortement fluorés pour améliorer la propriété hydrofuge. Ces cations
montrent une grande accordabilité des propriétés optiques et diélectriques en fonction de
leur structure. Nous montrons que malgré I’absence de contribution directe a la structure
électronique, la taille du cation a une grande influence indirecte. Les pérovskites 2D fab-
riquées avec des cations plus longs montrent une bande interdite et une énergie de liaison

des excitons plus petites. Ce phénoméne provient des contraintes induites par le cation
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dans la structure de la pérovskite et donc du recouvrement des orbitales, ce qui entraine
une plus grande dispersion et un décalage vers le rouge de la bande interdite. Enfin, nous
avons démontré 'excellente stabilité & ’eau des différents matériaux, les échantillons étant
stables pendant plus d’un mois dans des conditions ambiantes. Pour la suite, nous nous
sommes concentrés sur un cation nommé A43. La pérovskite (A43),Pbly a été étudiée
de maniére approfondie par spectroscopie ultrarapide et électro-absorption, révélant la
présence de paires électron-trou corrélées de longue durée. Ces états ont un caractére de
transfert de charge marqué, comme le révéle l'effet Stark persistant sous la forme dune
dérivée seconde en électro-absorption. Cet effet est le résultat de leffet électrostatique
unique du cation fluoré ainsi que de I’encombrement stérique de ce dernier. L’effet Stark

dans la pérovskite (A43)2Pbly est au coeur de ce chapitre et de cette thése.

Aprés avoir étudié la pérovskite 2D seule, le chapitre 4 décrit la photophysique de
I'interface fusionnée des pérovskites 2D et 3D dans un systéme bicouche. La combinai-
son de ces deux matériaux permet d’améliorer les performances des cellules solaires a
pérovskite grace aux propriétés synergiques de la pérovskite 2D, plus stable, et de la
pérovskite 3D, plus efficace. Cependant, l'interface n’a pas été bien caractérisée. La
croissance cristalline de la couche 2D ainsi que les propriétés de transfert des porteurs
entre la pérovskite 2D et 3D restent des questions ouvertes. Dans ce travail, nous révélons
I'impact de I’alignement cristallin 2D /3D sur la dynamique de recombinaison des charges
a linterface. La croissance et l'orientation des cristaux 2D sont manipulées par une
fluoration spécifique du phénéthylammonium (PEA), utilisé ici comme squelette cation-
ique organique du composant 2D. Au moyen d’une analyse optoélectronique résolue dans
le temps, de la femto- & la microseconde, nous démontrons une fonction statique de la
couche 2D comme barriére électronique et passivant de surface homogéne, ainsi qu’un réle
dynamique dans le retardement de la recombinaison de la charge arriére. Nos résultats
réveélent une dépendance cruciale de ces effets bénéfiques avec la couche 2D, conduisant
a une tension en circuit ouvert (Voc) améliorée, principalement attribuée a la phase 2D

qui s’oriente parallélement & la couche 3D.
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De plus, nous avons étudié I’évolution & long terme de 'interface et son effet sur un
dispositif. Nous avons révélé que le petit cation de la couche 3D peut migrer vers la
couche supérieure 2D et modifier sa structure au fil du temps. En jouant avec le matériau
pérovskite 2D, nous montrons que cette migration peut étre bloquée améliorant ainsi la

durée de vie de la cellule.

Enfin, nous avons étudié le stress thermique sur les cellules 2D-3D, sachant qu’il est
I'un des facteurs de l'instabilité de la cellule. En utilisant la diffusion des rayons X et
en effectuant un cycle thermique des cellules, nous avons révélé que la couche cristalline
de pérovskite 2D subit une transformation structurelle vers une dimension supérieure.
En méme temps, elle protége la couche 3D située en dessous car elle ne présente aucune
modification. En effet, la fuite d’iodure de plomb, cause de la dégradation de la pérovskite
3D, est bloquée par la couche 2D supérieure. Ces résultats permettent de mieux compren-
dre et de définir des lignes directrices précises pour la conception intelligente d’interfaces

multidimensionnelles en pérovskite pour les systémes photovoltaiques avancés et au-dela.

Enfin, le chapitre 5 explore la dynamique de 1’état excité du MoSs, un membre des
dichalcogénures de métaux de transition 2D (TMDC), dont la structure est trés similaire
a celle de la pérovskite 2D. Le MoSsy a été exploré en tant que HTM pour la cellule
pérovskite ainsi qu’en tant que couche tampon entre le HTM et la couche pérovskite pour
une meilleure stabilité. L’état excité du MoS, est déja bien étudié, mais seulement jusqu’a
quelques nanosecondes. La dynamique des porteurs de charge, dont la durée de vie est bien
supérieure a quelques nanosecondes et qui est cruciale pour utiliser ce matériau dans le role
mentionné précédemment, n’a pas été étudiée jusqu’a présent. Nous avons découvert toute
la. dynamique de I’état excité, depuis les picosecondes jusqu’a la désintégration compléte
des charge libre 10 microsecondes plus tard. Ceci permet l'utilisation intelligente de ce

matériau dans des applications ot les charges libres dominent.




Mots-clés

Photovoltaique, pérovskite, cellules solaires, spectroscopie, pérovskite 2D, interface, 2D /3D,
bicouche, basse dimension, caractérisation, optique, état excité, MoSs, stabilité
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Introduction

Within the many challenges our generation has to face, to most important, is climate
change. Its impact is already clearly felt though increases frequency of violent climatic
events such as storms and hurricanes, forest fire and many others. Today, it is clear that
the problem of climate change has to be tackled and it is reflected in most country’s en-
vironmental policy. Many international protocols have been set up to protect our climate
such as the ban on CFCs to protect the ozone layer or the Paris agreement to decrease the
global warming. The question of COs is, however, still a debated issue between countries
that tries to balance economic growth and environmental protection . However, to reduce
global warming the production of CO5 has to be diminished. Throughout the different
industries, the energy production sector is one of the major contributors of COs emis-
sion. According to the IPCC Fifth Assessment Report and the OCDE the energy sector
is responsible for 1/3 of the global CO5 production on its own.! This is the direct result
of using fossil fuel as an energy source. More than 60% of the global energy production
comes from fossil sources (coal, gaz, oil). Coal being the major player. The global energy
consumption is steadily increasing and will continue to do so. By 2040 it is forecast that
be Energy demand will increase by 50% from 28 TWh in 2018 to 43 TWh in 2040 (Figure
1.0-1B).
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Figure 1.0-1: (a) Energy production by sector*. (b) Projection of energy consumption?

For the world to meet the objective of limiting climate changes, most of fossil fuel
plant needs to be phased out and replaced by alternative energy sources that are carbon
free, not to produce more COs, and renewable. Many countries have started an energetic
transition toward renewable. These renewable means of production are the following:
hydro, wind, solar and nuclear. Each one of them has the advantage and downside.
We can divide them into two groups. The first group requires large infrastructure, such
as hydro, wind and nuclear power plants. The second does not. Only solar energy fits in
this group. Solar energy is the only one that can be set up without requiring centralised
plant, as solar panels can be fitted in most rooftops. In addition, solar power doesn’t have
landscape requirements as the other three have. It only requires sunlight. Solar energy
also brings challenges. More specifically on the production and demand miss mach due to
the day-night and summer-winter cycles. Some solution exists for this problem. Such as in
Australia where massive batteries station has been built by the Tesla company acting as a
buffer between the energy production and consumption peaks. This system has even been
proven cost effective as the low off-peak energy is stored and sold back to the grid when the
price is higher in peak demand. But scaling this solution to the entire planet is impossible.
The true solution will, of course, be a mix of everything, with a different distribution in

according to the opportunities the landscape provides in each country. But it is difficult

*OCED, Paris,France
fIEA, Paris,France
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to argue against the use of solar energy in the increasing global energy production as
it is one of the easiest, and probably applicable in most countries, means to reduce our
dependence on fossil fuel. Today the most common solar cell type is Silicon based. It is
a proven technology that is becoming more and more affordable thank to the economy
of scale driven by China. It has a power conversion efficiency (PCE) around 20% for
commercially available panel.The record for lab scale cells being 26.1%. The production
process of such panel is energy intensive. It requires very high temperature and very
clean environment. The energy payback time(EPBT), the time needed for a solar panel
to generate the energy required for its production, for a 2020 mono-crystalline silicon solar
cell is around 1 year and 4 months thanks to improved processing methods.? But this is

still too much. Moreover, silicon panels are rigid and quite heavy. In this optic several
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Figure 1.0-2: NREL Best Research-Cell Efficiency Chart 20213

new technology of solar panels have been developed to assess these downsides. One can
mention organic photovoltaic (OPV), thin film CdTe and CIGS which has the advantage
of being flexible but less efficient. Dye sensitised solar cells(DSSC) which use pigment,
mimicking the natural photosynthesis. It is not very efficient(13%) and necessitating a
liquid electrolyte, but has the advantage to be colored as pleased and works on low light

conditions. The last technology to rise is the hybrid organic-inorganic perovskite(HOP).
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It is very easy and cheap to make solar cells with this technology resulting in very efficient
device. Since 2013 the efficiency almost doubled from 14% up to 25.5%, in only 8 years(see
red and yellow circle on figure 1.0-2). In comparison, it took more crystalline silicon cell
40 years to reach a similar efficiency(blue square on figure 1.0-2). Thanks to its different
processing method HOP’s EPBT has been calculated to be only 4 months,* between half
and a quarter of the EPBT of silicon cells. At this moment, This new technology brings
challenges that will have to be overcome. The material is not stable over multiple years
and all the light-induced processes happening inside the cell is not fully understood yet.
This is the motivation behind my work. Trying to understand the inner working of this
new technology of solar cells, in the hope of making it a viable new competitor on the

solar generation market.

1.1 Light to mater interaction

Before going any further into the subject, we need to understand how does light interact
with mater. Formally, the absorption, in electromagnetism, stands for the physical phe-
nomenon by which an electromagnetic wave is transformed into another kind of energy.
For light to be absorbed in matter, a transition between to electronic state has to occur.

This is only possible if the two following requirements are fulfilled:

e The transition between the two states is allowed by the quantum selection rules

(transition dipole moment is non-zero).
e The incoming photon energy match the energy gap between the two states.

In molecular systems, such transition occurs between two distinct states, each holding two
electrons at most because of the Pauli exclusion principle. When molecules(or atoms) start
to pack, their respective states start to interacts, as in figure 1.1-3, but are still distinct
from each other. When the number of molecules(or atoms) increase to become virtually

infinite in 3 dimensions, as in solids, the levels become degenerate and blends together
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Figure 1.1-3: A) From molecular states to bands. B) Band diagram of a metal, semicon-
ductor and insulator

to form continuous bands where electrons can live and are separated by a forbidden gap.
The highest occupied band is called the valance band(VB) and the lowest unoccupied
band is called the conduction band(CB). The energy difference between the two bands is
called the band gap (E,) and it is an important characteristic of solids as it determines
the optoelectronic properties of the material. Solids can be classified according to their
electronic properties, which is linked to how their band arranges. If the lowest occupied
band is partially filled, or the CB and VB overlap, the material will conduct electricity.
This is a metal. If there is a band gap smaller than 3 kg1, where kp is the Boltzmann
constant and 7' the temperature, it is a semiconductor. And if the gap is bigger it is an

insulator. Solar devices are made from semiconducting material.

1.2 Semiconductors

In semiconductor physics a useful notion to define it the Fermi level(Er). The Fermi level
is the energy, given a Fermi-Dirac distribution, where there is a 50% chance of finding an

electron.®% We can denote three types of semiconductors according to their fermi level:
e Intrinsic
® p-type

e n-type

19



For intrinsic semiconductors, Er is in the middle of the gap. For a p-type semiconductor,
Er will be in the gap but close enough to the valence band to be thermally populated
due to an excess holes on the band. Similarly, in the case of a n-type semiconductor, Er
is close to the conduction band due to an excess of electrons in the band (figure 1.2-4). To
make a p- ot n-type semiconductor, one has to introduce a very small amount, in the order
of 1 to 100ppm, of electron rich or electron poor impurity into the material. For example,
for silicon, Boron is used as electron poor doping agent and Phosphorus as electron rich
resulting in a p- and n-type semiconductor respectively. By tuning the doping agent

concentration the Fermi level can be tuned and thus the optoelectrical properties of the

material.
a) A b) A
|
S, | S I EE—
¢ &
il z
Fg ...................... ﬁ-:] hv =Eg+E,
Intrisinc p—t'ype n-tlype d1rect mdlrect

Momentum

Figure 1.2-4: A) Semiconductor types. The Fermi level is represented by the dash line,
electrons by filled circles and holes by empty circle. B) K-space band diagram for indirect
and direct band gap semiconductors. hv represent the incoming photon energy, F, the
band gap and E,, the phonon energy.

To describe light absorption in semiconductors it is the convention to work in k-space,
also called momentum space because of the periodic nature of the crystal structure. In
such convention the abscissa represents the momentum of the electron and the ordinate
the energy and the valence and conduction band are parabolic curves. For light to be
absorbed (electronic transition) in a semiconductor, the energy of the incoming photon

has to be equal or greater than the band gap. In k -space, such transitions are vertical
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for direct band gap semiconductors, or non-vertical for indirect band gap. A transition
is labeled direct if it fulfills all selection rules, resulting in a very strong absorption. An
indirect transition can only occur by coupling the incoming photon with a phonon(lattice

vibration) resulting in a weaker absorption, a 1000 fold compared to a direct transition.

1.2.1 Photo-carriers

When light is absorbed in a semiconductor an electron from the valence band is promoted
in the conduction band. We call this electron a photo-carrier. The nature of such carrier
can vary a lot depending mainly on the dielectric constant (e,.) of the material. It can
remain more of less correlated to electronic vacancies it left behind, called a hole. In
short the dielectric constant of a material represents how easy a material can polarize
in an electric field and thus how easily it can sustain a displaced charge. The amount
of coupling between the electron and the holes will determine the characteristic of the
photo-carrier. No coupling, and we have a free electron. If there is a coupling, we have an
exciton. More in detail, an exciton is a quasi-particle found in semiconductors that can
be seen as electron-hole pair linked by Coulomb forces where the electron orbit around
the hole. By analogy with the hydrogen atom. The orbiting radius of the exciton is called

the Bohr radius and its length classify an exciton in 2 categories:
e Wannier-Mott exciton
e Frenkel exciton

Wannier-Mott( WM ) excitons are characterized by a large Bohr radius, much larger than
the crystal lattice parameter.”»® They are typical of large dielectric material where the
electron-hole interact is partially screened resulting is small Coulomb interactions in the
order of 0.01-0.1 eV. A Frenkel(F') exciton, on the other hand, has a much smaller Bohr
radius,” smaller than the lattice parameter as in figure 1.2-5. This kind of exciton is
typically found in molecular system or in material with a small dielectric constant giving

rise to a large coulomb interaction,0.1-1 eV, keeping the electron and hole close. There
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is a third, intermediate, exciton called charge-transfer exciton. It is characterized by a
Bohr radius between the two others, has a dipole moment and generally occurs across an

interface typically between a donor and acceptor.
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Wannier-Mott Frenkel

Figure 1.2-5: Wannier-Mott and Frenkel exciton models. The lattice is represented by
black circles, electrons and holes by blue and red circle respectively and the exciton Bohr
radius by a dashed circle.

Energetically speaking, excitons are mid-gap state meaning that their energy level is
within the bandgap of the material, while free electrons will reside in the conduction band.
The energy difference between the conduction band minimum and the excitonic state is
called the exciton binding energy (Ep). Both types of excitons is optically active. They
appear as a very defined peak within or below the absorption edge of the material (figure
1.4-11). The hydrogen atom models use as an analogy to describe the exciton describes

the different electronic transitions well as they follow a similar spectral series(eq 1.1).19

mﬂe2 R

Where E(n) is the spectral energy of the n'" level, Ry the Rydberg constant, y the re-
duced mass of the electron and hole, mg the electron mass and €, the relative permittivity.
Following the hydrogen atom analogy we will name the different electronic transition of an
exciton 1s, 2s, etc, for respectively the first transition, second transition and so on. Con-

sidering the band gap absorption and the exciton absorption in semiconductors, a model,
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not expanded here, has been developed by Elliott to describe the optical absorption of
semiconductors.!!
At this point all the main notions concerning the excitation, light absorption, in

semiconductors has been described. We miss what followed, the desexcitation, where the

material relaxes back to ground state.

1.2.2 Recombination processes

The "death" of photo carriers is called the recombination as it involves an excited electron
recombining with the hole it left behind in the valence bande. Such process can be
radiative or non-radiative. In the first case, as the electron recombines with a hole, a
photon is emitted with the energy match the energy gap. In the second case, the energy
is dissipated in the lattice as heat. The recombination is a dynamic process. And as such,
the change in the population of the excited state can be expressed by the general rate
equation.

- :k1n+k2n2 +k3n3—|— (12)

Where n(t) is the population of the excited state and k; the rate constant associated to the
pathway of order ¢. The different orders are associated with the different recombination

process. Only the three main recombination pathways are presented :

e The Shockley—Read-Hall (SRH) recombination, 15 order (n)
e The band to band recombination ( or bimolecular recombination), 2”¢ order (n?)
e The Auger recombination, 3"¢ order (n?)

The first process, SRH recombination, consists of a trap assisted recombination usually
caused by lattice defects.!?13 Traps are a energy stat that is below the conduction band
where free carrier can "fall in" and get stock. In semiconductor this process is usually
happening at low excitation density where the density of photo carriers is lower than

the density of traps. The second recombination process is simply an excited electron in
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the conduction band recombining with its hole in the valence band. This is the main
radiative pathway. Finally, the last process, The Auger recombination occurs at a very
high carrier density where one cannot neglect carrier interaction. This pathway is a three
body interaction where and excited electron is transferring its energy to another excited
electron that will be promoter higher(in terms of energy) in the band. The three main

pathways are exemplified in figure 1.2-6

' . N .
e e

-

SRH Band to band Auger

Energy

Figure 1.2-6: Main recombination mechanism: SHG, band to band and Auger recombi-
nation. The conduction and valence bands are represented in red and blue respectively.
Traps are represented in orange

The solution of equation 1.2 will be a sum of exponential decay. Each recombination
channel will thus have an associated time constant(7). As both radiative and non radiative
recombination happens at the same time, we define the quantum yield as being the ratio

if the time-constants relative to the radiative and non-radiatives processes.

Tr
= <1 1.3
L Ty 2 :Tn - ( )

Where 7, is the time constant associated to the radiative process and 7, the non-radiative
ones (SHR and Auger). A material quantum yield close to 1 means that most photos ab-
sorbed will be reemitted. The material will have a very bright fluorescence and 7,, >> 7,.

The fluorescence time constant is an important parameter for the study of optoelectronic
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material as it is usually a signature of low trap density and a direct band gap two desired

properties. !4 15

1.2.3 Quantum confinement

Most semiconducting materials are bulk three-dimensional(3D) crystals. In the 70s, a
subgenre of semiconductor which aren’t three dimensional was created.'®!7 This opened
the door to new materials: quantum wells/sheet(2D), quantum rods(1D) and quantum

dots(0D), all with peculiar optoelectronic properties due to quantum confinement.

To comprehend what is and how does quantum confinement work, let’s take the quan-
tum dots example. Quantum dots are nanometer sized, typically in the order of 100nm,
mostly spherical semiconductor particles. They do absorb light as their bulk counterpart
but as the size of the particle decreases there will be a point where the diameter will start
to get smaller than the exciton Bohr radius. From that point we can see the problem as
quantum particles in a box. As the box, here the quantum dot, shrinks the energy level
of the particle will spread resulting in a shift of the optical properties to the blue(higher
energy). Carriers in quantum confine systems are not free to move in all direction, but
will be restricted in a 2D plane, 1D rod or a 0D dot. In addition to physical confine-
ment. Carriers can be dielectrics confined. This method was used by Tsu et al. in the
1970 experiment.!” Typically used for quantum wells, it consists of sandwiching a very
thin layer of a material with another one having a different dielectric constant or band
gap. Carriers will be confined in the higher dielectric material, the second one acting as
a barrier, confining carrier in a plane(2D) as in figure 1.2-7. There is different type of
quantum well according to the way the valence and conduction band of the two materials
aligned with each other. In the case of figure 1.2-7 the two maxima and the two minima
are aligned, it is thus a type I. If the minima if material A is aligned with the maxima of
material B, meaning that the valence band of A is lower the B one and the conduction

band of A is also lower than the B one, it will result in a type IIL.
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Figure 1.2-7: Band diagram of a type I quantum well created by sandwiching two semi-
conductor with different bandgap: E,1 and E .

1.3 Solar cell

So far we have described the physic of semiconductors and the phenomenon impacting
the photo carriers. Here we will have a look at how we can take advantage of the semi-

conductors properties to extract current and make a solar cell.

1.3.1 Working principle and characteristics

In an abstract way, a solar cell works by preventing the photo-carrier recombination
within the material, by extracting them out of it through electod and put them back in
the material at the other side. To do that we need to create a so-called p-n junction by
putting together a n-doped and a p-doped semiconductor. When in contact their different
Fermi level will join creating a slop. When a junction is excited with light the excited
electron in the conduction band in the p-doped material will drift through the junction in
the n-doped region toward a collection electrode to be extracted as exemplified in figure
1.3-8A. The collected electron will then be funneled though a circuit back to the other
side of the junction, completing the circuit creating a current([s.). If the circuit is open,

a potential can be measured between the two sides, called the open circuit voltage(Vp..).
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The open circuit voltage and short circuit current are two important parameters that
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Figure 1.3-8: A) Band diagram of a pn-junction at equilibrium and under illumination.B)
Silicon solar cell schematic C) IV scan, forward and backward

characterizes a solar cell. To measure them a current-voltage(IV) scan which consists in
applying a voltage to a cell under light an measuring the current output is performend.
The I, can be normalized by the cell area giving rise to the current density Jg. which is
the conventionally used. The [, is read at 0 potential and the V,. at 0 current. Figure
1.3-8C present an IV scan. The scan can be done in both directions. The miss mach
between the forward and reverse scan is called the hysteresis. It can be quantified by the

hysteresis index (H;):'®
PCEreverse - PCEforward

H P—
‘ PCEI'BVGI'SG




Where the PCE is the power conversion efficiency.

Pout JchocFF
PCE = = 14

In addition to these parameters there is: the maximum power point(MPP) which is the
point on the J-V graph where the cell will output the most power. The fill factor(FF)
which is an ideality factor comparing the maximum theoretical power output given at Jy.

and V.. and the effective one Jy;pp and Vispp.

_ JuppVupp

FF = 1.5
JSCVOC ( )

A single pn-junction solar cell will not absorb the full solar spectrum efficiently. Indeed
all the low energy photo(lower that the band gap) will not be absorbed and are thus
lost. The higher energy one will be absorbed but because of intra-band relaxation all
excess energy with respect to the band gap will be lost. As a result, with a small band
gap most of the spectrum is absorbed giving rise to a high Js. but they V. will be
low due to the small energy difference between the bands. In the opposite case, with
a high band gap, only the blue part of the spectrum is absorbed resulting in a low
Jse but a high V,.. On this principle and factoring in geometrical constraints and the
solar spectrum William Shockley and Hans-Joachim Queisser calculated a theoretical
maximum for a single bandgap solar cell of 32%.'9 This maximum can be surpassed if
multiple absorbers are used to create a so call multi-junction solar cell with four or more
different band gaps are used to minimise as much as possible losses and achieves close to
50% efficiency*NREL chart. Such solar cells are theoretically ideal, but practically very
challenging. Most need a concentrator to illuminate all the layers enough to reach the
maximum efficiency. In addition, the engineering of such multilayered system mad from

single-crystalline semiconductor material is not at all trivial.
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1.3.2 Solar cell technologies

Today there are many types of solar cell using different base material and or architec-
ture. The first generation, more crystalline wafer based such as silicon are by far the
most used commercially and GaAs(Gallium Arsenide) solar cell used in satellite usually
in a multi-junction configuration, more expensive but also more efficient than silicon.
This generation is made in majority by epitaxial growth. The second generation, thin
film based, with CIGS( copper indium gallium selenide) and CdTe(cadmium telluride)
solar cells as the advantage of being flexible. All of the above are pn-junction semi-
conductor based technologies and differs mainly by the material used. As mentioned
above, multi-junction cells is a category onto itself. The 2d generation is usually made by
CVD(chemical vapor deposition) deposition technique. Beside that there is the emerging
PV, 3rd generation, mostly still confined to labs like dye sensitised solar cell (DSSC) based
on colored dyes as light absorbers, organic cells (OPV) based on conducting polymers, and
the latest and, according to some, the most promising technology, the hybrid perovskite
solar cell(PSC).2%21 All of those are solution-processed. Being the studied material at
the center of this work, let us have a close look at what are hybrid perovskite(HP) and
how a PSC is made.

1.4 Hybrid organic-inorganic perovskites

Perovskite, originally designated a mineral, CaTiOs, discovered in the 19*" century and
named after a Russian mineralogist Lev Perovski. Today all compounds of structure
ABX3, where A is a monovalent cation, B a divalent cation and X an anion, are called
perovskite. The perovskite family is numerous with many practical applications such as
piezoelectric driver,laser medium, scintillators, photovoltaic,etc. The hybrid perovskite
is a subgroup with a small organic molecule use as A site cation, typically methylammo-

nium(MA), resulting in a organic-inorganic hybrid material. This latter group is the one
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of interest regarding photovoltaic applications since Kijoma et al. used it to make the

first PSC.22

1.4.1 Structure and properties

The prototypical composition for photovoltaic is methylammonium(MA) lead(Pb) io-
dide(I) for the A site,B site and anion respectively, call MAPI. Organic-inorganic per-
ovskite are semiconductor with a direct band gap, for MAPI of 1.58 €V. The band struc-
ture is mainly dictated by the halide and lead. Gradually substituting the iodine by
bromine or chlorine will result in a wider and wider band gap. As a result, hybrid per-
ovskites are a highly tunable material, opening a wide window of opportunities as it allows
a very easy application specific material design, with specific structure and optoelectronic
property mquirements.23

For solar cells, one needs a perovskite with a cubic structure as it is the one with
the required semiconducting properties with the optimum bandgap. The B cation is
coordinated to six X anions disposed in an octahedral pattern around B. Each octahedron
is corner sharing, forming a three-dimensional structure. The A cation fills the void
between the octahedron. Figure 1.4-9 on the left illustrates the perovskite structure.
One cannot used any element to form a perovskite structure. Indeed, the B site cation
need to have a 6-fold coordination allowed. Furthermore, the requirement on the relative
size between A, B and X to form a cubic structure is strict. Wwe can use the Goldsmith

tolerance factor?* to predict if the chosen elements will result in a cubic structure:

o _ratrx (1.6)

\/5(7"3 +7rx)

where r4, g and rx are the ionic radius of the A and B cation, and the X anion
respectively. This index, if between 0.9 ad 1, predict a preferred cubic arrangement. If less
the preferred structure will not be cubic but orthorhombic, If greater than 1, tetragonal

or hexagonal. The electronic structure of the material is mainly dictated by the inorganic
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Figure 1.4-9: Hybrid perovskite crystal structure(left), MAPbI3 absorption spectra(right)

octahedron. The valence band is being constructed mostly by, in the case of MAPI, the
Pb 6p orbital and the conduction band by the I 5s orbital. This can be extended to other
perovskite blends, the B-site p-orbital will be responsible for the valence band, and the
X-site s orbital for the conduction band.?® The A-site cation involvement in the electronic
structure is more subtle. It is not directly involved in the structure but does influence it
via H-bonding and steric deformation of the lattice by inducing tilting. The A-site tuning
was shown to change the bandgap and electronic properties of the resulting perovskite

expending, furthermore, the tunability of perovskite devices.?6-28

The optical and electronic properties of perovskite for solar devices are a high ab-
sorption coefficient, as any direct semiconductor with the addition of long-lived carriers
which is usually linked to an indirect semiconductor. This paradox can be explained by
the effect the heavy atom in the B-site generated. The spin-orbit coupling induced by the
lead atoms in addition to a non-centrosymetric structure is believed to be the origin of a
Rashba splitting of the conduction band minimum. This creates two minima separated
by 50meV in k-space. The first minimum is aligned with the valance band maximum and
the other one is shifted by 50mev and supposed to be slightly lower in energy. From this
arises a direct bandgap to the first minimum with the related absorption properties. The

second minimum being the source of the slow recombination.?? 3!

The electronic structure of hybrid perovskite is indeed more complex than standard
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semiconductors such as GaAs. In addition, semiconductor characteristics such as exci-
ton binding energy and carrier mobility and diffusion length are difficult to characterise
precisely. Many reports of such parameters differ in values ranging up to an order of
magnitude difference in exciton binding energy(Eb) from 2meV up to 150meV depending
on the method used. The ionic and quite soft constitution of the perovskite render the

32,33 Ag expected, as the composi-

classical semiconducting properties difficult to assess.
tion of the material changes, the exciton properties change with it. However, trend can
be seen whereas the iodide is replaced by a smaller halide, the binding energy increases.
The binding energy is essential for solar cells. Exciton is something to prevent as much
as possible as only free carriers can be harvested to produce electricity, thus energy will
be lost in the process of splitting the exciton into free carrier. In addition, the lifetime
of an exciton is short (from 10ps up to 1lns). Thus preventing the formation of exci-
ton contributes to increase the overall photogenerated carrier lifetime and this increases
the probability carriers of being collected at the electrodes. The ratio of free carrier to

excitons of a material upon illumination can be described by the Saha equation.3* 3%

n?ree _ MkaT /2 — By [kyT 1.7
Negx B 27Th2 ¢ ( . )

Where n?ree and n., is the free carrier(e” & h™) and exciton density and px the exciton
mobility. This equation can yield two regimes. With small Ej(<50meV) the free carrier
will be prevalent whereas with large Fy(>150meV) the exciton dominated. In between,
the fraction depends on the excitation density. The larger the excitation density, the
more excitons are promoted. Triple cation perovskite having an exciton binding energy
around 50meV, it is mainly free carrier dominated. In GaAs, which has an Fj of 4 meV,
free carriers completely dominate.?¢ In comparison, organic PV, known to be exciton
limited, has binding energies greater than 500meV with efficiency of less than 10% at the

lab scale.?7:38

One of the amazing attributes that make perovskite so interesting to study is that
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despite the relative dirty processing method (in comparison to standards from the semi-
conductor industry ), the materials exhibit exceptional transport properties rivaling with
high-quality single crystal semiconductors such as silicon or gallium arsenide, despite be-
ing polycrystalline. To make a perovskite film, the go method is a solution processed depo-
sition yielding a polycrystalline thin film of about 500nm in thickness. The detail of PSC
making is developed in section 1.4.3. The resulting thin films exhibit similar traps or de-
fect density as a monolithic single crystal of silicon or GaAs, around 1017 — 10 ¢m=2.39 43
No need for complex furnaces with high temperature and ultra-pure precursors to make
a perovskite cell, rendering the sample preparation very efficient and fast. This was one
of the major contributors in the boom in perovskite research. The barrier to enter the
perovskite field was quite low and allowed for rapid improvement of the material and thus

22,38

device efficiency from 3% to 25.2% in only 10 years. In comparison, silicon and other

commercial solar cells took 20+ years to reach their full potential.

1.4.2 Low-dimensional perovskite

The versatility of the perovskite structure is even greater than discussed before when the
family is expended on the low-dimensional perovskite. If one starts with a regular ABX3
perovskite and replace some of the A-site organic cation by a larger one (R), too large to
fit in the cavity formed by the corner shared octahedron(cf. figure 1.4-9) the 3D crystal
lattice can be sliced along one of the crystallographic planes. Similarly to figure 1.4-10 the
resulting material is a alternation of inorganic corner-shared hexahedron layer separated
by organic cation from another inorganic layer. The structure is transformed from ABXj3
to RoBX, when all A-site cations are replaced by R-cations, effectively becoming a layered
system: 2D perovskite(2DP). When a mixture of A- and R-cation one can obtain a
hybrid between 3D and 2DP. The inorganic sheet are not mono-layered anymore but are
composed of multiple inorganic sheet held together by the small A-cation. Those are
called quasi 2D perovskite and have the general structure RoA,,_1B,,X3,,+1. The number

of inorganic layers held together is denominated by the letter n. A pure 2D perovskite
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has n = 1, quasi 2D n=2,3,4,... and when no R-cations are used n = oo yielding standard
3D perovskite(3DP). 2D-perovskites are named like this because they are composed of
mono-layers of inorganic, optically active material, effectively sheet-like, separated from

another by organic molecules.

3D, n=o0 Quasi 2D,n—3 2D, n—1
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Figure 1.4-10: Low-dimensional perovskite structure transformation scheme from 3D to
2DP

The optical properties of 2DP are different from 3DP because of the layered structure.
The inorganic layer of the 2DP is separated by an insulating organic layer, there is no
delocalisation between the two layers effectively making a quantum well as described in
figure 1.2-7. The organic layers are the large bandgap material(material A in figure 1.2-7)
and the inorganic sheets the low bandgap one(material B in figure 1.2-7). In addition to
the layering. The thickness of the optically active layer is limited by the I-Pb-I bond length
of the inorganic layer. The other two dimensions are effectively infinite. This makes 2DP
an anisotropic material with one of its dimensions experiencing quantum confinement. All
this combined makes the properties of 2DP dramatically different from 3DP.** Indeed,
the materials exhibit very strong excitonic properties, as we can see on figure 1.4-11,
with a very strong excitonic absorption peak below the bandgap. The bandgap of 2DP,

because of the confined dimension is blue shifted with respect to 3DP, usually around
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Figure 1.4-11: Absorption (black) and photoluminescence (red) spectra of a 2D perovskite

500nm for a standard (PEA)2Pbl,. The organic R-cations, similarly to the A-cations of
3DP, are not electronically coupled to the lattice. Thus, changing the cation does not
directly influence the electronic properties of the 2DP.%> However, it does influence the
octahedral twist of the inorganic lattice which does change the optical properties. A more
twisted structure will have an effective quantum well dimension reduced compared to a
flatter structure inducing a blue shifted absorption of tens of nanometers. In addition,
chemically modifying the cation can change the dielectric constant of the organic layer.
These influence the exciton binding energy and energy levels of the perovskite.*® As well,
similarly to 3DP switching the halide of the inorganic layer induce a large shift in the

optical properties.

More structurally speaking, the 2D perovskites exhibit a vast improvement in stability
with respect to water exposure. Thanks to the organic layer protecting the water-sensitive
inorganic layer, the material is very stable. This is especially interesting when coupling
2D and 3D perovskites together. The narrow absorption and high exciton binding energy
of the 2DP does not make for a good candidate for an efficient solar cell. However, its

stability can be leveraged to protect a 3DP cell, increasing the stability and boosting
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47,48 Tndeed, in addition to increasing the water resistance of the 3DP, the

the efficiency.
2DP can be tuned to act as a hole transporting material/electron blocking layer or as a
passivating layer between the 3DP and the HTM.

Oddly enough, the study of 2DP goes back long before the hybrid perovskite era.
Research of 2D layered perovskite goes back to at least the 1980’s.4%50 They remained
a niche subject until the mid 2010’s when the very active hybrid perovskite community
made the research on this 2D material resurface. The newly "rediscovered" material
has become very interesting as a derivative of hybrid perovskite for device makers to

improve the stability of the PSC, and to physicists for its unique excitonic properties and

tunability.

1.4.3 Perovskite solar cell processing and optimisation

Perovskite solar cell are, as mentioned above, part of the 3rd generation of solar cell,
namely the emerging solar technologies. One of the main differentiation points with
respect to 1st and 2nd generation cells, material aside, is the processing methods. The
PSC deposition method is almost entirely solution-based. Given this, there are several
ways of depositing a solution on a substrate, namely: spincoating, spray deposition, doctor
blading, meniscus coating, and more. Here we will focus on the most common method,
the spincoating.

Figure 1.4-12 describes the solution process method commonly used to make a PSC.
There is two different cell configurations: the standard n-i-p and the inverted p-i-n. The
two configurations refer to the directionality of the cell. In the n-i-p, the electron flows
toward the illuminated electrode as the hole goes toward the back electrode. In the
inverted configuration, the directionality is reversed.

For making a n-i-p cell, all start from the substrate: a piece of conductive glass,
usually fluorinated tin oxide(FTO) doped glass. On this substrate, a compact layer of
TiOs is sprayed. This layer acts as an electron transport(ETL)/hole blocking layers. On

top, a layer of mesoscopic alumina or TiOs can be added for improved PCE, but is not
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Figure 1.4-12: (a) Processing steps in the making of state of the art an n-i-p PSC, (b)
scheme of the completed cell, ¢) Cross section SEM image of a MAPI cell®!

strictly necessary.”? Different treatment can be performed on the ETL to improve its
characteristics, such as the addition of to LITFSL.?® Afterward, the perovskite solution is
spin-coated in either one or two steps. The one-step methods simply use a solution of the

perovskite precursors: MAI and PbI2 for MAPI.

In the two-step process, first, a solution of Pbls is deposited and dried. On top of it, a
second solution containing the cation MAI is spin-coated. Then the film is annealed with
both methods to evaporate the remaining solvent and crystallize the perovskite. Prior to
annealing, an antisolvent step can be performed. The latter consists in the spincoating
of a solvent that is "orthogonal" to the film, meaning that it cannot dissolve it, usually
chlorobenzene. This step will help in the crystallisation process of the perovskite. When
the perovskite layer is formed, an hole transporting (HTL)/electron blocking layers of
Spiro-oMeTAD is spincoated. The HTL solution, similarly to the ETL, can have some
additives to improve the electronic properties. Finally, the cell is placed in a metal
evaporator to apply a thin gold back electrode. Figure 1.4-12 b) shows a scheme of the
completed cell along a real cross-section SEM image of a MAPI cell in 1.4-12 ¢). At each
step of the process improvement can be made in either the material or the processing.

The scope of tunability of PSC is thus enormous. Extra layers can be add, changed,
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or even removed entirely for making ETL or HTL-free devices, for example.?* %% Each
modification is having the ultimate goal of attaining the perovskite nirvana of a stable
and eflicient large area device.

At the beginning of the perovskite boom, the optimisation of the device was mostly
trial and error based. Nowadays, the research aims more and more at understanding
how each layer interacts with each other for a more precise, more intelligent, device
optimization. To this day, one can achieve very high efficiency, over 25% on a small
device that will deteriorate in a few weeks.3® Or, a very stable but with a low efficiency
device.’” Then comes the scalability issue as the processing method used in the lab hardly
scales to a larger standard 24cm? module. These are the three axes of research of the
device makers: efficiency, stability, scalability. Realistically, these three researcher axes
are not independent, they are very interdependent rendering the optimisation process a

complex problem.

1.5 Motivation and strategy

At the start of my thesis, 2D perovskite started to appear on the radar of HOPYV research
groups. They were seen as a great opportunity to improve the stability and efficiency of
3D perovskite either by blending the two materials together, or by interfacing them as a
bilayer. However the interaction of the two materials was not under high scrutiny. I thus
decided to focus on this lack of knowledge and decided to study 2D perovskite and the
interface of the latter with 3D perovskite for improved stability and efficiency of HOPV
cells. To do that, I adopted the following strategy:

First I studied a new 2D perovskite designed to have a higher stability toward water
thanks to highly fluorinated cations. This group of perovskites was revealed to have quite
diverse optical properties with a high degree of tunability according to the chosen cation.

After realising the diversity of this family of perovskites and their related optical char-

acteristics, I decided to investigate more deeply the optical phenomena present. I focused
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my attention on a 2D perovskite made with one cation: A43. This material was chosen
because of its unique optical properties. It turned out that the unique electrostatic poten-
tial of the cation in conjunction with its steric hindrance yielded long lasting electron-hole
pairs in the material.

Following the study of 2D perovskites, I have focused on the interface between 2D
and 3D perovskites. I have revealed how the 2D layer structurally arranges on the 3D
perovskite. How the 2D layer prevent degradation of the 2D layer by blocking the small
molecule in the 3D layer from migrating out of the crystal structure. Following that, we
also assessed the improved thermal stability of the bilayer cell thanks to the 2D perovskite
again preventing the degradation of the 2D layer.

Lastly, in an attempt to diversify the material investigated, by studying another lay-
ered material family: Transition metal dichalcogenide monolayers. This family of material
showed compatible properties with an HTM role. The long-lived excited state of these
materials, more specifically MoSs wasn’t studied. I thus have examined the long-lived
free carrier dynamic of the latter material.

Overall, this work presents the investigation of new 2D perovskites, the interfacing of
2d and 3d perovskite, the extensive exploration of the behavior of this type of interface
and the analysis of another 2D layered material family carrier dynamics for use a potential

in PCS.
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Experimental Methods

This chapter will discuss the different measurement techniques used in this work. We will
go though the working principle, and discuss the information they provide us about the
studied materials. This work is centered around the understanding of photoinduced pro-
cesses, understanding the optical properties of the studied material is thus a prerequisite
to any further investigation, and it starts with the absorption and emission properties.
Afterward, to dig into the intimacy of the material, more complex, mainly time-resolved
experiments are needed. These time-resolved methods allow us to probe the evolution of
the photoinduced carriers and understand their behavior. In addition, the data analysis
tools created for the occasion will be discussed as well as models developed to extract

meaning out of it.

2.1 Steady state optical measurement

The Absorption spectrum, also called linear absorption spectrum, allows to identify the
band edge as well as other optically active transitions such as the excitonic transition. To
infer the band edge energy, it is common to use the Tauc analysis.?® This analysis does

not give a precise value but is useful enough for that matter. Looking at the absorption
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spectra at different temperatures allows for the exploration of the strucural phase change
in the material as the spectrum shifts abruptly when it occurs. One example of a phase
change can be seen in figure S3.2-2 in the annex. The absorption spectra in black in
figure 1.4-11 show the characteristic absorption peak of an exciton transition followed by
the rise of the band edge. This shape is very typical of a 2D perovskite with a band edge
around 2.7 eV and an exciton binding energy of 200 meV.

The photoluminescence(PL) spectroscopy is the sister experiment to the absorption
spectroscopy. In the latter, we look at what wavelengths are absorbed. In PL spec-
troscopy, we look at the wavelength emitted from the material upon excitation. In the
case of figure 1.4-11 The emission is due to exciton recombination. This measurement is
principally used to assess the emissive properties of a given sample. It can also reveal,
to an extent, the process behind the emission by looking the energy difference between
the maximum of emissions and absorption, called the stokes shift. This is important is
asses the excited state picture of the sample. The PL spectroscopy can also give access
to the quantum yield of a material(see eq. 1.3 in section 1.2.2). The PL spectrum in red
in figure 1.4-11 is also very typical of 2d perovskite with the very sharp peak and a small
Stokes shift.

2.2 Time-resolved fluorescence spectroscopy

This method is pretty self-explanatory. Time-resolved fluorescence spectroscopy is a mea-
sure of the fluorescence of a material resolved in time. The most common method to
measure it is: Time-correlated single-photon counting(TCSPC). In brief, it uses a high-
frequency pulsed monochromatic source with very low intensity to excite the material
and measure the time delay between a start and stop signal. The start time is equal to
the time the source pulse took to go from the source to the detector without any sample.
The stop time is equal to the time between the source pulse took to go from the source,

absorbed in the material, emitted from it and to the detector. Over a period of time, the
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Fig. 1. Schematic for TCSPC

Figure 2.2-1: TCSPC setup diagram

accumulation of different time delays will result in a fluorescence decay curve where the
amplitude at each point is propositional to the number of photons with that particular
delay. Using this curve, we can assign a fluorescence time constant(7s) to the material

by using and exponential fit as the fluorescence intensity can be expressed by:

I(t) = Iye™ /7 (2.1)

The fluorescence lifetime is a useful characteristic of a material especial when interfac-
ing it. Indeed, looking at how 7; changes when an electron or hole extracting layer is
interfaced with the material gives information about how well these two materials work
together. For example, an increased lifetime means that it suppresses the recombination
site at the interface. A decrease in lifetime might be due to a transfer process from one
material to another decreasing the number of carriers recombining radiativaly, also called

quenching. It is important to note that the decay is usually not a single pure exponential
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decay. At this point, there are two ways of analysing it. Either using a sum of two or

more exponential decays, each with a different time constant and amplitude.

n
I(t) =Y a;e~tm (2.2)
=1

The analysis using this function will result in comparing the diffrent 7; and because
they are exponential functions the fit are quit ill define and they 7; are not completely
independent. This can make the interpretation difficult. Another method, quite similar

to the previous one exist, using a stretch exponential function.
I(t)g = Tye=/7)" (2.3)

Where 7, is the characteristic lifetime of the exponential and f the stretch factor with
values between 0 and 1. A pure exponential will have § = 1. This function can be
interpreted as a sum of exponential with a distribution 8. From this we can calculate the

average lifetime < 7 >

<7>= %1‘ (%) (2.4)

where I' is the gamma function. This as the advantage of indicating how close to a real
exponential decay the signal is. And it gives one parameter to compare < 7 >. This
method is not widely used in the perovskite field but it should. The justification is that
the perovskite layer is not homogeneous, especially mixed cation and quasi 2D perovskite.
Stretch exponential are especially useful in such case because it can capture a distribution

of emission very easily compared to an arbitrary sum of exponential functions.

The limit of the photoluminescence decay resides in its essence. It only measures
radiative recombination. However, as mentioned previously, the radiative process is only
one process of the different recombination mechanisms a photo carrier can undergo. All
non-radiative pathways are invisible. To assess the latter, another time-resolved technique

can be used: transient absorption spectroscopy(TA).
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2.3 Transient absorption spectroscopy

This method is different from other optical ones as it is a so-called pump-probe tech-
nique. This means it uses two different beams to function: a pump, or excitation,is a
monochromatic beam from a pulsed laser, and a broadband probe beam from a flash lamp
or a laser with the help of a broadband generating nonlinear crystal. The concept of this
measurement is to take the absorption spectra of the material while being pumped to it
excited state by the pump pulse. To do so, the material is excited by the pump beam and
overlapped in space and time the probe beam will them measure the absorption in trans-
mittance by changing the delay between the pump and probe arises the time resolution

from femtoseconds to microseconds according to the setup.

The time frame of the experiment is defined by the type of setup used. For femtosecond
resolution, the excitation and the probe are both coming from the same laser. The beam
are then tuned by nonlinear optics and delay one from the other to create the time
component of the experiment by changing the beam path length of the probe. Such setup
will record a spectral snapshot using CCDs at different pump-probe delays up to a few
nanosecond delays. For the nanosecond resolution or longer the setup is simpler as it does
not need an optical delay and laser generated white light. Such a setup is exemplified
in figure 2.3-2 and consists of a tunable laser for the pump and a xenon flash lamp for
the probe. The signal is, usually, recorded wavelength by wavelength using a PMT. As
a result, the main difference is that for a fsTA setup, spectra are recorded as the nsTA

decays are measured.

By calculating the difference in absorption with the pump and without the pump, a
differential absorption spectrum(AA) is created. An increase in the amount of probe light
detected under excitation will result in a negative signal and an decrease in a positive one.
This yield in different types of signal measurable being: ground state bleaching(GSB),

excited state absorption(ESA), and stimulated emission(SE).
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Figure 2.3-2: Nanosecond transient absorption setup diagram

AA = pump on —_ Apump off (25)

Apump off
Following the dynamics of the TA spectra, we can measure the lifetime of the excited
state species, and given the correct time resolution, follow the dynamic process such as
energy transfer, carrier recombination,etc. All these phenomena happen at the same
time, overlapping each other. The measured signal being the sum of all these overlapping

signals, it results that the analysis of a transient absorption spectrum is a complex task.

2.3.1 Global analysis

The procedure to interpret the TA data is called global analysis(or global fit) and consists
in using one set of parameters to describe the whole dataset. The TA datasets take the
shape of a 2D matrix M (A,t) where A and ¢ are, respectively, the wavelength and time
and are independent variables. The spectral variables A describe the spectral shape and

t the time evolution of the spectra. As a result the dataset can be represented as:

MO = 3 S0 Dil) 26)

Where n is the total number component. The dataset can be interpreted either spec-
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trally or kinetically by modeling either S;(\) or D;(t) respectively. This reflects the two
ways of constructing the dataset. As previously mentioned one can either measure the
spectra at different times or measure decays at different wavelength. Both methods yield
the same measurement. The modeling of the dynamics is preferred as it is the easiest.
Usually a simple model involving a first or second-order decay is enough result in a system
of linear differential equation to solve. The solution of this system is a sum of exponential
eventually convoluted with a Gaussian to take into account the initial rise of the excita-
tion pulse. The convolution is required for early time phenomena happening close to the
excitation time. Otherwise, it is not required. The global analysis of this system will use
the time constant of each exponential as a shared parameter and will thus be the same
for each wavelength. The amplitude of each exponential will be the variable to optimise.
For a simple single exponential model, the whole dataset will be modeled by the following

equation:

n

AANE) =Y ai(N) - e7 +co (2.7)

i=1
Where AA(),t) is the dataset, a;(\) is the amplitude for each wavelength, 7 is the
shared time constant and ¢; a constant representing the baseline. The result of the anal-
ysis will be a plot if a;(A) that should mimic the global spectral shape of the experiment

as in figure S3.2-5.

As a summary, the procedure to perform a global analysis is : I) find a suitable
model. II) Test the said model on selected data points(2-3 wavelengths. I1I) If the test
is a good fit, use the resulting time constant as a shared parameter for the entire dataset.
1V) Performe said fit and extract the different amplitudes. These amplitude for the so-
called decay associated spectra and by plotting them against wavelengths. If multiple
exponential are used, each parameter will fit part of the global spectrum. Summing all

the amplitudes will yield the global TA spectral shape.
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2.3.2 Kinetic models

The choice of the model is core to the analysis and to what it will yield. Indeed, the
simpler the model the lesser information can be extracted. However a more complex model
requires more data to crunch. Specifically, for TA data, the simple sum of exponential is
already quite good. With it, the early and late phenomenon can be fitted and their relative
population can be assessed. Different process can be spectrally convoluted. However, such
a model will not say anything about the physical meaning of the resulting parameter.

A more complex, but also physically meaning full one can be constructed from basic
principles and by looking at the population evolution of different spices considering their
recombination and interactions. Such a construction is call a kinetic rate model and is

a system of partial differential equations, one for each species modeled. For a simple

electron and hole and trapped electron model, such a system will be:?9 61
dn,
e G. — kane(np + po) — krne(Nr — nr) (2.8)
dnh
Tl —Ge + kane(nn + po) + kpng(nn — po) (2.9)
dnt
E = k;Tne(NT — TLT) — k:Dnt(nh -l—po) (2.10)

Where ne, n, and n; are the electron, hole and trapped electron populations, respec-
tively. Np is the global trap density, kr and kp are the trapping and detraping rate, ko
the radiative recombination and pg the initial population of holes. This type of model
can be tuned to include or exclude any process but requires more that just TA data.
Indeed to be able to converge such a complex picture, another dimension is necessary.
This usually comes in the form of a power dependence measurement. Having TA dataset
at different excitation density for the same material and feeding this into the global anal-
ysis, one can then extract the population evolution of each carrier as well as the different

rate. Generally speaking, for this method to work, at least 2 to 3 orders of magnitude
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in the excitation density is required. Indeed, the different excitation regimes have to
be screened as the different process will be prevalent at different regimes. For example,
trap-mediated pathways will be preferred at low excitation density and radiative one for
higher density. This kind of models are very useful because very versatile. The model can
be changed to suit any experiment looking at population evolution and is not reserved
for TA experiments.

In annexes, section S6.1 a selection of data analysis and visualisation script I've written

are presented

2.4 Conclusion

In this chapter we saw the main method to investigate the inner working of matter. By
means of state of the art optical measurement we are able to probe the evolution of
photo generated carriers in semiconductors from the moment they are generated up to
the moment they recombined. We are able to assess by which process this happens and

hopefully take advantage of it for a smart design of optoelectronic devices.
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| ow-Dimensional Perovskites

As already discussed in section 1.4.2, 2D perovskites are nowadays captivating a grow-
ing interest. As quantum wells (QWs), they sustain stable excitons with relatively high
Coulomb energy (Eb =400-500 meV), due to quantum and dielectric confinement in-
duced by the dielectric mismatch between the organic and inorganic moieties.52765 As a
result of the strengthened exciton confinement, bright photoluminescence (PL), scintilla-
tion activity and strong optical non-linearity have been observed in addition to exciting
physical properties such as a gigantic Rashba splitting, and strong exciton-polariton in-
teractions.0669 Assessing the nature of the electronic species in close relation to the
chemical structure of 2DP is of utmost interest with profound implications for excitonic
devices such as quantum well modulators, light-emitting devices, lasers, etc.

In this chapter, the design and properties of new cations for 2D perovskite will be

discussed as well as an indepth analysis of the excited state species of one of them.

3.1 Fashioning Fluorous Organic Spacers for Tunable
and Stable Layered Hybrid Perovskites

This is part of a work published with the same title in Chem. Mater.2018, 30,
8211-8220.7° Dr. Garcia-Benito took care of all the sample preparation and the
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gerenal discussion and Dr. Quartt the computation and general discussion. I

contributed the optical measurements, analysis and general discussion.

In this work, we synthesize a new family of fluorous ammonium cations as organic spac-
ers to create new stable 2D HP. Fluorous compounds are characterized by the presence of
highly fluorinated, saturated molecular fragments, usually linear medium-sized perfluo-

roalkyl chains.”

They show distinct properties compared to their fully hydrocarbon-,
mono,/ polyfluorinated-, or trifluoromethylated analogues. In particular, their simul-
taneously hydrophobic and lipophobic behavior is utilized in a variety of applications,
spanning from catalysis to medicine.”? Whereas 2D HPs featuringfluorinated alkyl or
aryl ammonium cations as organic spacers have been previously proposed™ 7 (i.e., us-
ing 2-fluoroethy-lammonium (FCoH4NHJ),”" perovskite materials incorporating fluorous
ammonium are virtually unknown. The presence of the fluorous cations in the resulting
2D perovskite can impart an additional water-repellent character and superior stability
with respect to fully hydrocarbon-based cations used so far.”® In this work, we design four
new fluorous ammonium cations having different shapes, that is, from branched to linear,
fluorine loading, and length (varying the alkylene spacer) used to develop stable fluorous
2D HPs thin films with remarkable hydrophobic character. We observe that the system-
atic modification of the fluorous cation dimension and molecular structure impacts on the
optoelectronic properties of the 2D HPs. The length of the cation tunes those proper-
ties that are paramount for optoelectronic device optimization such as the band gap and
exciton binding energy, which varies from 420 to 130 meV.7%8" In addition, the longest
cation boosts the thin film water-repellent character leading to a superior hydrophobicity
with respect to standard 3D hybrid perovskite.®'82 The fluorous 2D HPs exhibit a re-
markably high moisture resistance, that kept intact their structural and optical properties

upon aging for one month in an ambient atmosphere (RH = 40%).
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Figure 3.1-1: (a) Molecular structure and abbreviated name of the studied fluorous
cations. (b) Schematic structure of 2D HP with A42 as the organic spacer between the in-
organic PbI6 layer. (c) Out of plane X-ray diffraction (XRD) patterns of the (A42),Pbly,
(A43)2Pb14, (A44>2Pb14, and (L)QPbI4 in thin films

3.1.1 Structural properties

The crystalline structure at room temperature of our new fluorous 2D HPs has been
unveiled by combining X-ray diffraction (XRD) analyses on both thin films and single
crystal. The investigated thin films display an XRD pattern rich in the low angle re-
gion, as shown in Figure 3.1-1c, indicative of a n = 1 2D HP structure.”™ 8384 More in
details, the patterns are dominated by the equally spaced (001) reflections, peaking at
4.9°,4.3°,3.9° and 3.4° for (A42),Pbly, (A43),Pbly, (A44),Pbl,, and (L)2Pbly, respec-
tively. The shift of the peak is due to the larger distance between the inorganic planes, as
the cation size increases. The reflections of the other (hkl) planes are strongly suppressed,
confirming the remarkable preferred orientation of the inorganic planes, aligning parallel
to the substrate.” ® From those reflections, we can calculate the distance between the
discrete perovskite inorganic layers ranging from 18.6 to 27.1 A, depending on the size of
the fluorous cations (see SI Table S1). It is fair noticing indeed that the derived interplane
distances (among the inorganic layers) parallel the length of the organic cations following

the same trend which increases from A42 to A44.
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3.1.2 Optical characterisation
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Figure 3.1-2: (a) UV-vis absorption spectrum of the four investigated 2D HPs. The plot
reports also the electronic band gap, as extrapolated from Tauc linear fit (gray dashed
lines). (b) Normalized PL spectra (Aegcitation = 367 nm) of (A42),Pbly, (A43)5Pbly,
(A44)2Pbly, and (L)oPbl, in thin films at room temperature.

To evaluate the optical properties of the 2D HPs, we have first measured the UV-
VIS absorption spectrum and estimated the material band gap through a Tauc plot
analysis (see Figure 3.1-2a). For all investigated systems, the absorption spectra reveal
a sharp and intense peak at around ~2.5-2.6 eV, assigned to the excitonic feature, as
typical for 2D HPs,%3 7185 followed by a continuum absorption signal, related to direct
band-to-band transitions. In the case of the branched systems, the band gap is 2.9 eV,
almost independent from the structure of the cation, whereas the exciton binding energy
(around 400 meV) experiences only a very small increase going from the shorter A42

cation to the longer A43 and A44, see Table 3.1-1. Conversely, the absorption of the

(A42),Pbl;  (A43),Pbl, (A44),Pbl,  (L)2Pbly

Eb (meV) 380 393 420 430
Bandgap Tauc (eV) 2.9 2.9 2.9 2.7

Table 3.1-1: Exciton Binding Energy (Eb) and Band Gap of (A42),Pbly, (A43)2Pbly,
(A44),Pbly, and (L)2Pbly Derived from the Tauc-Plot of Figure 3.1-2 Compared
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(L)2Pbly compound shows a blue-shifted excitonic peak along with a red-shifted band
edge, with respect to the branched one, giving an estimation of the band gap of 2.7 eV.
Notably, in this case, the exciton binding energy reduces to around 300 meV. Figure 3.1-
2b shows the photoluminescence (PL) spectra for the different compounds. First, it is
worth pointing out that the materials derived from the branched family of cations (A42,
A43, and A44) show a main emission peak that experiences a red shift with increasing
cation length, matching the shift of the excitonic peak in absorption, whereas a blue-
shifted emission is consistently observed for the L-based material (see SI Table S3.1-2).
This enables us to conclude that the emission is excitonic in nature, due to the high
oscillator strength of the quantum confined exciton as already observed for different 2D

HP systems.86:87

The PL decays at peak position are displayed in sumplemetary Figure
S3.1-1 and Table S3.1-1. The decay can be fitted with a two-exponential function giving
a fast time constant of 71 = 15 ns for the branched cations (A42, A43, A44) and 7y =
6.9 ns for the linear one-based 2D HPs and a longer living tail. The fastdecay,which
dominates in amplitude, can be associated with excitonic recombination, in line with

literature reports,gg’89

whereas the tail can be related to trap-mediated recombination.
From a closer inspection of the PL spectra, we notice that the bandwidth of the PL
spectra is different between the branched and the linear cations (SI Figure S$3.1-2), much
sharper for the last. It exhibits a Lorentz shape with a bandwidth (fwhm) of 0.11 eV, a
signature of purely excitonic emission. For the branched cations, a broader emission of
width ~0.15-0.17 eV is observed, with a tail extended more to the red. A simple two-
Gaussian fit of the inhomogeneous broadening of the PL spectrum reveals the presence of
a second emission peak at room temperature, red- shifted with respect to the main exciton
peak. The origin of this secondary signal can be potentially related to the contribution
of trap-assisted recombination from excitons trapped in defects, generated from strong
exciton-lattice coupling, common in metal halides.’® To further corroborate the observed

trend, we also examined the absorption and emission properties of materials obtained

using the branched cation A43 and the linear one L mixed with lead bromide instead of
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lead iodide as inorganic component, resulting in the formation of an RyPbBry structure.
The substitution of iodine with bromine results in a widening of the band gap manifested
as a blue shift of the absorption spectrum, as known for Br- based perovskites.?' 3 Even
in the case of (L)2PbBrsy we could observe a sharper excitonic emission with bandwidth

of 0.29 eV, compare to 0.39 eV for (A43),PbBry (see SI Figure S3.1-3).

3.1.3 Stability
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Figure 3.1-3: Illustration of the contact angle formed by a water drop on (A42)5Pbly,
(A43),Pbly, (A44),Pbly and (L)2Pbly in thin films (36.6°, 44.4° 68.2°, 95.3° respec-
tively); Stability study of the 2D HPs in thin film stored in air: (b) Position of the
maximum absorption peak, (c¢) Position of (001) X-ray diffraction, after the preparation,
after 1 day, 1 week and one month. values

As stated in the introduction, we designed a new family of fluorous 2D HP with the
final aim to increase the water-repellent character of the ultimate perovskite thin film.
To verify the robustness upon water exposure and the hydrophobic character of the 2D
HP, we carried out contact angle measurements using water. The results are displayed
in Figure 3.1-3a. On the one hand, the 2D HPs based on L cation exhibits a clear
hydrophobic character, in line with the typical behavior of materials with highly ordered
linear perfluoroalkyl chains at the outermost surface.”® On the other hand, for materials

based on Adn salts, the contact angle increases with the length of the alkylene linker
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present in the branched organic cations (from A42 to A44), but remains <90°. This is
not totally unexpected, because of the higher mobility of the branched fluorinated segment
with respect to the linear one, which provides frustrated packing and a reduced water
shielding effect.”> Then, to test the long-term stability, we evaluated the variation of the
optical and structural properties of the 2D HPs thin films upon exposing the samples
in air (relative humidity = 40%) for more than one month. Figure 3.1-3b,c shows the
data collected by monitoring the RoPbl, maxima absorption position and (001) diffraction
position at different time exposure. Asseen in Figure 3.1-3b, the excitonic peak remains at
the same position over time for all 2D HPs investigated. In addition, no distinct differences
were observed in the position of the (001) diffraction peak of the 2D HPs stored in air,
after the different times of exposure (Figure 3.1-3¢). This provides compelling evidence
of the high degree of stability and resistance of the fluorous perovskite films in ambient

conditions.

3.1.4 Conclusion

In this work, we have synthesized a new series of fluorous organic cations and shaped
them to form tunable and stable 2D HPs. The fluorous cations impart extreme stability
of the 2D HPs upon exposure to atmosphere conditions and enhance the water-repellent
character of the 2D HP surface. The shorter branched and the longer linear fluorous
cations have been designed as the organic barriers for the fluorous 2D HPs. The size
and shape of the organic cation modulate the 2D HP structure, electronic, and optical
properties. Despite the fact that the organic spacers do not participate in the electronic
structure, they influence the perovskites electronic structure via an indirect structural
effect on the inorganic sheet, inducing a variation of the band gap and exciton binding
energy. These local distortions affect the binding energy more than the local dielectric
mismatch. The longer the cation, the smaller the band gap. This results in a lower exciton
binding energy and smaller effective masses, pointing toward a better transport for the

elongated fluorous chains. This new family of stable 2D HP does not only shows the large
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extent of tuning the optoelectronic properties by simple shaping of the fluorous organic
spacer, but, importantly, it shows a remarkably high structural stability kept intact even
upon a one-month air exposure. Overall, these attributes make this fluorous 2D HP an

exciting candidate for stable perovskite optoelectronics.

3.2 Spatial Charge Separation as the Origin of Anoma-
lous Stark Effect in Fluorous Two-Dimensional Hy-
brid Perovskites

This work was published with the same title in Adv. Funct. Mater.2020, 30,
2000228.96 A special mention to Dr. Bouduban for the electro-absorption
measurement and contributing to general discussion and Dr. Quarti for com-
putation and general discussion. I led the work, provided the optical and TA

data as well as the general analysis and discussion

In this work, we provide a comprehensive analysis views by focusing on a newly syn-
thesized fluorine-containing 2DP of high interest for stable and efficient perovskite de-
vices.*® 7 Field-induced changes in the linear optical absorption reveal a combination
of first- and second-derivative contributions at the exciton resonance. While the first-
derivative signal (red shifting) results from QCSE, the second-derivative contribution
is ascribed to charge pairs with spatially separated electrons and holes, as observed in
other layered QW structures.””°® Notably, upon the generation of charges by the im-
pulsive light excitation, a Stark effect is also observed due to exciton screening, lasting
for microseconds. Ab initio computational modeling suggests that the combined effects
of structural and electrostatic disorders induced by the fluorinated cations stabilize long-

lived weakly correlated charge pairs in these 2DP.

3.2.1 Material properties

Figure 3.2-1A shows the structure of the fluorous-2DP ((A43)2Pbl, hereafter), where a

bulky fluorous cation (A43 = (CF3)3CO(CHy)3NH;3+) intercalate in between single in-
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Figure 3.2-1: a) Cartoon showing the structure of (A43),Pbl,. b,c) Linear absorption and
photoluminescence spectra (upon exciting at 420 nm) of (A43)9Pbly versus temperature
as indicated in the legend. d) Sketch of the device employed in Electroabsorption (EA)
experiments done at Room Temperature. e) EA spectra of the (A43),Pbl, device at
different biases. f) EA spectra at 10V with a simulation composed of a linear combination
of derivatives of the absorption bands.

organic layers adopting a pure 2DP (A43),Pbly structure. This is an attractive arrange-
ment because of the resulting strong hydrophobic character, thereby creating a barrier
layer against water penetration and allowing efficient and stable 2D /3D perovskite solar

475799 T addition, this class of materials is also of high interest for their excep-

cells.
tional ease of tuning the exciton binding energy by fashioning the size and the length of
the fluorous cation.”’ The absorption profile of (A43)2Pbl, films (Figure 3.2-1B) shows a
strong excitonic peak at the band edge at 495 nm (2.5¢V), which sharpens going down in
temperature. As discussed by Neutzer et al., a clear second peak is observed at low tem-
perature, in this case at 498 nm, separated by a 51 meV energy gap to the main exciton

band.!? This is the fingerprint of a hidden exciton characterized by a different coupling

to the lattice.!®* From Tauc Plot analysis (Figure S3.2-1), the electronic band-to-band
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transition is estimated around 427 nm (2.9 eV), which indicates an exciton binding energy
of around 400 meV. Similarly, the emission shows a single peak, excitonic in nature, which
gets narrower going down in temperature (see PL spectra in Figure 3.1C). In addition,
a broader in-gap band can also be identified at low temperature, which we tentatively
assign to the formation of local defects acting as color centers.’® We also note the absence
of a shift (or discontinuity) of the band edge with temperature, indicative of no phase
transition in the temperature range investigated. This contrasts with standard 2DP (see
for instance, butyl ammonium based 2DP used as a reference, reported in Figure S3.2-
2). The modeled absorption of (A43)2Pbly, reconstructed following the model by Katoor
et al., i.e. by using a linear combination of Gaussian curves to simulate the excitonic

transitions as well as the continuum, is shown in Figure $3.2-1.102

3.2.2 Electro-absorption

To get a deeper understanding of the nature of the electronic excitation, we measured the
EA spectrum (Figure 3.2-1E) of a (A43)9Pbl, perovskite film in a device configuration,
as shown in the cartoon at Figure 3.1D done at Room Temperature. Figure 3.1E displays
the EA signal at different bias applied perpendicular to the film substrate. In light of the
strong crystalline orientation of the thin film lying parallel to the substrate, this should
mainly correspond to the direction perpendicular to the inorganic Pbl, sheets within the
film, thus along the axis of confinement (see XRD in Figure S3.2-3). The EA spectrum
exhibits a modulation consisting of a negative peak at 495 nm and a positive peak at
508 nm, respectively, along with two sidebands: one positive at 455 nm and one negative
at 540 nm. For quantum-confined semiconductors, the EA spectrum can be modeled in
the framework of Stark’s theory.'®® More in details, the EA can be decomposed into a
linear combination of first- and second-derivative contributions to the linear absorption
spectrum, whose relative amplitudes provide insight into the type of carriers subjected to
the perturbation.

Interestingly, in this case, the modulation can be well simulated with a 2:1 ratio of the
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1st and 2nd derivatives of the excitonic peak (see Figure 3.2-1F). Note that the fit is poor
in the low-energy part of the spectrum. In this region below the gap, a broad, featureless
negative signal appears which is related to mid-gap states in 2D perovskite, in agreement
with what is already discussed in Amerling et al.,°® which the derivative fit does not
consider. The first-derivative contribution is assigned to QCSE (red shifting), while the
second derivative indicates the formation of screened electron-hole pairs. In addition,
its shape calls for loosely bound electron-hole pairs with a predominant charge-transfer
character (CTC). This suggests that electrons and holes can separate in the [Phlg|*~

inorganic wells, in contrast to the common classification on 2DP.!%4

3.2.3 Nanosecond transient absorption
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Figure 3.2-2: a) ns Transient Absorption (TA) spectra at selected delays (as indicated in
the legend) for the (A43),Pbl, thin film upon excitation at 420 nm, carrier density 10'®
cm ™. b) nsTA signal at 1 ns probe delay with the simulated EA spectra (as in Figure
3.1f).

Time-resolved transient absorption measurements in the nanosecond domain have
been performed to elucidate the dynamic response of the system upon impulsive excita-
tion, which generates a high carrier density of around 10'® em™3. We show in Figure

3.2-2a the ns Transient Absorption (TA) spectra of the (A43)oPbly thin film at selected

pump-probe delays. The spectra exhibit an oscillatory feature with two positive peaks at
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460 nm and 510 nm as well as a negative peak at 495 nm. It is apparent that the spec-
tral evolution of the nsTA resembles a combination of derivative-like features with two
zero-crossing points that do not move in time. They all exhibit the same decay, showing
a faster component with a time constant of 7, =930 ns and a second 7, extending beyond
our temporal window.

To further analyze the spectral behavior and retrieve the associated time constant, we
fitted the whole spectral evolution using a Global Analysis (GA) procedure (Figure S3.2-
5). The three bands have the same dynamics, suggesting that one process is responsible
for the whole spectral evolution. Figure 3.2-2b shows a cut of the nsTA signal at 1 ns delay
superimposed on the linear fit of the EA data (Figure 3.1f). Notably, for nsTA, no field
is externally applied, thus the perturbation related to a long-living photoinduced Stark
Effect in this case only arises upon illumination and consequent creation of long-lived
charge pairs. It is worth pointing out that this observation differs from previous reports on
alkylammonium-based 2DPs (e.g. (CPbly) containing hexylammonium cations), where
only a first-derivative contribution in the EA spectra was reported and associated with
strongly bound excitons.'?> In our case, despite the very similar exciton binding energy
(400 meV in (A43)2Pbly versus 360 meV in CgPbly), an additional contribution from

long-lived, loosely bound, charge pairs is observed.

3.2.4 Computational investigation

Since the physical origin of the screening of the correlated electron-hole pairs is inherent
to the detailed chemical composition of the system, we have performed periodic Density
Functional Theory (DFT) calculations using the planewave/ pseudopotential formalism,
as implemented in the Quantum Espresso package (see Computational Methods for a
detailed description of the approach).'% We performed preliminary calculations on these
systems considering the crystalline models reported in literature.*® 107

The corresponding partial Density Of States pDOS of (A43),Pbly is reported in Fig-

ure S53.2-6 and shows somewhat larger band gap compared to reference (BUA)sPbly, a
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fact that has been directly related to larger rotation of the Pblg octahedra in the for-
mer system, as discussed in reference.”’ However, the qualitative trend in the pDOS is
similar, consistent with the fact that the models from the XRD experimental structures
share similar Pb-I bond length and structure. Most notably, we notice that both the A43
and BUA present a type I electronic alignment between the inorganic and organic frame,
hence with the frontier levels of the former embedded in the frontier levels of the latter
component. So, for both systems we can exclude direct perturbation of the Pbl, electronic
structure due to the cation, as manifested by the absence of intragap trap states. Rather,
the impact of the organic cations is twofold: (I) a (indirect) structural effect. As well-
known from literature, the organic cation can impact on the electronic structure of the
inorganic semiconducting component through distortion of the octahedral lattice.!%8 110
This is expected to be particularly important here as a result of the bulky character of the
C-(CF3)3 fluorous spacers (see Figure 3.1a). (II) a (direct) electrostatic effect. The dec-
oration of the chains with strongly electronegative fluorine atoms pointing away from the
inorganic lattice is expected to yield a sizeable electrostatic potential affecting the energy
landscape explored by holes and electrons residing within the Pbl, layers. To address
the possible role of an indirect structural effect, we performed frozen-glass simulations as
follows. We first carried out ab-initio Born-Oppenheimer molecular dynamics (BOMD)
simulations at high temperature (600 K, see Method Section in the SI for details), so as
to widely explore the ground-state potential energy surface. Then, we randomly picked
up forty structures from the MD trajectory, which were fully minimized (at 0 K). Using
such a numerical thermal annealing protocol, we do not allow the system to reach the
absolute minimum energy configuration, but rather freeze the system into a set of local

minima on the ground-state potential energy surface ! 114

In Figure 3.2-3a, we compare the lead-iodine radial distribution function for the so-
prepared frozen glasses of the fluorous-based perovskite, compared to butylammonium

(named BUA after-on) taken as the reference material. BUA shows the usual distribu-

115,116

tion of bond lengths among the inorganic atoms, with the first peak associated to

63



the lead-to-iodine distance, peaking at the equilibrium distance of 3.2 A(full width half
maximum, FWHM is 0.12 A). Most interestingly, in the case of the fluorous cations, the
Pb-I distance, while being centered at the same value, shows a significantly broader dis-
tribution (FWHM of 0.18 A). In particular, configurations with lead-to-iodine distances
in excess of 3.75 A, hence 0.55 Alonger than the typical Pb-I distances are now accessible.
Thus, compared to BUA, the bulky fluorous cations distort more severely the Pbl, inor-
ganic structure. It is also worth pointing out that the single crystal structure revealed
a triclinic symmetry in contrast to the monoclinic structure for the most common 2D
perovskite, already indicating a more distorted structure. Most noteworthy, previous lit-
erature in the field already pointed out the importance of structural dynamics and local
distortions in affecting the electronic features of hybrid halide perovskites, as related,
for instance, to the variation of the optical properties with temperature,'16 as first step
towards the formation of point defects,''” to explain less effective electron-phonon scat-
tering events.!'® We will later on discuss the effect of the structural distortions of the

(A43)9Pbly material, as reported in Figure 3.2-3.

With the aim of characterizing possible structural deformations indirectly induced by
the organic cation, as discussed above, we computed the lead-iodine radial distribution
function for the fluorous-based perovskites under study and for a reference alkyl-based
compound (butylammonium-), as reported in Figure 3.2-3a. We now turn to the collective
electrostatic effects of the cations on the energy of the frontier crystalline orbitals. In 2D
slabs, an extended monolayer of oriented dipoles produces a jump (AF) in electrostatic
potential with respect to vacuum, which can be cast in terms of the component of the
dipole moment orthogonal to the slab surface (p,) per unit area (A) via the Helmholtz

relation:

.
AE = 1
A (3.1)

(where € is the vacuum dielectric constant). As shown in Figure 3.2-3B and in agreement

with our expectations, the fluorinated side group of the Fluorous organic cation (A43,
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Figure 3.2-3: Results of frozen glass simulation. a) Lead-Iodide radial distribution func-
tion computed for (A43),Pbly and (BUA)yPbls. b) Dipole moment for BUA and A43
cations, with the NHS‘L group substituted by a hydrogen atom to preserve the charge
neutrality.

see Figure 3.2-3A) features a larger dipole than the corresponding hydrocarbon chain of
BUA. Here, the calculations are performed by substituting NH;’ with H, as dipoles of
charged molecules are ill-defined (notably, similar results are obtained considering CHs
or NHy, terminal groups, see Supporting Information). This is corroborated by the DFT
electronic structure calculations reported in Figure 3.2-4A, showing an upshift of the
electrostatic potential in the vacuum region by 1eV when going from (BUA);Pbly to
(A43)2Pbly (in line with the difference in dipole moments in Figure 3.2-3 and with Eq.
3.1). Correspondingly, the valence and conduction band edges of (A43),Pbl, get stabilized
by the same AFE value, as shown in Figure 3.2-4B, with namely larger ionization potential
(IP) for (A43),Pbly, compared to the reference (BUA),Pbly

The combination of the electrostatic and structural distortion effects discussed above
provides a simple rationale for the formation of charge-separated states in (A43)2Pbly.
Inspired by the results in Figure 3.2-3, namely, that the (A43)2Pbly can sustain signifi-
cant distortions of the Pb-I lattice, we propose that iodine atoms are more labile in the
fluorinated compounds and, to evaluate the effects of such structural distortions on the
electronic structure of the material, we propose that iodine atoms are more labile in the

fluorinated compounds. We thus performed ‘pull-out’ numerical experiments, where one
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Figure 3.2-4: a) Electrostatic potential along the thickness of (BUA),Pbl, and
(A43),Pbly slabs; b) Partial density of electronic states (pDOS) for the two materials
referred to the electrostatic potential in a. The ionization potential (IP) is indicated. c)
Total density of state (black curve) and density of state (red line) of one iodine which has
been pulled out by 0.6 A(vide infra) with respect to the central Pbl, plane. The spatial
localization of the valence band edge orbital is reported in the inset.

iodine atom is increasingly dragged away from the inorganic lattice by the closest organic
cation. Considering a displacement of 0.6 A, which is on par with the range of values
predicted by MD simulations in Figure 3.2-3A, for the apical iodine A43-cation , we find
that gap states located around the labile iodine ions form just above the valence band
edge in the case of (A43),Pbl, (see Figure 3.2-4C). We stress that it is the combined
effect of the increased structural distortion prompted by the bulky side groups together
with the overall downshift of the delocalized band states driven by fluorine-induced elec-
trostatic effects that expels these shallow trap states from the band edge into gaps. Such

localized trap states do not show up in similar simulations performed for (BUA)oPbly,
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at least, considering 0.6 Adisplacement. In Figure S$3.2-7 and SI8, we report both the
partial Density of States and shape of the highest occupied orbital for (BUA),Pbl, and

(A43),Pbl, materials, with increasing pull-out displacements ranging from 0.15 A to 0.6
A.

For the case of (A43)2Pbly, the appearance of shallow trap states, fully localized on
the apical iodine interested in the pull-out is already evident at 0.45 A, while for the
(BUA)2Pbly, these states still lie below the delocalized valence band maximum even for
displacement 0.6 A. Thus, following Figure 3.2-3A, we propose that the frozen glass ar-
rangement of the side chains in the fluorous 2D perovskites can stabilize a broad range of
configurations that differ by the relative displacement of some axial iodines with respect
to the equatorial lead-iodine layer. Such configurations would support electron-hole pair
excitations with spatially separated wave functions, explaining their ionic (CT) character
as revealed by EA as well as their long lifetimes measured by nsTA. We expect the spa-
tial distribution of axial iodines to extend continuously from their crystalline equilibrium
position up to full separation with respect to the inner layer, with the corresponding for-
mation of electronic excitation going from confined excitonic states for small displacements
to poorly overlapping electron-hole pairs in the limiting case of halide vacancies/intersti-
tial Frenkel defects.’® This seems to be corroborated by the presence of the broad 600

nm emission in Figure 3.1C.

The combination of the electrostatic and structural distortion effects discussed above
provides a simple rationale for the formation of charge-separated states in (A43)2Pbly.
Indeed, the larger structural flexibility of the fluorinated layered perovskite goes together
with stronger electrostatic effect imposed by the larger molecular dipoles, in the normal
direction to the inorganic Pbly layer, as shown in Figure 3.2-4A B. In this frame, we
propose that structural distortions of the Pb-I lattice along the direction normal to the
inorganic plane, hence in the direction of the strong variations of the electrostatic land-
scape in Figure 3.2-4A, strongly impacts on the formation of free carriers. Inspired by the

results in Figure 3.2-3, we then performed ‘pull-out’ numerical experiments, where one
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iodine atom is increasingly dragged away from the inorganic lattice by the closest organic
cation where one iodine atom is increasingly dragged away from the inorganic lattice by
the closest organic cation.

Before concluding, we briefly discuss the role of oxygen present in the A43 cation, in
driving the formation of the trap states highlighted in Figure 3.2-4C. Indeed, we inher-
ently attributed the electrostatic effect dictated A43 cation, as quantified by the larger
ionization potential computed for this system, only to the terminal fluorine atoms, but
oxygen can also contribute to such an effect, in light of its larger electronegativity com-
pared to carbon. To verify this, we performed a similar pull-out computational procedure
to a hypothetical new cation, having the same backbone of A43 but with all fluorine atoms
substituted by hydrogens (we name this cation Fluo-H). From the pDOS in Figure S3.2-9
it is evident that the removal of fluorines in the Fluo-H cation results in 1eV up shift of
the ionization potential of the perovskite, compared to the original Fluo. As result the
new fluorine-free cation has ionization potential closer to the one of NBT. Counsistently,
inspection of the highest occupied orbital for Fluo-H reveals that this corresponds to the
delocalized valence band edge and no shallow trap states form for distortions up to 0.6 A.
In other words, the removal of fluorines results in a less effective electrostatic effect on the
electronic structure of the Pbly lattice significantly reducing the possibility of formation
of shallow trap states, similar to what was found in the reference BUA material. Hence, in
the perspective of cation engineering, the oxygen on the backbone of the organic molecule
does not seem to be related to the optical response evinced from the EA measurements

and on the long lifetime related to the A43 cation.

3.2.5 Conclusion

In conclusion, our work provides compelling evidence for the existence of long-lived weakly
bound charge pairs in layered n=1 (A43)2Pbl, 2DP as evident from the anomalous second
derivative shape of the field (and light) induced Stark signal. Furthermore, the optical

response of this material to an impulsive optical perturbation develops over hundreds
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of nanosecond timescales. This result is surprising in view of the large exciton binding
energy measured in these 2D materials and highlights the role of the chemical composition
of the organic components. Specifically, our atomistic calculations show that the presence
of bulky C(CF3)3 groups in the fluorinated cation results in frozen-glass like structures,
where the apical iodines can explore a broad range of distances from the Pbl-inorganic
layer, compared to standard alkylated materials. In addition, the fluorous side groups
result in a sizeable electrostatically driven energy shift of the crystalline orbitals. It is
the combined structural and electrostatic effects that promote the formation of spatially
confined hole states at the valence band edge and stabilize loosely interacting electron-
hole pairs with reduced recombination and longer lifetimes. While this feature is to our
knowledge unique to Fluo-based perovskite, our study broadens the standard classification
of electronic species in 2DP and opens up a way for the design of new 2DP materials.
Indeed, smart design of new organic cations, characterized by bulkier/more disordered
structure and/or larger molecular dipole can potentially drive the system to a larger
fraction of long-living charge carriers, which are of interest for perovskite-based 2D /3D
photovoltaic devices, as well as for lasers and delayed emitters. Future time resolved,
power-dependent and/or field-dependent studies can further help to identify the nature

of the excited species in the 2D layered perovskites family and beyond.

3.3 Conclusion

In this chapter we have started by introducing a set of new 2D perovskite made with
highly fluorinated cations. It explores the mechanical as well as optical properties of this
fluorinated 2d perovskite family. The fluorous cations impart extreme stability of the 2D
HPs upon exposure to atmosphere conditions and enhance the water-repellent character
of the 2D HP surface. The longer the cation, the smaller the band gap. This results
in a lower exciton binding energy and smaller effective mass, pointing toward a better

transport for the elongated fluorous chains.
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Following that, the chapter moves to the extensive analysis of one member of the
2D fluorinated perovskite called A43. Here, fast spectroscopy and electro-absorption,
revealing the presence of long-lasting correlated electron—hole pairs. Such states have a
marked charge-transfer character, as revealed by the persistent Stark effect in the form of a
second derivative in electro-absorption. This effect is the result of the unique fluorinated
cation electrostatic effect as well as the steric hindrance of the later and reveals the

presence of long lasting charges.
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2 D/3D Perovskites Interfaces

As previously discussed, 3D perovskite solar cells are very efficient reaching 25% PCE
thanks to their high carrier mobility, panchromatic absorption and low exciton binding
energy.However, such high efficiency is only available for a short period of time because
of degradation due to moisture, ion leakage/migration, and other. We are far from the
20-year life span of Silicon cells. The lower dimension parent of 3D perovskite, namely
2D perovskites, does not exhibit the weaknesses of 3D perovskite. The material is more
robust toward humidity, does not show ion migration to name a few. But they do not
have a high carrier mobility, neither a panchromatic absorption and they have a large
exciton binding energy. A solar cell made only of 2D perovskites as thus an efficiency
that is restricted by its characteristics.

To encompass these limits, 2D /3D mixed systems have been proposed as efficient

,48,64,119 122 gitpop

and stable solutions by exploiting the advantage of both compoun
as 2D /3D blends, where the 2D portion acts as a bulk passivant, or as 2D /3D interface,
where the 2D portion functionalizes the perovskite/electron (or hole) transporting lay-
ers (ETL/HTM). These mixed solutions have propelled perovskite device performance;

however, such empirical evolution of devices processing prevents a clear control of the

interface properties and structure, leading to a poor “trial and error” device optimiza-
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tion. A solid rationalization of the relation between interface structure and physics is
thus urgently needed. How to manipulate crystal growth by material design to drive
proper crystallisation of the 2D on top of the 3D, or how this impacts the interface charge
carrier dynamics in terms of surface trapping, recombination, and device physics. And
how the interface evolves with time and environmental conditions. All these questions
are paramount issues to address. In this chapter, we will approach the crystallisation of

the 2D layer on the 3D bulk as well as the evolution of the 2D /3D interface.

4.1 Crystal Orientation Drives the Interface Physics at
Two /Three-Dimensional Hybrid Perovskites

This work was published with the same title in J.Phys.Chem.Lett.2019, 10,
5713-572047 A special mention to my co-author, Dr. Marine Bouduban for
carrying the ultrafast measurement and her general help with the discussion,
Dr.Kirmani for providing the GIWAX and V.Caselli for the TRMC. I co-led
the work with Dr. Bouduban, provided the PL data as well as the general

analysis and discussion

Here we consider a stratified nanometer-thick 2D /3D interface based on PEA-based
2D /Csg.1FAg 71 MA(.13Pbls 50Brg 41 perovskites, where PEAT is phenethylammonium io-
dide (see Figure 4.1-1), FA formamidinium, and MA methylammonium. When embedded
in the device stack (i.e., between the mesoporous oxide ETL and the organic HTM on
top), the 2D interface outperforms the standard 3D solar cells, pushing devices open-

circuit voltage (Voc).

4.1.1 Device Characteristics

Figure 4.1-1A present a sketch of the 2D /3D perovskite solar cell architecture, highlighting
the chemical structures of the PEAI and fluorinated analog, FPEAI, obtained by the
para-substitution of one fluorine atom on the phenyl moiety cations. Recently, similar

compounds have been used in “quasi-2D” based solar cells, showing that the fluorinated
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Figure 4.1-1: (a) Device stack architecture along with the chemical structure of the two
cations used in the 2D layer. (b) Current-voltage characteristic comparing 2D-PEAI/3D,
2D-FPEAI/3D, and ref 3D devices. Inset: zoomed-in portion close to the Voc. (c) Voc
statistics (Turkey boxplot) for the two bilayers and the reference cell over 25 devices of
cach.

version imparts a better alignment of the perovskite sheet stacking, which is responsible
for better PCE (around 14%). In our work, we develop a stratified 2D/3D interface
where the 2D portion is dynamically grown on top of the 3D portion (see Methods for
details). This results in a 2D crust that is a few tens of nanometers thick (20-60 n,
see scanning electron microscopy images in Figure S4.1-2).48:121 Device current-voltage
characteristics and parameters are presented in Figure 4.1-1B and Table 4.1-1, while
Figure 4.1-1C shows the V¢ statistics (see Figure S4.1-2 for full device statistics). Solar
cells involving a 2D /3D interface outperform their 3D reference, with a clear improvement
in the device V¢, without causing a detrimental loss of current. Notably, the boost in the
Voc appears higher for the PEAI-based 2D with respect to the FPEAI overall leading to
20.62% PCE for the champion device. Such improvement asks for a deeper understanding

of the optoelectronic processes governing the device operation, which is of key importance

Table 4.1-1: Device Parameters for the Champion Solar Cell.

PCE (%) Voc (V) Jsc (mA-cm™2) FF

FPEAI-2D/3D 20.53 1.127 23.21 0.784
PEAI-2D/3D 20.62 1.138 23.43 0774
ref 3D 19.48 1.104 23.25 0.759
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for device development and which is often disregarded. The 2D portion being the core of
our system, here we investigate the interface processes at the 2D /3D stack as well as at the
HTM/2D /3D interfaces making use of a combined series of light-induced spectroscopic
tools to shed light on the interface energetic and carrier dynamics on femtosecond to

microsecond time scales.

4.1.2 Interface photophysics

Given the complexity of the 2D /3D system and the paramount importance of the 2D /3D
interface energy levels alignment, we have combined X-ray photoelectron spectroscopy
(XPS) with broadband transient absorption (TA). In TA, the selective excitation of the
components will enable the monitoring of the photoinduced processes from 3D — 2D or
from 2D — 3D, allowing us to retrieve the energy level alignment. Figures 4.1-2A,B dis-
plays the TA spectra and dynamics for 3D perovskite and 2D /3D systems upon excitation
at Aep = 600 nm (selectively exciting the 3D), while the plots in Figure 4.1-2,D are ob-
tained upon pumping at A, = 390 nm (exciting both 2D and 3D). Exciting only the 3D
portion (Figure 4.1-2), the signal is dominated by a large negative feature peaking at 750
nm, which forms with a time constant of 300 fs and persists throughout the investigated
time window (1.5 ns). This feature relates to ground state bleaching (GSB) upon state
filling at the 3D perovskite band edge.!??

TA spectra of the 2D /3D systems are identical, with no difference in the evolution of
the GSB (Figure 4.1-2). Given that the GSB is proportional to the photoexcited carrier
density, its evolution reflects the charge dynamics. Notably, when exciting at Ae; =
390 nm, the TA spectra (Figure 4.1-2) for the 2D /3D differ from the 3D control. Two
additional negative features appear in the blue region (500-575 nm). They arise from the
direct excitation of the 2D layer and relate to the GSB of the 2D perovskites. Given the
spectral position, the peak at 500 nm matches with the GSB from pure R2Pbl4, while
the PB at 550 nm can be assigned to PB of an interfacial mixed phase (with n > 1,

in agreement with the weak emission from a red-shifted band as shown in Figure S4.1-
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5). Corresponding dynamics of FPEAI-2D /3D and PEAI-2D/3D GSB are presented in
Figures 4.1-2D,E, compared to the GSB dynamics at 750 nm of the 3D portion. A clear
trend is observed: the GSB at 750 nm rises (with a time constant of a few picoseconds,
see Table S4.1-2) while the GSB at 500 nm decays with a similar time constant. This can
be explained as a charge or energy transfer from the 2D to the 3D portions. However,
we can safely exclude the later upon analysis of the photoluminescence excitation (PLE)
map (Figure S4.1-6). If energy transfer would have occurred, one would have expected
an increase in the PL of the 3D phase, upon excitation in the spectral region where the
2D portion absorbs. In contrast, we observe rather a reduction of the 3D PL signal,

indicative of a filtering effect induced by the 2D layer.

Combing this information with the dynamic picture retrieved from the TA analysis,
we can thus conclude that electron dissociation happens from the 2D to 3D perovskites.
This is enabled by the favorable energy level interface matching, as shown by XPS data
on the energy band alignment in Figure S4.1-8. The valence band maximum (VBM) of
the 2D perovskite is just slightly down shifted by 0.1 eV with respect to the VBM of the
3D perovskite. Given the band gap of 2D perovskites around 3 eV, their conduction band
minimum (CBM) lies well above the CBM of the 3D perovskite.!?! This energetically
enables electron transfer from the 2D to the 3D portions as indicated by the TA results.
The energy level landscape of the 2D /3D system is schematically depicted in the cartoon
in the inset of Figure 4.1-2. To gain insight on the free carrier dynamics at the inter-
faces, a main goal of our work, we employ time-resolved photoluminescence (TRPL) and
time-resolved photoconductance (TRPC) measurements targeting the 2D /3D interfaces
(Figure 4.1-3A,) as well as the 3D/2D/HTL system (Figure 4.1-3C,D). Figure 4.1-3A
show the TRPL decays at 780 nm, monitoring the 3D emission with or without the 2D
layer. Note that in both cases we selectively excite the 3D portion with an excitation
density of 10'* carriers/cm™2.12% Decays of 3D and FPEAI-2D/3D perovskite show a
similar behavior (slightly slower for the FPEAI-2D/3D), while the PEAI-2D exhibits a

much slower PL decay (see Table S4.1-1 for time constants). Figure 4.1-3B shows the
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Figure 4.1-2: (a) Transient absorption (TA) spectra of 3D perovskite, PEAI-2D /3D, and
FPEAI-2D /3D bilayers (excitation wavelength Ao, = 600 nm, carrier density of 10'®
em ™) at 1 ps delay (spectra up to 1 ns in Figure S4.1-3). (b) TA dynamics at 755
nm comparing 3D perovskite with PEAI-2D /3D and FPEAI-2D/3D bilayers (excitation
wavelength Ae; = 600 nm, carrier density of 10*® cm=2). (c) TA spectra of 3D perovskite,
PEAI-2D/3D, and FPEAI-2D /3D bilayers (excitation wavelength A, = 390 nm, carrier
density of 10'® cm™32) at 1 ps delay (spectra up to 1 ns in Figure S4.1-4). Inset: illustration
of band diagram and of the charge transfer from the 2D to the 3D perovskite. (c,d) TA
dynamics of FPEAI-2D/3D and PEAI-2D/3D, respectively, at 497 and 755 nm upon

excitation at 390 nm (carrier density of 10'®cm™2). Samples have been excited from the
2D side.

TRPC signal, which monitors the free charges generated within the 3D slab and their
dynamic evolution (see Figure S4.1-9 for carrier density-dependent dynamics). Notably,
the initial amplitude of the TRPC signal is proportional to both the yield of free charges

generated upon photoexcitation and their mobility, while the decay mirrors the charge im-
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mobilization or recombination. No sizable differences are observed between the initial

TRPC amplitudes of the 3D and the 2D/3D-modified surfaces (see Figure S4.1-10).

However, their dynamics are different, as PEAI-2D shows a slower decay with respect
to the bare 3D, while it is rather similar in the case of the FPEAI-2D. The combined
TRPL and TRPC findings can be rationalized as follows: (1) The initial TRPC ampli-
tudes indicate that no significant 3D — 2D hole transfer is taking place, as this would
have lowered the amplitude of the signal at time zero (for instance, as is the case at
the HTM/3D interface, see Figure S4.1-10), confirming the TA results. (1I) The slower
decay in both PL and TRPC results for PEAI-2D /3D indicates a delayed electron-hole
recombination, possibly related to better surface passivation induced by the structural
organization and homogeneity of the PEAI-2D layer, as demonstrated in the following
(see Table S4.1-2). (III) This does not extend to FPEAI-2D/3D system, which exhibits
similar behavior with respect to the bare 3D sample. To determine the kinetic parame-
ters from the TRPC measurements, we have applied the kinetic model described in the
Letter by Hutter et al. (see the relevant parameters summarized in Table S4.1-4 in the
Supporting Information, together with a description of the model and experimental fits
in Figure S4.1-9 and S4.1-11).° Interestingly, the bimolecular recombination rate con-
stant, ks, is halved upon addition of PEAI or FPEAI-2D layers on the 3D perovskite. As
previously reported, ks represents the sum of all bimolecular recombination processes.'2
Therefore, the bimolecular recombination processes occurring at the 3D surface is con-
siderably retarded by introducing the 2D perovskite. The enhanced lifetimes in the case
of PEAI-2D /3D samples are related to the significantly reduced number of background
charges in the material, which slows down the bimolecular recombination. In light of this,
and in agreement with the energy level alignment previously discussed, we conclude that
the PEAI-2D/3D interface can retard the electron-hole recombination and passivate the

3D surface much more efficiently compared to the FPEAI-based system.

Figures 4.1-3C,D shows the TRPL and TRPC signals for 3D /2D /HTM systems. From

Figure 4.1-3C, the PL shows similar decays, with a slower tail component for the PEAI-
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Figure 4.1-3: (a) Normalized photoluminescence (PL) decay of PEAI-2D/3D, FPEAI-
2D /3D, and ref 3D sample (excitation wavelength A., = 635 nm, carrier density of
10 e¢cm~3).(b) Normalized time-resolved photoconductance (TRPC) of the same sam-
ples (lambda., — 650 nm, carrier density of 10 cm™2). (c¢) Normalized PL decay
of HTM/PEAI-2D /3D and HTM/FPEAI-2D/3D samples (lambda., = 635 nm, car-
rier density of 10'* ¢cm™2). (d) Normalized TRPC of bilayers of HTM/PEAI-2D /3D,
HTM/FPEAI-2D /3D, and HTM/3D (A., = 650 nm, carrier density of 10 cm~3). Sam-
ples have been excited from the 3D side.

2D /3D system (see Table S4.1-2 for the time constants). From the TRPC measurements
in Figure 4.1-3D (also see Figure S4.1-10) we can observe that the initial amplitudes
drop, and the dynamics get faster if the HTM is deposited on top. This is indicative of
a reduction of the charge density due to hole transfers and faster decay due to interfacial
recombination. Comparing the TRPC signals of the 3D/HTM with 3D/2D/HTM sam-
ples, we observe that the addition of a 2D layer does not hinder the charge transfer to
the HTM (initial amplitude reduction, see Figure S4.1-10), but recombination is slowed

down more visibly for the PEAI-based system. As a physical spacer, holes can be easily
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delocalized at the 2D /3D interface, given the low energetic barrier perceived by the holes
at the 2D phase, thus favoring charges transfer to the HTM. Therefore, the 2D layer can
act as a physical spacer where, especially in the case of PEAI-2D, back electron-hole re-
combination is retarded. Overall, our results point to a beneficial effect of the 2D layer by
reducing surface recombination, which can explain the improvement in the device Vpc.
As an important remark, we observe that this statement does not hold a general validity
but strongly depends on the chemical nature of the organic cation composing the 2D
layer. In particular, despite the close energetic and similar electronic structure of their

corresponding 2D layers, PEAI-2D /3D and FPEAI-2D/3D behave differently.

4.1.3 Grazing angle X-ray diffraction

To address the reason behind such different behavior, we investigate the structural prop-
erties of the interfaces and the crystal plane orientation by GIWAXS measurements.
This technique is extremely surface-sensitive at incident angles below the critical angle,
allowing one to directly probe the 2D perovskite layer. GIWAXS maps and the corre-
sponding sector averages are shown in Figure 4.1-4A,B. Diffraction peaks associated with
the lamella structure of the 2D phase are clearly visible for q < 1.0 A=! and correspond
to the (0k0) planes. Both the PEAI and FPEAI layers show a major diffraction peak
for the pure 2D phase (n = 1), with first order at 0.36 A~! and higher orders at 0.74
A-' and 1.08 A~!. We also observe a minor intermixing phase resulting in a weak n >
1 (n = 2, more precisely) diffraction peak (first order at 0.25 A~'; higher orders at 0.52
A= and 0.80 A‘l). Interestingly, the PEAI-2D layer clearly exhibits the presence of n
> 1 phase, more visible if compared to FPEAI-2D with a stronger first-order 0.25 A~!
peak. This assignment is also supported by the PL and TA spectra. PL spectra (Figures
54.1-3-S4.1-5) show a weak shoulder at 550 nm assigned to n = 2 quasi-2D perovskite

emission; and TA spectra (Ae; = 390 nm, Figure 4.1-2A) exhibit a second peak at 540
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Figure 4.1-4: (a) GIWAX map of PEAI-2D/3D showing a parallel preferred orientation
in low-q region below the 3D bulk perovskite peak of qz = qxy = 1.0 A=1. (b) GIWAX
map of FPEAI-2D/3D showing more random orientation. (c) 2D GIWAXS sector average
for PEAI-2D and FPEAI-2D layers atop 3D bulk. The 2D (n = 1) features are noted by
green lines, while the n > 1 (n = 2) features are noted by the blue lines. The PEAI-2D
layer clearly shows relatively more intermixing of lower dimensionalities compared to the
FPEAI-2D. (d) Cartoon representing preferred orientation of the 2D on top of the 3D
bulk.

nm associated with the GSB of the n = 2 quasi-2D perovskite, as previously discussed.
The first-order peak at 0.36 A1 belonging to the n = 1 lattice was integrated with re-
spect to the azimuthal angle (x) to glean information regarding the orientation of the
2D perovskite planes. Results are reported in Figure S4.1-12 comparing the FPEAI-2D-
and the PEAI-2D-based interfaces. From Figure S4.1-12, it is clear that the PEAI-2D

o

peak integral is almost entirely in the range of y = 0°-5°, suggesting that the layers as-
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sume a parallel orientation with respect to the underlying 3D phase and the substrate (as
observed in other 2D-based systems).126

In contrast, the formation of FPEAI-2D layers is more random: a majority of these
layers have a 40°-45°orientation with respect to the 3D phase and the substrate (see
Figure 4.1-4C,D). We suggest that the different crystallite orientation of PEAI-2D and
FPEAI-2D is the reason behind the different interfacial physics observed. In the case
of the parallel orientation of PEAI-2D, the slowing down of the TRPC dynamics proves
that back electron hole recombination (between holes in the HTM and electrons in the 3D
perovskite) is retarded, with a direct positive impact on the charge carrier lifetime and
thus on the device Voe. The intimate reason behind this lies in the structural orientation
of the PEAI-2D and the uniformity of this layer enabling a more perfect homogeneous
physical spacer between the 3D perovskite and the HTM. The random orientation of
FPEAI-2D is responsible for the lack of a beneficial effect of the 2D interlayer in terms of
enhanced charge lifetime. In addition, disorder in the 2D portion may allow partial inter-
penetration of the HTM, leading to behavior of the FPEAI-2D /3D that is similar to that
of the 3D-only system. Our findings present a different picture with respect to common
knowledge: while much effort has been focused on orienting the 2D planes perpendicular
to the substrate in a way to maximize charge transport and extraction,'?” 30 here we
reveal that, contrarily, planar orientation is needed in the case of 2D /3D interfaces to op-
timize interface processes and device performances. A similar finding has been revealed
for Sn-based 2D/3D interfaces where planar growth of the 2D is essential for the device
operation.'?® Further analysis, beyond the scope of the presented work, will be needed

to clarify the transport mechanism through the organic barrier.

4.1.4 Conclusion

To conclude, we elucidate the optoelectronic properties and carrier dynamics at 2D /3D
interfaces leading to highly efficient solar cells. Our results provide compelling evidence of

the crucial role of the crystal alignment of the 2D perovskite on top of the 3D perovskite.
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If the 2D perovskite orients “flat” with respect to the substrate, it can effectively passivate
the surface while retarding charge recombination. This results in an enhanced V¢ of the
solar cells and overall improved performance. On the other side, a more disordered 2D
perovskite alignment limits such beneficial effects. We demonstrate that such alignment
can be controlled by fine-tuning the chemical composition of the 2D cation, i.e. by a

simple atomic substitution, providing a new guideline for material and interface design.

4.2 Dynamic evolution of the 2D /3D interface: A hid-
den driver behind perovskite solar cell instability

This is part of a work publish with the same title in J.Mater.Chem.A, 2020,
2348-2348.13" Thanks to A. Sutanto which carried all the sample preparation
as well as device characterisation and general discussion. My contribution

was focused on PL measurement, analysis and general discussion.

Previously, we have seen how choosing the organic cation can change the crystallisa-
tion and interface dynamics of the 2D layer. However, the evolution of the interface in
time as the material age and the solar cell works wasn’t investigated. This is the point
of this study to research how different 2D/3D interface, with different organic cations
specially synthesize for the occasion, react to time and heat cycles. The cations used
for this study are thiophenealkylammonium salt. More precisely, three derivatives : 2-
thiophenemethylammonium iodide (2-TMAI), 3-thio- phenemethylammonium iodide (3-
TMALI), and 2-thio- pheneethylammonium iodide (2-TEAI)(see annex for synthesis and
figure S4.2-1 for the molecular structure). The difference between them is the position if
the alkyl chain in the thiophene for the 2- and 3-TMAI and the length of the chain for
the 2-TEAL

4.2.1 Interface and cell characteristics

The interface was created using the same method presented before as well as the rest of

the cell. Only the cations differ. However, changing the cation change the nature of the
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interface. Indeed, in the case of these thiophene cations, the 2D layer as an increased
dimensionality compared to the previous study. 2-TMAI and 3-TMAI have a preferred
n=2 arrangements and 2-TEAI n=1. This is reveled by the XRD pattern where the
6°peak, corresponding to n=1, is not the prevalent one but the 4°peak, corresponding to
n=2, is (see figure S4.2-2). The photovoltaic characteristic of solar cells made with these
cations is reported in table 4.2-1. The cells show similar behavior with respect to the
reference with a slight deviation for 2-TEAI which has a lower PCE mainly because of

the slightly small Voc and FF.

Table 4.2-1: Photovoltaic parameters of champion aged for 24 weeks 2D /3D PSCs em-
ploying 2-TMAI, 3- TMAI, 2-TEAI, and 3D control Organic

Sample  Voc (V) Js¢(mAem~2) FF  PCE (%)

2-TMAI 1.132 23.50 0.751 19.97
3-TMAI 1.132 23.60 0.771 20.59
2-TEAI 1.117 23.60 0.737 19.42
3D 1.124 23.57 0.773 20.48

However, when look at the stability of these cells the story is different. Figure 4.2-1
show the stability of the different samples under continuous illumination for 1000 hours.
After 1000 hours, the 2-TEAI is now the best performing with a 90% retention of the
initial PCE. Three other samples all have a similar 70% retention. A natural question
arises, why is this the case? To investigate this point, we focus our attention on the
evolution of the interface. We want to understand what is changing when the cell is
under light and more precisely what is happening to the 2D and 3D perovskite layers

when the different cations are used.
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Figure 4.2-1: Stability test for freshly prepared devices under continuous 1 sun illumina-
tion for 1000 h in an Ar atmosphere without any encapsulation.

4.2.2 Interface evolution

To investigate this evolution of the interface, we accelerated the aging of the cell by eating
it at 50°C for several hours and monitor the material by measuring the photolumines-
cence(pl) of the sample. Figure 4.2-2 show the pl of the different sample after several
heating interval. Before heating, we can see the 2D ans 3D layers emitting at between
500nm-600nm and 780nm respectively. The n=2 2D morphology is clear for the 2-TMAI
and 3-TMATI with the peak at 575nm. The n=1 is visible on the 2-TMAI and 2-TEAI at
525nm. The presence of multiples 2D peaks shows that the interface has a complex struc-
ture and depending on the cation used, even is almost similar, the 2D layer morphology
changes. As time increases, a very clear process is happening for 2-TMAI and 3-TMAI.
The 2D peak is weakening an the 3D one increasing as well has new peaks appearing.
This isn’t the case for 2-TEAI. This particular cation only exhibits a slight shoulder on
the 2D peak.

Focusing on cations individually, we can see on figure 4.2-2 A that the 2-TMAI pl
spectra shift from from a mixutre of n=1 & 2 to only n=2. This suggests that 2D
layer is reacting with the 3D perovskite underneath, transforming the remaining 2D n—1

into n=2. Looking a figure 4.2-2 B, the 3-TMAI layer is also reacting with the 3D
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layer forming higher dimensionality quasi-2D layer with a high n number with a spectral
signature around 650nm shifting and growing with a prolong exposure. Now, regarding
the 2-TEAI on figure 4.2-2 C, we do not see this phenomenon. The nature of the cation
and the resulting 2D layer prevent it from reacting with the 3D perovskite leading to

change in morphology.
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Figure 4.2-2: PL spectra upon thermal stress (heating the film at 50°C for the time as
indicated in the legend) for (a) 2-TMAI (b) 3-TMAI and (c¢) 2-TEAI 2D/3D systerms.
(d) Cartoon illustrating the proposed interfacial mechanism. 2346

Given that the 2D layer is changing, the culprit is the methylammonium(MA) cation
of the 3D layer. Indeed it has been shown that this small cation can be volatile and is
one of the degradation paths of 3D perovskite. The 2D over layer is then acting as a
sponge, reacting with this methylammonium and changing the structure of the 2D layer

as presented in figure 4.2-2 D. The 2-TEAI cation is preventing the MA from going out of
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the 3D perovskite, thus decreasing degradation. The 2-TEAI having a longer alkyl chain,
is strain forward to suggest that this feature is the reason for the increase robustness of

the 2D layer as well as how the cation are packing.

4.2.3 Conclusion

The leaking of MA in the 2D layer is undeniably a mechanism to prevent for highly efficient
solar cells. The choice of the cation is crucial in mitigating this problem. Choosing a cation
that creates a robust n=1 2D layer is key for increase stability. This study reveals that
larger cation perform better in these regards and should be considered in the development

of future highly efficient and stable solar cells.

4.3 In Situ Analysis Reveals the Role of 2D Perovskite
in Preventing Thermal-Induced Degradation in 2D
/3D Perovskite Interfaces

This is part of a work published with the same title in NanoLett.2020, 20,
3992-3998.192 A. Sutanto which carried all the sample preparation as well as
device characterisation and general discussion. My contribution was focused

on PL measurements, analysis and general discussion.

Here we investigate the 2D /3D film properties during thermal stress, monitoring the
structural evolution of the interface and the related optoelectronic and dynamic proper-
ties. We performed combined steady state and time- resolved photoluminescence (PL)
measurements as well as XRD on two study cases of 2D /3D perovskite systems used in the
most common highly efficient device configuration.'?!:13! They consist of the same bulky
thiophene- or phenyl-terminated cations in the form of 2-thiophenemethylammonium io-
dide (2-TMAI) presented in the previous section and phenylethylammonium (PEAI),
forming (2-TMATI)sPbl, and PEAsPbIy 2D perovskites, respectively, which overlay the
bulk 3D perovskite. (See Figure 4.3-1) The structural evolution of the interface is mon-

itored upon exposing the sample to a thermal cycle, simulating the working conditions
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under real device operations. We reveal that a slow dynamic variation of the 2D /3D
interface manifests, leading to a structural modification of the 2D perovskite. In con-
comitance, the 3D perovskite bulk, if protected by the 2D layer, is unperturbed, whereas
in the absence of the 2D layer, it shows visible signs of structural degradation. We thus
identified a key role of the 2D capping layer in blocking the thermal degradation of the
3D perovskite bulk, maintaining its structural integrity, and retarding thermally induced

degradation in perovskite solar cells.

4.3.1 Interface characterisation

To create the 2-TMAI- (or PEAI-) 2D /3D thin films and devices, we dissolved the organic
salts in isopropanol (IPA) and dynamically spin-coated them on the top of a triple-cation
[(FAPDI3)g.87(MAPDBr3)g.13]0.02(CsPbls)g.0g based 3D perovskite film, where MA stands
for methylammonium and FA stands for formamidinium. (See Annexe S4.3.1 for details.)
As a result, a thin layer of2D perovskite (~60 nm) was formed on top of the 3D bulk, as

shown by the scanning electron microscope (SEM) image in Figure 4.3-1 (right).
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Figure 4.3-1: Cartoon of the 3D /2D interface (left) and the corresponding cross-sectional
SEM image of the 3D/2-TMAI 2D interface.

4.3.2 Interface thermal evolution

To better elucidate the structural changes in the 2D layer, we monitored the PL spectral

evolution as a sensitive probe of the material band gap and the variation thereof, which is
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indicative of any possible structural change (i.e., n variation), following a similar thermal

cycle, as shown in Figure 4.3-2.
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Figure 4.3-2: PL spectra of (a) 2-TMAI-2D/3D and (b) PEAI-2D/3D perovskite thin
films upon thermal aging at 50°C and excitation at 450 nm from the front (in other
words, from the 2D side),(c,d) Respective X-ray diffraction patterns at different times.

Because the PL spectra were recorded from the front side (2D perovskite side) of the
2D /3D film, they mainly show the emission from the 2D perovskite top layers. The PL
measurements were carried out after thermal annealing at 100 °C and without heating to
50 °C (time O for PL characterization). At time 0, the 22TMAI-2D/3D film PL spectrum
shows two emission bands centered at 519 and 567 nm, whereas the PEAI-2D/3D film
shows only one band at 510 nm and a small shoulder at 555 nm. According to the litera-
ture, these bands correspond to the emission from n =1 and 2 phases of 2D perovskites,

131,133 ip excellent agreement with the XRD results presented in Figure 4.3-

respectively,
2¢ and d. From the normalized PL spectra reported in Figure 4.3-2, it is also evident
that for the 2-TMAI 2D-based interface a broader emission in the 700-800 nm spectral
range gradually appears during the annealing process. This suggests the formation of a
mixed disordered phase,'3%:135 in agreement with the XRD data. On the other hand,
for PEAI-2D /3D, the variation of the shape of the PL spectra is less dominant, whereas

the absolute intensity (reported in Figure S4.3-3a) of the n = 1 PL peak abruptly dimin-
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ishes, in agreement with the XRD data. This suggests that PEAI-based 2D perovskite is
structurally more robust and less prone to forming a quasi-2D (n > 1) phase under these
conditions.!36:137 A similar behavior of the intensity is observed for the 2-TMAI 2D-based
interface, showing a decrease in the n = 1 PL peak and a concomitant increase in the
broader emission at the longer wavelength side (Figure S4.3-3b). These measurements
prove the dynamic variation of the 2D surface perovskite band gap. To gain a deeper
understanding of the mechanism behind such dynamic structural /band gap evolution, we
also measured the PL spectra of the 2D/3D perovskite films upon aging the film for a
long time window of 7 weeks without any heating. The films were stored in a dark and
dry environment (RH < 20%) at room temperature, and the PL spectra were periodically
recorded over time. Interestingly, we observed an analogous modulation of the emission
features for both 2-TMAI-2D/3D and PEAI-2D/3D over slow dark aging, as shown in
Figure S4.3-4. This phenomenon indicates that a similar transformative process happens
even at room temperature, over a several weeks time window, while being accelerated
under thermal stress. We can rationalize our results considering an intrinsic dynamic
evolution of the 2D/ 3D perovskite interface upon aging, which manifests as (I) destruc-
turation of the 2D perovskite overlayer and (IT) the formation of an additional mixed
phase at the interface, both combined with (ZII') improved resilience to the degradation

of the 3D perovskite bulk underneath, independent of the 2D cation used.

To better analyze the interfacial processes, we implemented time-resolved PL (TrPL),
with the idea of monitoring the charge- carrier dynamics in the 3D bulk upon the thermal
cycle. The thermal aging for the TrPL measurement was performed under the same
conditions as in the steady-state PL measurement. The results are reported in Figure
4.3-3 for the 2D /3D interface (blue and red) compared to the control samples without
the 2D layer. It is worth noting that upon thermal aging, the PL signal of the bare 3D
film shows an enhancement of the lifetime with a marked long living tail. This happens
at time 0 but is even more evident after 15 min of annealing, and it continues to increase

up to 360 min of thermal aging (Figure S4.3-5). This is also true for the 2D /3D interface,
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Figure 4.3-3: TrPL decays (Aeze= 440 nm;F= 9.7 nJ cm~%;\py, at the maximum of the
3D at 780 nm emission at 50°C in the samples) of the 2D/3Dmodified perovskites: 3D
control (black), 2-TMAI (red), and PEAI (blue). The fits of the decays are also shown

where the increase in the lifetime is even more evident. We can attribute the longer living

signal to the beneficial effect of the restructuring of the interface, leading to the surface

passivation effect and retarded surface charge-carrier recombination.

47,134

4.3.3 Device perspective
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Device where made in the same conditions and subjected to the same thermal treat-
ment. It is interesting to note that upon thermal stress, the device characteristic is not
dramatically affected, showing no massive effect of the thermal stress on the device effi-
ciency. A small decrease is observed only for the device fill factor, which, however, does

not dramatically reduce the overall device performance.

4.3.4 Conclusion

In conclusion, the in situ structural and optical analysis of 2D /3D perovskite interfaces
gives a compelling proof of an intrinsic dynamic structural variation of the 2D perovskite
layer after thermal stress, which (I) protects the 3D perovskite from degradation regard-
less of the 2D perovskite phase evolution upon heating, (II) does not perturb the dynamic
processes at the interface, and (III) is beneficial to keeping the device performance un-
altered under thermal stress. Our results have highlighted the key role of the 2D surface
functionalization in retarding perovskite degradation upon thermal stress, providing a

clear direction on how to gain perovskite device longevity.

4.4 Conclusion

In this chapter we have investigated the interaction of 2D perovskite deposited on top
of 3D perovskite. We have elucidated the optoelectronic properties and carrier dynamics
at 2D /3D interfaces leading to highly efficient solar cells. Our results provide compelling
evidence of the crucial role of the crystal alignment of the 2D perovskite on top of the
3D perovskite. We demonstrate that such alignment can be controlled by fine-tuning the
chemical composition of the 2D cation.

Furthermore, we have explored the evolution of the 2D /3D interface and revealed that
the leaking of MA in the 2D layer is undeniably a mechanism to prevent for highly efficient
solar cells. Choosing a cation that creates a robust n=1 2D layer is key for an increased

stability. This study reveals that larger cations perform better in this regard and should
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be considered in the development of future highly efficient and stable solar cells.

Finally, we have inspected the thermal stability of the 2D/3D interface. We have
shown that the dynamic structural variation of the 2D perovskite layer after thermal
stress is beneficial to keep the 3d bulk unaltered under these conditions, providing a clear

direction on how to increase perovskite device longevity.
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MoS»

In previous chapters we have explored low dimensional perovskite as a standalone material
and as an interface layer. The search of interface layers in PSC is intense. Many materials
have been proposed as HTM or intermediate layer to increase the transport of carriers
while preventing losses. They are new organic HT'M design, inorganic crystalline material,
2D perovskite or other low-dimensional materials. The latter are of a particular interest
thanks to their peculiar and tunable optoelectronic properties and the very high activity
in their respective research field.%!:138°142 Notably, Molybdenum disulfide (MoS,), is a
member of the two-dimensional (2D) layered transition metal dichalcogenides(TMDC)
family of compounds. TMDCs are characterized by planes held together by Van der
Waals interaction similarly to 2D perovskite. The optical and electrical properties rising
from the strong intra layer and weak inter layers in this layered family of compounds
are unique. Therefore, they have attracted the interest of researchers ranging from catal-
ysis to optoelectronics.!3147 MoS, is viewed as an analog of graphene. It can be a
semiconductor in the 2H symmetry phase. It has an indirect bandgap when bulk and
a direct bandgap in monolayers with visible excitonic transitions at room temperature.
While in the 1T phase, it exhibits metallic properties.!*® 154 MoS, monolayers could ab-

sorb 5-10% incident sunlight within 1 nm in thickness, far exceeding that of traditional
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semiconductors. It has been successfully implemented in hetero-structured devices and
even in ultrathin solar cells, demonstrating a power density orders of magnitude higher
than the best existing ultrathin solar cells, opening the path for the development of light

detection and harvesting in atomically thin devices.!?> 156

MoS> and derivatives were used as a transport layer in high efficiency PSC device.
The low cost of the material compared to more traditional HTM such as Spiro-OMeTAD
offer an interesting alternative without compromising the efficiency. In addition, it as
also been used as buffer layers for an increased cell lifetime.!4? 157,158 Behind that what
drives the material operation is the light-matter interaction. The deep investigation of
the photoinduced species and dynamics is therefore a requirement for designing a syn-
ergistic relation between MoS; and perovskite. A plethora of reports regarding different
optical characteristics of MoSy exist. They revealed the effect of the number of layers on
carriers and quantum yield, the formation of biexcitons, trions, and more.!?!:153,159-162
The dynamics of the photocarriers was also extensively studied up to one nanosecond.
Excitons in monolayer MoSy have exceptionally large binding energies and dominate the
optical properties within the material. Exploring the relaxation behavior of excitons is
crucial for understanding the fundamental physics as well as the performance of MoS,-
based optoelectronic devices. The dominant processes of carrier relaxation in bulk MoS,
are dominated by both carrier-carrier and carrier-phonon scattering, while that in mono-
layer MoS, is dominated by defect-assisted scattering.'®>165 The inter band relaxation
processes in monolayer MoSs are much shorter than those in bulk MoS,. This suggests
that nonradiative relaxation processes rather than radiative ones dominate the exciton
dynamics in monolayer MoS,. In addition, the carrier lifetime of MoSs increases with the
number of layers since the defect-assisted recombination at the surface becomes signifi-
cant. Upon photoexcitation, exciton-exciton annihilation (hundreds of femtoseconds) is
observed, followed by the trapping of the excitons by surface states (a few picoseconds),
and inter band carrier-phonon scattering (tens of picoseconds). Moreover, absorption due

to mid-gap defects can also be observed, depending on the quality of the sample, such
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as if grown by CVD. Exciton dynamics deplete over hundreds of ps time scale, which is
the typical time window so far investigated by standard ultrafast transient spectroscopy.
However, revealing the photophysics over a more extended timescale can open the view
to processes such as trapping/detrapping and carrier dynamics. The longer timescale
measurements over one nanosecond were neglected. However, they can provide valuable
physical insights into the design and development of complex 2D devices dominated by

free carrier such as in a buffer layer in a PSC and is thus the aim of the presented work.

5.1 Exploratory study on the origin of long living photo-

excitations in single flakes of MoS,

In this study, we provide a complete picture of photoexcited state dynamics in few layers
thick MoS, samples probing for the first time the photoexcited species and their subse-
quent dynamic evolution in a time frame from 200fs up to 100us. We reveal that rich
photoinduced dynamics, so far neglected, happen at a long timescale. We are identify-
ing the presence of long-living charges of utmost relevance, the wide range of the MoS,

potential field of application.!43 147

5.1.1 Sample characterization

Figure 5.1-1a) shows a picture of the artificial MoSs crystal (2H-phase), which was exfoli-
ated in liquid-phase through sonication in IPA, as described in the Method section. The
ultraviolet-violet (UV-vis) absorbance spectrum of the LPE-produced MoSs nanoflakes
dispersion is shown in Figure 5.1-1a, which reveals four main peaks. More in detail,
the peaks around 673 nm and 611 nm are associated with the direct transitions from
the valance band to the conduction band at the K-point of the Brillouin zone of layered
MoS3, known (A and B transitions, respectively). The broad absorption bands centered

at 444 nm and 403 nm are attributed to the C and D inter-band transitions between
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Figure 5.1-1: (a) Photograph of a 2H-MoS, crystal. (b) Absorbance spectra of the LPE-
produced MoSs nanoflakes dispersion, together with its photograph. (¢) TEM and (d)
AFM images of representative MoSy nanoflakes. ¢) XRD patterns and f) Raman spectra
of MoS, bulk crystals and nanoflakes. The XRD peaks are named according to the
reference card for the 2H-MoSs (JCPDS card No. 37-1492).

the density of state peaks in the valence and conduction bands of 2H (semiconducting)
phases.!59: 1667168 The morphology of the LPE-produced MoS, Moflakes was evaluated
through TEM and AFM analyses (Figure 5.1-1 ¢,d). The MoS, nanoflakes have irregular
flat shapes with straight borders, as observed in previous studies.'®* ™' The data statis-
tical analysis Figure S1,2 indicates that the lateral size and thickness values of the MoS,
nanoflakes follow log-normal distributions peaking at 57.2 nm and 1.7 nm, respectively.
Since the MoS2 monolayer thickness measured by AFM is in the range of 0.70.8 nm, our
results indicate that the LPE-produced MoSs nanoflakes mainly consist of single-/few-
layer flakes.!”? 17 Figure 5.1-1e reports the XRD pattern of both MoSy bulk crystals
and the MoSs nanoflakes. The samples shows the same diffraction peaks, which match
those of the reference card of the 2H-phase of the MoSy (JCPDS card No. 37-1492).
These results prove that the LPE process does not alter the crystallinity of the bulk

materials. Compared to MoSy bulk crystals, the intensity of the (002) peak is signifi-
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cantly more pronounced relative to the other peaks, indicating the exfoliated nanoflakes
preferentially orient parallel to the substrate.'5% 174 The crystallinity of the samples was
further confirmed by Raman spectroscopy measurements (Figure 5.1-1f). According to
the symmetry space groups symmetry of MoSy bulk crystals (P3ml, point group: D6h)
and exfoliated MoS, flakes (P3ml for an even number of layers, and P6m2 -point group:
D3h- for single-layer and systems with an odd number of layers), the samples show two
main peaks, i.e., B3, () and Esy(T).31,32 In particular, Ej,(T) is first-order modes at
the Brillouin zone center, while A;4(I") represent the in-plane displacement of Mo and
S atoms and the out-of-plane displacement of S atoms, respectively. As shown in Fig.
5.1-1h, the E3,(T') mode of the exfoliated MoS; flakes exhibits a softening compared to
the one of the bulk MoS,. The redshift of the £3,(I') mode is attributed to the dielec-
tric screening of long-range Coulomb MoS, inter layer interaction.33 This effect confirms

further the exfoliation of the MoSy bulk crystals into nanoflakes.

5.1.2 Ultrafast spectroscopy

Figure 5.1-2a shows the abortion spectra of MoSsy around the A and B excitons. Their
respective position is marked by the two dotted lines at 610nm and 670nm for the A and
B excitons, respectively. Figure 5.1-2b presents the TA spectra with a 400nm excitation
at 10uJ/cm? at selected delays in the picosecond time range: from 0.1 to 100ps(Setup
description in annex S5.1.1). We see two positive features at the two exciton positions that
are moving to a shorter wavelength at longer delays. Around the two positive features,
negative features are visible. Figure 5.1-2¢ shows as well the TA spectra of MoSs but at
a longer time frame. It presents spectra from 0.1 ns(same as 100ps) up to 1000 ns. The
two positive features are still visible over the entire time range. They, as well, continue
to blue shift as time passes. The negative peaks are also still present. In figure 5.1-2d
we present the color map of the complete TA experiment from 0.1ps up to 100us on a
log scale. In this figure, we can follow the entire signal. From the rise, all the way to

the decay after 1us. The two excitonic features are represented by two red traces. The
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Figure 5.1-2: (a) Absorption spectra of few-layer MoSs nanoflake thin film. Dotted lines
represent the position of the A and B exciton at ~670nm and ~610nm respectively (b)
TA spectra with 400nm excitation at 10uJ/cm? of few-layer MoS; nanoflake thin film at
selected early delays(0.1-100 ps). (c) TA at late delays(0.1-1000 ns). (d) color map of the
complete TA experiment. The positive amplitude is in red and the negative in blue.

dotted lines represent the excitonic absorption position of figure 5.1-2A. Their respective
blue shift overtime is also clearly visible and is of about 25nm between 1ps and 1pus.
Interestingly we can see on the A exciton position(~675nm) that the shift occurs in two
steps. The first up between 0.1ps and 10ps, and the second between lns and 100ns. A

similar behavior is visible for the B exciton as well.

Going back to the early time spectra of figure 5.1-2b, we assigned the two positive
features to the photobleaching(PB) of the A and B excitonic transition. The negative
band at 700nm and 580 nm are assigned to a broadening induced by carriers.!63:175-178
The shift of the two positive peak maximums has been previously reported and assigned
to the presence of free charges. In addition, at early time, a redshift of the absorption

due to excitons induced bandgap renormalizations was also reported.!”® 179 Publications
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on TA experiments of MoS, focuses on the early time dynamics. The excited state of
MoS, in the time window is thus very well described. The blue shift of the PB peaks is
assigned to free carriers in the conduction band.'%” The signal of the exciton bleaching
and the free carrier is spectrally very close. As the exciton decays in 100’s of picoseconds,
only the free carrier remains, effectively shifting the signal over time.

The negative band below the PB is a photoinduced absorption(PIA) by the free carrier.
Population analysis previously reported assigned a longer than recorded signals with a
time constant over 1ns to free carrier. However, to the best of our knowledge, there is no
report of optical experiments going beyond a few nanoseconds that monitor the complete

signal of the carriers.

5.1.3 Global analysis
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Figure 5.1-3: Global analysis results of the MoS, TA experiment done with a sum of
four exponential decays. Each amplitude is displayed in one quadrant with the respective
lifetime and an overlay of the MoS, spectra at a selected delay.

To deconvolute the dynamic of the different photogenerated species, a global analysis
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using four exponentials has been performed(eq.5.1 ).
y(M 1) =a1(V)e ™ +as(N\e 7z +as(Ne s + as(Ne 7 (5.1)

It consists in fitting the decay at each wavelength with the same time constants, only
fitting the amplitude (pre-exponential factor) of the different exponential. With this
method we can identify the different processes involve and their related amplitude and
time constant. A sum of four exponential was necessary to fit the signal over the complete
time range. Figure 5.1-3a)-d) present the different amplitude of each exponential of the
global analysis. Following the fit using four exponential, we extract four time constants

related to each. The lifetimes are listed in Table 5.1-1 After the rise of the signal, we can

T1 T2 73 T4

2ps  22ps  bns  80ns

Table 5.1-1: Table of lifetime of the global analysis

identify a first, fast, relaxation of a picosecond (~2ps), a second, intermediate, relaxation
of tens of picosecond (~22ps), a third, slow, process of a few nanoseconds (~5ns) and
finally a fourth, very slow, close to a hundred nanoseconds (~80ns). Looking at figure
5.1-3 we can see that each lifetime can represent the complete spectra at different delays
backing the correctness of the fit. More specifically quadrant a) of figure 5.1-3 shows
that the amplitude of exp; with a lifetime of 1ps match reasonably well the spectra at 1p
delay. Similarly quadrant b)-d) each present in order of increased lifetime the match with
an increased delayed spectrum. Looking at photo-bleaching of excitons A at 675nm, we
can see that quadrant a) shows a positive amplitude. Moving along quadrant b),c) and
d) we can see the amplitude going negative. The previous report of the short timescale
dynamics(up to 1ns) of MoSs combined with this phenomenon tells us that the first two

163,164

lifetimes of the global analysis are related to the exciton. More precisely to excitons
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cooling, excitons trapping in bellow gap states and recombination. As formerly mentions,
free carriers are expected to have a negative signal and are responsible for the spectral
shift we see in figure 5.1-2d). The Transition from a positive signal to a negative close to
the exciton bleaching peak is thus assigned the result of free carrier. Following the logic,
the two slower lifetimes of the global analysis, 5ns and 80ns, both being negative around

the exciton photo-bleaching peak, can be assigned to the free carrier dynamics.
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Figure 5.1-4: Average for the A and B exciton signal between 650-680nm and 595-620nm
respectively

Figure 5.1-4 displays the average of the signals between 650-680nm corresponding to
the A exciton photo-bleaching peak and between 595-620nm for the B exciton PB centered
around tree time scales. At an early time, 0-20ps, it shows the rise of both exciton and
the early decay. The two signals are, as expected, following different dynamics. In the
second timescale, 20ps-1ns, the two dynamics become more similar. Finally, in the last
time scale, 1ns-100ns, the two signal are the same. The transition from different dynamics
to a similar one suggests that the underlying phenomena resulting in the signal changes.
The two excitons are responsible for the different early time dynamics. This is in perfect
agreement with literature. The longest time, however, has not been under investigation.
So far, the proposed phenomena behind signal longer than Ins in MoS2 was free carriers.

The similitude in the dynamics comforts the assignment of the slowest lifetime to the
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dynamics of free carriers. Nonetheless, accrediting an exact mechanism for the two time
constant are impossible. Possible explanations can be proposed. Of course, a trivial
explanation would be that trapping is at the origin of the late time dynamics. But we
can go further. Given that our flakes are less than 100nm in lateral size and that exciton
diffusion was reported to be more the 300nm, it is very likely that an exciton can diffuse
to the edge of the flakes. Thus, it is reasonable to suggest that at least one of the two slow
time-constants is related to an edge state/trap.!8% ¥ A complementary explanation that
would explain the two different time constant, is the presence of metallic states at the
edge of the flake. It has been reported that depending on the type of edge, the electronic
properties of the latter change and can have metallic characteristics.'®2 A metallic state
would explain the longest time constant as a charge in this state could last up to us. The
different edge types could result in different edge states with different related lifetimes.
Finally the distribution of flake thikness showing some bimodal character(see figure S5.1-

1), the two time constants could be the result of two "sets" of flack thicknesses.

5.2 Conclusion

In this chapter, we have explored the dynamic of photo-generated carriers in few-layers
nanoflakes of MoSs. We have measured, to our knowledge, for the first time, the complete
dynamics from excitation of complete recombination of carriers in MoSs;. Four time-
constants were extracted using a global analysis. The fastest two were assigned to exciton
dynamics and the slowest two to free carrier. Different explanations regarding free carrier
recombination have been proposed involving different types of edge states and flake sizes
yielding different time constants. The comprehension of the carrier dynamics in MoSs
is a must have for use in a PSC device. The device being dominated by free carrier,
it is crucial to understand how they will behave when interacting the material bulk or
edge. This can enable a smarter buffer material design leading to an improve stability

and efficiency of perovskite solar cells.
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Conclusions and Outlooks

This thesis was aimed at the exploration and comprehension of the 2D perovskite as a new
material for optoelectronic device. More specifically, understanding the carrier dynamics
to better leverage the increased stability of the material to improve HOPVs. I start with
Chapter 2 describing the methods and analysis tools used to probe materials. Chapter 3
follows by the in-depth exploration of new 2D perovskite carrier dynamics. After that,
Chapter 4 focuses on the interface of 2D perovskite with 3D perovskite for improved
device characteristics. Chapter 5 explores the dynamics of the free carriers of in few layer

MoS, nanoflakes

More in detail,chapter 2 introduces the spectroscopic methods used to probe the ma-
terial. It briefly describes the working principle and use case for the optical steady state
techniques. It continues by an in-depth description of time-resolved absorption spec-
troscopy(TAS). What this technique is all about as well as what it allows to uncover in
the studied material. Along TAS, the fluorescence decay measurement (TCSPC) is also
detailed. Finally, this chapter introduced the analytical method for processing the data

from TAS as well as models to interpret it.

Chapter 3 starts by introducing a set of new 2D perovskite made with highly fluorined

cations. It explores the mechanical as well as optical properties of this fluorined 2d
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perovskite family. The stability as well as excitonic properties are explored. Following
that, the chapter moves to the extensive analysis of one member of the 2D fluorined
perovskite called A43. Here, ultrafast spectroscopy and electro-absorption, revealing the
presence of long-lasting correlated electron—hole pairs. Such states have a marked charge-
transfer character, as revealed by the persistent Stark effect in the form of a second
derivative in electro-absorption. This effect is the result of the unique fluorinated cation

electrostatic effect as well as the steric hindrance of the later.

Chapter 4 follows with studies on 2D /3D bilayer. It starts by reviling the impact of
2D crystal alignment on top of the 2D in driving interface charge-recombination dynam-
ics. The 2D crystal growth and orientation are manipulated by specific fluorination of
phenethylammonium (PEA), used here as the organic cation backbone of the 2D compo-
nent. By means of time-resolved optoelectronic analysis from the femto- to microsecond
regions, we demonstrate a static function of the 2D layer as an electron barrier and
homogeneous surface passivant, together with a dynamic role in retarding back charge
recombination. Furthermore, we have explored the evolution of the 2D /3D interface and
revealed that the leaking of MA in the 2D layer is undeniably a mechanism to prevent for
highly efficient solar cells. This study reveals that larger cations perform better in this
regard and should be considered in the development of future highly efficient and stable
solar cells. Consecutively, the thermal stress on 2D-3D cells were studied using X-ray
scattering and by thermally cycling cells. We revealed that the 2D perovskite crystal
layer undergoes a structural transformation to a higher dimensional, and at the same

time protects the 3D layer underneath.

Chapter 5 offers a study on the excited state dynamics of MoSs, a member of the
2D layer transition metal dichalcogenide, very similar in structure to the 2D perovskites
with the potential to replace transport layer. We have explored the entire excited state
dynamics, from picosecond up to the complete decay of carriers 10 microseconds later. We
have uncovered for the first time a lifetime for free carriers and proposed a recombination

mechanism involving edge state giving rise to different time constants.
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Summing up, during the last four years I have studied new 2D perovskites designed to
be more water resistant. I have reviled the unique excited state of this new 2D perovskite.
Then, I have studied the interface of 2D with 3D perovskite, showing the importance of
the choice of cation and its impact on bilayer cell performance. Alongside this, I have
inquired lead-free perovskite for devices and finally I have probed the long-lived excited
state of MoS,.

Looking forward, I believe that the incorporation of the 2D perovskite in or on the 3D
perovskite will become the norm for high efficiency devices and most likely the way forward
for a commercial HOPV. This, of course, lies on the fundamental understanding of the
optoelectronic properties of 2D and 3d perovskites. From this fundamental understanding
of the photophysics of these materials will arise the best synergy for the integration of
one with the other. I can see that new, fine-tuned 2D perovskites will be designed with
specific properties to accomplish its task in the most optimal way. The synergistic nature
of the relationship between 2D perovskite and 3D perovskite renders the integration of
one to the other make it the path to follow for a transition toward a commercial product

and make HOPV the solar technology of the 21st century.
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Appendix

S3.1 Fashioning Fluorous Organic Spacers for Tunable

and Stable Layered Hybrid Perovskites

S3.1.1 Materials and Methods

All available chemicals and solvents were purchased from commercial sources and were
used without any further purification. (N-hydroxyalkyl)amino phthalimides 1a-c,69,70 N-
allyl phthalimide 3,71 and 2-(4,4,5,5,6,6,7,7,8,8,9,9,9-tridecafluoro- 2-iodo-nonyl)-isoindole-
1,3-dione 472 were prepared as described in the literature. Reactions were monitored by
thin layer chromatog- raphy (TLC) that was conducted on plates precoated with silica gel
Si 60-F254 (Merck, Germany). Column chromatography was conducted by using silica
gel Si 60, 230-400 mesh, 0.040-0.063 mm (Merck, Darmstadt, Germany). 1H and 13C
NMR spectra were recorded on a Bruker Avance 400 (400 and 100.6 MHz, respectively);
chemical shifts are indicated in parts per million downfield from SiMe4, using the resid-
ual proton (CHCl3 = 7.26 ppm, CHD2SOCD3 = 2.50 ppm, CHD20D = 3.33 ppm) and
carbon (CDCl3 = 77.0 ppm, (CD3)2S0 = 40.45 ppm, CD30D = 49.10 ppm) solvent res-

onances as the internal reference. 19F NMR spectra were recorded on a Bruker AC 300
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spectrometer (282 MHz) and a Bruker Avance 400 (377 MHz). Coupling constant values
J are given in Hz. Elemental analyses were carried out by the Departmental Service of
Microanalysis.

UV-vis Absorption. UV-Vis steady-state absorption spectra were acquired with a
Perkins Elmer lambda 950s UV/Vis spectrophotometer using an integrating sphere to
account for optical losses outside of the active layer.

Photoluminescence. Steady state and time resolved photoluminescence measurement
where carried out on Horiba a Fluorolog-3, with a PMT as detector. The excitation
source for the TCSPC is a Horiba nanoLED- 370 with an excitation wavelength of 369
nm, a pulse duration of 1.3 ns and a repetition rate of 100 KHz. PL at different intensity
was performed using an Expla PL 2230 laser coupled to a PG400 OPG. The spectra are
recorded with a Horiba synapse CCD detector coupled to a monochromator.

Scanning electron microscope (SEM). SEM images were taken by using high-resolution
scanning electron microscope ZEISS Merlin. X-ray diffraction (XRD). XRD patterns
were recorded by X-ray diffractometer (Bruker D8) with Cu ka radiation. Contact angle
measurements using DI water as solvent were performed with a drop shape analyzer

DSA-30S (Kruss).

S3.1.2 Synthesis of Fluorous Cations and Preparation of 2D HPs

We designed a series of primary ammonium iodides sharing a common three-block, perflu-
oroalkyl tail-alkylene linker-NH3+1-, structure. Within this basic arrangement, variations
in the nature of the fluorinated tail and linker allows us to obtain cationic moieties of dif-
ferent molecular length, cross sectional area, and rigidity. The fluorous ammonium salts
were obtained through straightforward synthetic elaborations of commercially available
perfluoroalky- lated building-blocks. The set of fluorous ammonium iodides A4n charac-
terized by the presence of the nonafluoro-tert- butyloxy tail were prepared using a two-step
procedure based on rabai’s synthesis of branched fluorous amines (Scheme 1).40 In brief,

condensation under Mitsunobu conditions of the readily available (N-hydroxyalkyl)amino
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phthalimide deriva- tives la-c with perfluoro-tert-butanol afforded the correspond- ing
perfluoro-tert-butyl ethers 2a-c, from which the A4n salts were released by hydrazinolysis
followed by acidic workup in the presence of aqueous hydrogen iodide. The linear alkyl
ammonium salt L containing a n-perfluorohexyl unit was likewise prepared by hydrazi-
nolysis of a phthalimide derivative obtained via a different route, also shown in Scheme
1. In this case, the masked amine 5 was obtained by addition of perfluorohexyl iodide to
N-allyl phthalimide 3 in the presence of zinc, followed by dehalogenation of intermediate
4 Deprotection of 5 by reaction with hydrazine in refluxing methanol and subsequent
treatment with aqueous hydrogen iodide afforded the desired ammonium salt. For the
sake of simplicity, hereafter we classify them in two categories: the branched family, con-
sisting of a fluorinated ending group and ammonium moiety separated by an ethylene,
propylene or butylene group, named A42, A43, and A44, respectively, and the linear
cation, L, consisting of six carbon atoms in the linear fluorous tail and three -CH2 units
inserted between the fluorous tail and the NH3+ head (Scheme 1 and Figure la). The
A42, A43, A44, and L-based Pbl4-2D HPs were obtained in the form of thin films and
single crystals. For thin films, the precursor solutions were prepared by mixing a 2:1
molar ratio of the corresponding cation and PbI2 in DMSO. Different conditions for the
film deposition were examined to improve the film quality, varying composition ratios
of the precursors, treatments of the substrates (cleaning treating, hot- casting)41l and
antisolvents (chlorobenzene, toluene, trifluor- otoluene).42,43 In our case, the use of an
one-step deposition method with chlorobenzene as antisolvent provided the best protocol
to obtain smooth thin films, along with annealing at 100 °C for 10 min (see top view
morphology from scanning electron microscope images in Supporting Information (SI)
Figure S1). On the other hand, single crystals were obtained by heating stoichiometric
amounts of the organic cations and lead iodide in hydriodic acid at a concentration of
~0.1 M at 100 °C for 1 day (see SI for further details). As a result, the newly synthesized
cations infiltrate in between the inorganic Pbl6 layers, forming a pure 2D HP (n = 1), as

shown in Figure 1b for the (A42)2Pbl4
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S3.1.3 General Procedure for the Mitsunobu Reaction

In a flamedried Schlenk tube equipped with a magnetic stirrer (N- hydroxyalkyl)amino
phthalimide 1 (10 mmol) and PPh3 (12 mmol) were suspended in dry Et20 (50 mL) under
nitrogen. After cooling at 0 °C, perfluoro-tert-butanol (10 mmol) was added followed by
the dropwise addition of a solution of diisopropyl azodicarboxylate (DIAD, 12 mmol) in
dry Et20 (8 mL) in 5 min. The mixture was left to attain room temperature and then
stirred overnight. The mixture was filtered, the solvent was removed at reduced pressure,

and the residue purified by column chromatography.

2-[2-(Nonafluoro-tert-butyloxy)-ethyl|isoindole-1,3-dione (2a). This product was ob-
tained using the standard Mitsunobu procedure starting from 1a(1.91 g, 10 mmol) and
perfluoro-tert-butanol (1.4 mL, 10 mmol). Crude material was purified by column chro-
matography (silica gel, petroleum ether/diethyl ether 4/1) to give the title compound
(3.26 g, 79.6% yield) as a white solid. 1H NMR (400 MHz, CDCl3) 6 = 7.88 (dd, 3J =
5.4, 3.1, 2H), 7.74 (dd, 3] = 5.5, 3.1, 2H), 4.27 (t, 3] = 5.5, 2H), 4.01 (t, 3J = 5.5, 2H).
13C NMR (100.6 MHz, CDCl5) § 167.8, 134.2, 131.8, 123.4, 120.1 (q, 1JCF = 293.9),
79.8 (m), 66.6, 37.4. 19F NMR (282 MHz, CDCl3) & = -71.01 (s). Anal. Caled for
C14H8FINO3: C 41.09, H 1.97, N 3.42. Found: C 41.05,H 1.96, N 3.40.

2-[3-(Nonafluoro-tert-butyloxy)-propyllisoindole-1,3-dione (2b). This product was ob-
tained using the standard Mitsunobu procedure starting from 1b(2.05 g, 10 mmol) and
perfluoro-tert-butanol (1.4 mL, 10 mmol). Crude material was purified by chromatog-
raphy (silica gel, petroleum ether/diethyl ether 4/1) to give the title compound (3.50 g
82.8% yield) as a white solid. 1TH NMR (400 MHz, CDCl3) § = 7.84 (dd, 3J = 5.4, 3.0,
9H), 7.71 (dd, 3] = 5.5, 3.0, 2H), 4.11 (t, 3] = 6.0, 2H), 3.81 (t, 3] = 7.0, 2H), 2.10
(quintet, 3] = 6.4, 2H). 13C NMR (100.6 MHz, CDCl3) & 168.3, 134.1, 132.2, 123.4, 120.3
(g, 1JCF =290.7), 79.7 (m), 67.8, 34.9, 28.9. 19F NMR (282 MHz, CDCl3) § = -70.82
(s). Anal. Calcd for C156HI0F9NO3: C 42.57, H 2.38, N 3.31. Found: C 42.53, H 2.39,
N 3.30.
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2-[4-(Nonafluoro-tert-butyloxy)-butyl|isoindole-1,3-dione (2¢). This product was ob-
tained using the standard Mitsunobu procedure starting from 1c¢(2.19 g, 10 mmol) and
perfluoro-tert-butanol (1.4 mL, 10 mmol). Crude material was purified by chromatog-
raphy (silica gel, petroleum ether/diethyl ether 4/1) to give the title compound (3.58 g,
81.9% yield) as a white solid. 1H NMR (400 MHz, CDCl3) § = 7.84 (dd, 3J = 5.4, 3.0,
2H), 7.71 (dd, 3] = 5.4, 3.1, 2H), 4.04 (¢, 3] = 5.8, 2H), 3.72 (t, 3] = 6.8, 2H), 1.90-1.61
(m, 4H). 13C NMR (100.6 MHz, CDCls) § 168.5, 134.1, 132.2, 123.4, 120.5 (q, 1JCF —
201.8),80.0 (m), 69.2, 37.4, 27.2, 24.8. 19F NMR (377 MHz, CDCls) § = -71.35 (s). Anal.
Caled for C16H12F9NO3: C 43.95, H 2.77, N 3.20. Found: C 43.88, H 2.76, N 3.22.

2-(4,4,5,5,6,6,7,7,8,8,9,9,9-Tridecafluorononyl)isoindole-1,3- dione (5). To a solution of
iodide 4 (4 g, 6.32 mmol) and Et3N(1 mL, 7.17 mmol) in dry THF (7 mL) in a stainless
steel reactor, 10% Pd/C (125 mg) was added. The reactor was pressurized with H2
(4 atm) at room temperature. After 24 h, the pressure was released and the mixture
was filtered through a short pad of Celite and concentrated under vacuum. The residue
was purified by chromatog- raphy (silica gel, petroleum ether/methylene chloride 7/3)
affording the title compound (2.89 g, 90.4% yield) as a white solid. 1H NMR (400 MHz,
CDCl3) 6 = 7.86 (dd, 3J = 5.4, 3.0, 2H), 7.73 (dd, 3] = 5.4, 3.1, 2H), 3.78 (t, 3] = 6.9,
2H), 2.29-2.07 (m, 2H), 2.07-1.93 (m, 2H). 13C NMR (100.6 MHz, CDCl;) ¢ 168.3, 134.3,
132.1, 123.5, 121-105 (m, C6F13), 37.2, 28.8 (t, 1JCF = 22.7), 20.1. 19F NMR (377 MHz,
CDCl3) 6 =-81.77 (t, 3J = 10.1, 3F), -115.24 (m, 2F), -122.94 (m, 2F), -123.89 (m, 2F),
-124.38 (m, 2F), -127.14 (m, 2F). Anal. Calcd for C17THI0F13NO2: C 40.25, H 1.99, N
2.76. Found: C 40.38, H 1.98, N 2.74.

S3.1.4 General Procedure for the Hydrazinolysis of Phthalimide
Derivatives
To a solution of phthalimide derivative (1 mmol) in MeOH (2 mL), hydrazine monohydrate

(1.2 mmol, 60 pL) was added and the solution refluxed for 3 h. After cooling, the mixture

was filtered through a Buchner funnel to remove the solid phthalhy- drazide. The clear
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methanolic solution was treated with 50% aqueous HI (0.18 mL, 1.2 mmol). The solution
was stirred overnight at room temperature. The solvent was removed at reduced pressure
and the residue was dissolved in the minimal amount of MeOH and precipitated from
diethyl ether. After filtration, the solid material was dried under vacuum. 2-(Nonafluoro-
tert-butyloxy)ethylamine hydroiodide (A42). Hy- drazinolysis of 2a(3.00 g, 7.33 mmol)
afforded the title compound (2.34 g, 78.4% yield) as a white solid. 1TH NMR, (400 MHz,
DMSO) 6 = 7.82 (s, 3H), 4.27 (t, 3] = 5.2, 2H), 3.17 (t, 3] = 5.2, 2H). 13C NMR
(100.6 MHz, DMSO) § = 119.8 (q, 1JCF = 293.3), 79.2 (m), 67.0, 38.6. 19F NMR
(282 MHz, CDCl3) 6 = -70.97 (s). 3-(Nonafluoro-tert-butyloxy)propylamine hydroiodide
(A43). Hydrazinolysis of 2b(3.00 g, 7.08 mmol) afforded the title compound (2.28 g,
76.5% yield) as a white solid. 1H NMR, (400 MHz, DMSO) ¢ = 7.56 (s, 3H), 4.18 (t, 3J =
6.2, 2H), 2.96-2.80 (m, 2H), 2.06-1.80 (m, 2H). 13C NMR (100.6 MHz, DMSO) § = 119.9
(q, 1JCF = 291.8), 79.36 (m), 67.78, 35.53, 27.49. 19F NMR (282 MHz, CDCl3) § =
-70.97 (s). 4-(Nonafluoro-tert-butyloxy)butylamine hydroiodide (A44). Hy- drazinolysis
of 3c(2.04 g, 4.67 mmol) afforded the title compound (1.33 g, 65.5% yield) as a white
solid. 1H NMR (400 MHz, MeOD) § = 4.15 (d, 3] = 5.3, 2H), 3.10-2.86 (m, 2H), 1.83-
1.72 (m, 4H). 13C NMR (100.6 MHz, MeOD) § 120.4 (q, LJCF = 292.9), 81.0 (m), 70.9,
40.4, 27.84, 25.06. 19F NMR (377 MHz, CDCls) § = -72.70 (s). 4,4,5,5,6,6,7,7,8,8,9,9,9-
Tridecafluorononylamine hydroiodide (L). Hydrazinolysis of 5(1.00 g, 1.97 mmol) afforded
the title compound (0.75 g, 65.5% yield) as a white solid. 1H NMR, (400 MHz, DMSO)
§ = 7.71 (s, 3H), 2.94 (s br, 2H), 2.39 (m, 2H), 1.81 (m, 2H). 13C NMR (100.6 MHz,
DMSO) ¢ 121-107 (m, C6F13), 37.9, 26.9 (t, 1JCF = 21.2), 18.3. 19F NMR (377 MHz,
DMSO) § = -81.22 (t, 3] = 10.0, 3F), -114.56 (m, 2F), -122.73 (m, 2F), -123.67 (m, 2F),
-124.19 (m, 2F), -126.78 (m, 2F).
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Figure S3.1-1: The PL decay fitted with a bi-exponential function for (A43)sPbly,
(A43)2PbBI‘4 and (L)QPbI4, (L)QPbBI‘4
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(A42),Pbl,  (A43),Pbl,  (A44),Pbl,  (L),Pbl,
yO0 Value 0 0 0 0
y0 Standard Error 0 0 0 0
Al Value 0.60659 0.58485 0.54296 0.81415
Al Standard Error 0.00431 0.00596 0.00582 0.00899
Ty (us) Value 18.43675 17.21476 22.55986 7.30728
T (us) Standard Error 0.2257 0.29525 0.42175 0.12902
A2 Value 0.25796 0.23633 0.26838 0.12607
A2 Standard Error 0.00137 0.00165 0.00198 0.00148
Ty (us) Value 404.2775 448.9582 453.41048 436.51256
Ty (us) Standard Error 2.53948 3.8192 3.89328 6.79758
Statistics Reduced Chi-Sqr 1.08E-04 1.96E-04 2.37E-04 2.16E-04
Statistics Adj. R-Square 0.97981 0.95754 0.96017 0.89413

Table S3.1-1: Superposition of PL and absorption spectra for (A43)oPbly, (A43)2PbBry
and (L)QPbI4, (L)QPbBI"4

Excitonic peak Band Gap (eV)  Max. PL (eV)

Excitonic binding

(eV) energy (meV)
A42 253 29 2.46 380
A43 251 29 2.42 393
A44 249 29 2.40 420
L 2.57 2.7 2.53 130

Table S3.1-2: Superposition of PL and absorption spectra for (A43)2Pbly, (A43),PbBry
and (L)2Pb14, (L)QPbBI‘4
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S3.2 Spatial Charge Separation as the Origin of Anoma-
lous Stark Effect in Fluorous Two-Dimensional Hy-

brid Perovskites

Methods

Sample preparation

To fabricate (Fluo);Pbly thin films, the precursor solution was prepared by mixing a 2:1
molar ratio of the corresponding ammonium salt ((CF3)3CO(CH2)3NH3I), synthesized
as previously reported,*® and Pbl, in DMSO. We used the one-step deposition method
using chlorobenzene as antisolvent. The thin film was annealed at 100°C for 15 minutes.

This results in a 300nm thick film.

Characterization

Steady-state absorption spectra were acquired with a Perkins Elmer Lambda 950s UV /Vis
spectrophotometer using an integrating sphere to account for optical losses outside of
the active layer. Steady state and time resolved photoluminescence measurements were
carried out on a Horiba a Fluorolog-3, with a PMT as detector. The excitation source for
the TCSPC is a Horiba nanoLED-370 with an excitation wavelength of 369nm, a pulse
duration of 1.3ns and a repetition rate of 100 MHz. Low temperature PL and absorption
were performed in their respective instruments fitted with a OptistatND from Oxford

Instruments.

X-Ray diffraction

XRD patterns were recorded by X-ray diffractometer (Bruker D8) with Cu ka radiation.
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Nanosecond transient absorption

Nanosecond transient absorption measurements were carried out with a LP980 laser flash
spectrometer (Edinburgh Instruments). It is based on a standard Transient Absorption
setup where the sample is excited by a ns laser pulse and the time evolution of the differ-
ential absorption changes induced by the pump is monitored by a CW light source probe.
The pump pulses are provided by a nanosecond tunable Ekspla NT340 laser (5 Hz repe-
tition rate) The excitation wavelength was set at 420nm and the excitation density was
tuned from 4 pJ/cm? to 40 uJ/cm? but negligible effects on the dynamics were observed
on these time scales. The probe light is provided by a pulsed Xenon arc lamp. The sample
was kept at a 45°angle to the excitation beam. The beams are focused onto the sample
ensuring spatial overlap. The transmitted probe is spectrally filtered by a monochromator
and detected. The detection systems is based on a set of photomultipliers (with both VIS
and near-IR detection window) enabling one to collect the single-wavelength kinetic with
higher sensitivity. The signal is finally recorded by a TDS 3032C digital signal analyzer.
From the transmission change following photoexcitation the variation in the absorption
is thus derived as

where Iprobe is the transmitted probe with excitation off and It is the transmitted
probe after laser excitation. The system has a sensitivity of 5-107* V and a temporal

resolution of 5ns.

Electro-absorption

Electroabsorption spectroscopy measurements consist of detecting a probing light beam
after its interaction with a sample subjected to an externally applied electric field done
at room Temperature. In the present case, EAS measurements were performed on a com-
mon Ti:Sapphire amplified femtosecond laser system by Clark-MXR (CPA-2001), yielding
780-nm pulses at a repetition rate of 1 kHz. The probe beam was obtained by passing the

780-nm laser output through a sapphire plate yielding a white light continuum detected
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over the 400-850 nm region. After being transmitted through the sample (transmittance
mode, semi-transparent gold electrode) or being reflected off of its gold electrode (re-
flectance mode), the probe beam was dispersed in a grating spectrograph (SpectraPro
2500i, Princeton Instruments or SR163, Andor Technology) and finally detected shot by
shot at a 1 kHz rate with a 512 x 58 pixel back-thinned CCD detector (S07030- 0906,
Hamamatsu). Part of the probe beam was split before the sample into a reference beam
reaching a second detector, which allowed for corrections for shot-to-shot fluctuations.
The externally applied voltage was controlled by a function generator (AFG 2021, Tek-
tronix), yielding square voltage pulses (100-us pulse duration). The voltage pulses were
modulated at 500 Hz, allowing to get the desired differential signal AA = Aficia—Anoficid-

Multiple samples were measured under the same conditions, yielding consistent results.

Computation

Both the frozen glass annealing simulation (consisting in Born-Oppenheimer molecular
dynamic simulations and subsequent structural relaxations at 0 K temperature) and the
electronic structure calculations on slabs models have been performed using periodic
Density Functional Theory (DFT) calculations, within the planewave/pseudopotential
formalism, as implemented in the Quantum Espresso Suite.!%6 All calculations are per-
formed using a cutoff of 25 Ry and 200 Ry, for the expansion of the wavefunction and
of the electron density, respectively, along with ultrasoft pseudopotentials'®?® and PBE

1'84 for the description of the exchange-correlation energy. DFT-D2 scheme is

potentia,
used,'®5 to improve the description of the van der Waals interactions between the organic
molecular spacers.

Born-Oppenheimer Molecular Dynamics (BOMD) simulations and structural relax-
ations are performed on 2x2x1 supercells of the structural models of (BUA);Pbl, and
(Fluo)2Pbl, available from Refs'®” and, respectively. BOMD simulations are performed

using a time step of 20 a.u. ( 1 fs) at 600 K temperature for both (BUA),Pbly and

(Fluo)sPbly, so to widely explore the potential energy surface of the materials. To fur-
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ther speed up the sampling of the potential energy surface, we decreased the effective
masses to 10 a.u., for the inorganic atoms, 5 a.u for C, O, N, F and 2 a.u. for H. No-
tice that this is a common protocol in meta-dynamic simulations and does not affect
the quality of the potential energy surface, since it does not influence the interatomic
forces.!3 In light of the large size of the structural models employed (624 and 472 atoms
respectively for (BUA)2Pbl, and (Fluo)oPbly) the electronic structure is evaluated only
at the I point of the reciprocal space. Slab calculations are carried out isolating one
slab from the crystalline cells of (BUA)sPbly and (Fluo)oPhly providing 15 Abetween
the slab in the periodic cell and its periodic replica. For these calculations, we added
the dipole correction, in light of the structural asymmetry introduced during the pull-out
computational experiment. For these calculations, the reciprocal lattice is sampled using
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an automatic 4x4x1 grid, *® with the less dense sampling associated to the direction of

the plane stacking.
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Figure S3.2-1: Fit of the absorption of (Fluo)2Pbly at room temperature with 5 gaussians
(left). Tauc plot of (Fluo),Pbl, at 80K(right)
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Figure S3.2-2: Normalized absorption vs temperature of (BUA);Pbl, (left).PL vs tem-
perature of (BUA)oPbI, (right). Both in the absorption and PL spectra we can clearly see
some discontinuities between two temperatures. This is the signature of phase transitions.
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Figure S3.2-3: XRD of (Fluo)2Pbly thin film showing two shape peaks at 26 — 4 and 8.5.
These two peaks are characteristic of 2D layered perovskites. More over the intensity of
the out of plane peaks compare to the in plane ones suggest that the inorganic planes
have a strong preferred orientation parallel to the substrate surface
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EA contribution to the signal
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Figure S3.2-4: EA in reflection and transmission mode at 10V.

From perturbation theory, one can define the EA signal as (perturbative expansion in
the field):

0%a 2
HcPokE” = 55 (mocB)” + .. (83.2-1)

Where A denotes the absorbance, E describes the applied electric field and mgx and
pok respectively correspond to the permanent dipole moment and polarizability changes
upon the transition of interest (0 & k). Note that the first term (linear in the field) is
expected to cancel out for isotropic samples.

EAS Measurements in Reflectance vs Transmittance EAS measurement have be done

in both transmission and reflection mode(see Figure S3.2-4). The spectral difference come
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from the gold electrode. In this case the reflection spectra can be considered as a double
reflection. The transmission spectra amplitude around 515nm is attenuated because the

probe beam has to go through the gold which absorb strongly close to this wavelength.

Global Analysis

EA contribution to the signal

1.0 a 1 a 1 a 1 . 1 a 1
440 460 480 500 520 540

Wavelenght (nm)

Figure S3.2-5: Superposition of the TA spectra at 1lns delay with the amplitude of the
exponential fit from the global analysis, both normalized.

flx) = are® +c¢ (53.2-2)

To further analyze the spectral behavior and retrieve the associated time-constant, we
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fitted the whole spectral evolution using a Global Analysis (GA) procedure. Representa-
tion of the data by the GA The spectral evolution over the whole frequency range can be
fitted considering a exponential function with amplitudes represented figure S3.2-5 and
time constant 7=932ns and a constant that act as a very long time constant much longer
that our time window (Eq. S3.2-2). These observations indicate that the three features
have the same dynamic, suggesting that one process is responsible for whole spectral evo-

lution. Remarkably, it is the first time that such a long-lived signal has been reported for
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Figure S3.2-6: Partial Density of States (pDOS) from DFT calculations performed on
reference 2DP (BUA);Pbl, and (Fluo);Pbl, materials. Calculations are carried out on
the models from XRD experimental measurement. The zero energy corresponds to the
valence band edge. The present pDOS distinguish between contributions from the inor-
ganic lattice (red) and organic cation (black). Present calculations include Spin-Orbit

Coupling (SOC).

147



H CH3 NH2 NH3+
PBE
BUA 0.00 0.00 0.15 8.42
Fluo 2.35 225 278  20.26
B3LYP
BUA 0.00 0.00 0.26 8.87
Fluo 2.53 245 294  20.02

Table S3.2-1: Molecular dipole associated to the buthylammonium (BUA) and Fluori-
nated (Fluo) organic spacers. The NH3+ group has been substituted with H, CH3 and
NH; (see Figure 3.2-3B of the main text) to preserve the neutrality of the molecule (the
dipole is ill-defined for non-neutral systems). For the sake of completeness, also the molec-
ular dipole for molecules containing the group NH;,r is reported. Dipoles are computed
using Gaussian16,'®” adopting two exchange correlations functionals (PBE and B3LYP)

along with 6-311G(d,p) triple zeta split basis set quality.

Experiment Bands 0 derivative 1% derivative 27¢ derivative
EA-simulated Exciton only / 0.30 0.17
Absorption Exciton / 0.30 0.16

X 3.53 / /
EA-real Abs only / 0.23 0.30
Absorption Abs / 0.24 0.29

X 2.65 / /
Nanosecond Exciton only / 0.31 0.16
TA x15 Exciton / 0.33 0.15

X 9.25 / /

Table S3.2-2: Fit parameters for the nsTA and EA specra. The parameters correspong
to the weight of each derivatives. Value below 10~% were considered no significant and
thus were removed(marked with a slash).
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Figure S3.2-7: Result of progressive pull-out of one apical iodine, along with one organic
cation, from the equilibrium position, for (BUA)sPbl, 2D perovskite. Upper panel: total
Density of States of (black line) and DOS associated with the apical Iodine (red line);
bottom panel: crystalline orbital isodensity associated the apical iodine involved in the
pullout.
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Figure S3.2-8: Result of progressive pull-out of one apical iodine, along with one organic
cation, from the equilibrium position, for (Fluo)2Pbl, 2D perovskite. Upper panel: total
Density of States of (black line) and DOS associated to the apical Iodine (red line); bottom
panel: crystalline orbital isodensity associated the apical iodine involved in the pullout.
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Figure S3.2-9: . Result of progressive pull-out of one apical iodine, along with one
organic cation, from the equilibrium position, for (Fluo-H);Pbly 2D perovskite. The
Fluo-H cation has the same structure as the Fluo but with fluorine atoms substituted by
hydrogens. Upper panel: total Density of States of (black line) and DOS associated to
the apical Todine (red line); bottom panel: crystalline orbital isodensity associated the
apical iodine involved in the pullout.
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Figure S3.2-10: Simulation of EA without the introduction of the X phonon sideband
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Figure S3.2-11: Simulation of the EA spectra using the real absorption (at 300K) 1st and
2nd derivatives and the addition of a X phonon sideband.
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Figure S3.2-12: Simulation of the EA spectra using the real absorption (at 300K) 1st and
2nd derivatives without the addition of a phonon sideband.
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S4.1 Crystal Orientation Drives the Interface Physics

at Two/Three-Dimensional Hybrid Perovskites

S4.1.1 Material and Methods

Device Fabrication and Testing. Fluorine-doped tin oxide (FTO) glass substrates
(Nippon sheet glass) were sequentially cleaned with a detergent solution, deionized wa-
ter, acetone, and ethanol. A compact TiOgy layer was coated on the cleaned FTO sub-
strate heated at 450 °C by spray pyrolysis deposition. A precursor solution was prepared
by diluting titanium diisopropoxide (Sigma-Aldrich) with isopropanol (0.6 mL; 10 mL).
Thereafter, we prepared a bilayer electron transport layer with mesoporous TiO; and
Sn0O2. Mesoporous TiOy films were prepared using a diluted TiO2 paste (Dyesol 30 NR-
D) solution. Films were prepared by spin-coating and sintered on a hot plate at 500 °C
for 30 min. The SnO2 layer was prepared by spin-coating a precursor solution of SnCly
(Acros) dissolved in water. A 0.1 M SnCly aqueous solution was spin-coated and sintered
on a hot plate at 180 °C for 1 h. The lead excess (FAPbI3)0.85(MAPDbBr3)0.15 precursor
solution was prepared by mixing FAI (1.1 M), PbI, (1.15 M), MABr (0.2 M), and PbBr,
(0.2 M) in a mixed solvent of DMF:DMSO = 4:1 (volume ratio). Another solution of
CsPbI3 was also prepared as 1.15 M solution in DMF:DMSO (same volume ratio). For
the triple cations mixed perovskite solution, (FAPbI3)0.85(MAPbBr3) 0.15 and CsPbl3
solutions were mixed at a 10:1 vol % ratio. The perovskite precursor solution was spin
coated at 33 x 27 rad s~! (2000 rpm) for 10 s followed by 83 x 27 rad s~* (5000 rpm)
for 30 s. Trifluorotoluene (110 L) was dropped on the spinning substrate at the 10 s
point during the second step. The films were annealed at 100 °C for 60 min in a glovebox.
For forming an additional 2D perovskite film on top of this perovskite film, substrates
were treated with a PEATI (or FPEAI) isopropanol solution. A 100 mL sample of PEAI
(or FPEAI) solution (10 mg/mL) was spin-coated on the 3D perovskite films at 83 x

2 rad s~ (5000 rpm), which is similar to the antisolvent dropping method. The films
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were annealed once more at 100 °C for 10 min to make a 2D perovskite layer on the 3D
perovskite film. Spiro-OMeTAD was spin-coated at 67 x 27 rad s~ (4000 rpm) for 20
s. A 70 mM spiro-OMeTAD solution was prepared by dissolving in chlorobenzene with
4-tert-butylpyridine, Li-TFSI in acetonitrile, and Co[t-BuPyPz|3[TFSI|3 (FK209) in ace-
tonitrile at a molar ratio of Spiro:FK209:Li-TFSI:TBP of 1:0.03:0.5:3.3. Finally, 70 nm

of Au was deposited by thermal evaporation as the back electrode.

The solar cell measurement was done using commercial solar simulators (Oriel, 450
W, Xenon, AAA class). The light intensity was calibrated with a Si reference cell equipped
with an IR-cutoff filter (KG3, Newport) and it was recorded before each measurement.
Current-voltage characteristics of the cells were obtained by applying an external volt-
age bias while measuring the current response with a digital source meter (Keithley
2400/2604). The voltage scan rate was 50 mV-s~!, and no device preconditioning such as
light soaking or forward voltage bias was applied before starting the measurement. The
cells were masked with the active area of 0.16 cm?2 to fix the active area and reduce the

influence of the scattered light.

Transient Absorption measurements. Ultrafast transient absorbance (TA) spec-
tra were acquired using femtosecond pump-probe spectroscopy with two different pump
wavelengths: A.; = 390 nm and A., = 600 nm. The 390 nm pump beam was obtained
by frequency doubling the output of a chirped pulse amplified (CPA) Ti:sapphire laser
(CPA-2001, Clark-MXR, 778 nm fundamental central wavelength, 120 fs pulse duration,
1 kHz repetition rate) in a BBO crystal, yielding 200 fs pulses. In turn, the 600 nm
excitation beam was generated by directing the CPA output into a noncollinear para-
metric amplifier (NOPA) and then compressed by a pair of SF6 prisms, yielding 100 fs
pulses. The probe beam was generated by directing a portion of the CPA fundamental
output into a CaFy crystal, yielding a white light continuum measured over a (400-780)
nm spectral domain. The probe fluence at the sample was much lower than that of the

pump (39 puJ cm~2). Similarly, the diameter of the probe beam was smaller to ensure
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homogeneous excitation of the probed area. The dynamics of the photoinduced signals
were obtained with a computer-controlled delay-line on the pump path. The probe beam
was split before the sample into a beam going through the sample (signal beam) and a
reference beam. Both signal and reference beams were directed to respective spectro-
graphs (Princeton Instruments, Spectra Pro 2150i) and detected pulse-to-pulse with 512
x 58 pixel back-thinned charge-coupled-device cameras (Hamamatsu S07030-0906). The
pump beam was chopped at half of the laser frequency (500 Hz), and a satisfying signal-
to-noise ratio was obtained by typically averaging 3000 spectra. The time resolution of

the experiment was 250 fs.

Steady-State Optical Measurement. Steady-state absorption spectra were acquired
with a Perkins Elmer lambda 950s ultraviolet/Vis spectrophotometer using an integrat-
ing sphere to account for optical losses outside of the active layer. Steady-state and
time-resolved photoluminescence measurement were carried out on a Horiba Fluorolog-
3 instrument, with a photomultiplier tube as detector. The excitation source for the
TCSPC was a Horiba nanoLED-370 with an excitation wavelength of 369 nm, a pulse

duration of 1.3 ns, and a repetition rate of 1 MHz.

Time-Resolved Photoluminescence Measurements. For TRPC measurements the
samples have been loaded into airtight resonant cavity (low intensity measurements) and
open cell (high intensities) holders in a N2 filled glovebox. The traces have been measured
upon pulsed (10 Hz, 3 ns full-width at half-maximum) photoexcitation at 650 nm from
a Q-switched Nd:YAG laser (“Infinity 15-30”, Coherent).'® Excitation intensities have

been varied in the range of 109-1012 photons/cm?.

GIWAXS Measurements. GIWAXS measurements were carried out in reflection ge-
ometry at beamline 7.3.3 of the Advanced Light Source, Lawrence Berkeley National
Laboratory. Samples were measured at a detector distance of 0.249 m using an X-ray

wavelength of 1.240 A, at 0.18°angle of incidence with respect to the substrate plane.
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Calibration was performed with a silver behenate standard. Scattering intensity was de-
tected by a PILATUS 2 M detector.(1) Nika software package was used to sector average
the 2D GIWAXS images.(2) Data plotting was done in Igor Pro (Wavemetrics, Inc., Lake
Oswego, OR, United States).

S4.1.2 Supplementary figures

Mdel
VAL BT

o I,

Figure S4.1-1: Top line: cross section SEM for for thin films of Ref3D, pure PEAI-2D,
and FPEAI-2D. Bottom line: top view SEM image for the same samples.

390 nm excitation 7(ps) PEA-2D/3D 7(ps) FPEA-2D/3D  7(ps) REF 3D

497 nm GSB 16 £5 17+ 4 -
755 nm GSB 6+1 6+ 1 long

Table S4.1-1: Time constant of the monoexponential fits between 1.5 and 100 ps of the
dynamics in Figure 4.1-2 d,e. Error bars are one standard deviation based on fit statistic
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Figure S4.1-2: Device statistic (tukey boxplot) for the PEAI and FPEAI bilayer and the
reference over 25 devices of each.

635 nm excitation Al t1 (ns) A2 t2 (ns)
PEA-2D/3D 0.387£0.004 244+4 0.450%=0.004 1401+£10
FPEA-2D/3D 0.224+0.01 38£2 0.49+0.01 129+1
Ref-3D 0.05240.02 96£1 0.22+0.02 4042

Table S4.1-2: Biexponential fits parameters of the of the PL decay shown in Figure 4.1-3a.
. Error bars are one standard deviation based on fit statistic
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Figure S4.1-3: Femtosecond transient absorption spectra of (A) PEA-2D /3D, (B) FPEA-
2D /3D, and (C) Ref-3D, excited at 600 nm generating a carrier density of 10'® cm ™3 at
selected time delays

635 nm excitation Al t1 (ns) A2 t2 (ns)

HTM/PEA-2D/3D 0.5+0.01  97£1 0.2£0.01  675+6
HTM/FPEA-2D/3D  0.4+0.01 97+2 0.47+0.01 32141

Table S4.1-3: Parameters of the biexponential fits of the PL decay shown in Figure 4.1-3c.
. Error bars are one standard deviation based on fit statistic
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Figure S4.1-4: Femtosecond transient absorption spectra of (A) PEA-2D/3D, (B) FPEA-
2D /3D, and (C) Ref-3D excited at 390 nm generating a carrier density of 10'® cm=2 at
selected time delays.
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layer excited at 425 nm
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Figure S4.1-6: Photoluminescence excitation map of (A) PEAI-2D/3D, (B) FPEA-2D /3D
and (C) 3D Ref. The samples are excited from the 2D layer. The trace at 500 nm corre-
spond to the emission of the 2D layer and the one at 750 nm to the 3D layer underneath

162



— - 21 T v T T T
T AR - — -Ref3D
\ I ~ — -PEAI-2D
. 08F f E - - -FPEAI-2D 1
3 I / ,‘ ——— PEAI-2D/3D
e W ! .' ——— FPEAI-2D/3D
S 06 % - E
© ’ ]
2 LEAY f I
S v\ Il
o] A
< o4t S !
£ \/ X
o |
c |
02} "
'\
LN
\_N--
0.0 1 N 1 , e _aph S
400 500 600 700 800

wavelength (nm)
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Figure S4.1-8: XPS spectrum zoom around the valence band for thin film of pure PEAI-
2D, FPEAI-2D and Ref 3D with linear fit to extract the relative valence band energy.
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Figure S4.1-9: Intensity dependent TRMC measurements for Ref 3D, PEAI-2D /3D and
FPEAI-2D/3D fitted with a kinetic model describes in Figure S4.1-11.
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Figure S4.1-10: TRMC data for Ref 3D, PEAI-2D/3D and FPEAI-2D/3D with and
without HTM as indicated in the legends, Excitation 600 nm generating a carrier density
of 10 cm™3.
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dT;iB = d(Ze = G, — kane(np, + po) — krne(Np — ng) — kene (S4.1-3)
dnyp  dny
= g = Get kane(nn + po) + kpny(Nh — p0) — knnn (S4.1-4)
dn,
e krne(Ny —nr) — kpng(np + po) (S4.1-5)
Parameters 3D PEAI-2D/3D FPEAU-2D/3D
kT (em3s™1)  2e799 le™% 2e~09
k2 (em3s71)  6e™ 10 2.8¢10 de—18
kD (em3s~!) 5e™10 8e~10 le=10
NT (em™3)  2.5eft! Hetld Jetld
p0 (cm=3) 9et13 Set1? lett4

Table S4.1-4: S5 Fitting parameters of the kinetic model on the intensity dependence
TRMC measurement for the tree samples.
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Figure S4.1-12: Sine weighted integral of the n—1 diffraction feature at 0.36 A~! in Figure
4.1-4 a,b of the bilayers showing a strong preferred orientation for PEAI-2D /3D
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S4.2 Dynamical evolution of the 2D /3D interface: A
hidden driver behind perovskite solar cell insta-
bility

S4.2.1 Methods

Synthesis of thiophene-based cations

A desired concentrated aqueous solution of HI (1.1 eq) was added dropwise to a stirred
1.0 mol/L ethanol solution of the corresponding thiophenealkylamine (1.0 eq) at 0°C.
The mixture was allowed to gradually reach room temperature and then it was poured
into an cxcess of dicthyl cther (Et20). The formed precipitate was collected and washed
thoroughly with Et20. The salts were recrystallized from EtOH-Et20 mixtures, providing

with crystalline solids (yields ~ 70 %).

Preparation of 2D /3D perovskite films and device fabrication

FTO-coated glass (Nippon sheet glass)l was chemically etched using zinc powder and
HCI solution, followed by cleaning using Hellmanex, water, acetone, and 2-propanol. A
30 nm thick compact TiO2 layer as electron transporting layer was deposited by spray
pyrolysis using a titanium diisopropoxide bis(acetylacetonate) solution (Sigma-Aldrich)
diluted in 2-propanol (1:15 v/v) at 450 °C. On top of the compact layer, a 100 nm thick
mesoporous layer of TiO2 was deposited by spin coating TiO2 paste (GreatCellSolar,
30NR-D) diluted in ethanol (1:8 w/v) at 5000 rpm for 20 s followed by heating at 125
°C for 10 min and sintering at 500 °C for 20 min. A thin layer of passivating tin oxide
of ~20 nm was spin-coated by using tin (IV) chloride (Acros) solution (12 pL diluted
in 988 pl water) at 3000 rpm for 30 s, followed by annealing at 100 °C for 10 min
and 190 °C for 1 h. The prepared substrates were treated with UV-ozone for 15 min
before perovskite deposition. A 1.3 mol/L [(FAPbI3)g.g7(MAPbBr3)g.13]0.92(CsPbI3)g.08
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perovskite solution with excess PbI2 (PbI2:FAI = 1.05:1) was prepared by mixing FAI
(GreatCellSolar), MABr (GreatCellSolar), CsI (ABCR), PbI2 (TCI), and PbBr, (TCI)
in DMF and DMSO (0.78:0.22 v/v). For the 2D perovskite n=1 (RyPbly, R is the
corresponding thiophene alkylammonium cation), the perovskite precursor solution was
prepared by dissolving thiophene alkylammonium cation and PbI2 with the molar ratio of
2:1 in mixed solvent of DMF and DMSO (0.78:0.22 v/v). For the quasi 2D perovskite n=2
(R2MAPbD,I7), the perovskite precursor solution was prepared by dissolving thiophene
alkylammonium cation, methylammonium iodide (MAI, GreatCellSolar), and Pbly with
the molar ratio of 2:1:2 in mixed solvent of DMF and DMSO (0.78:0.22 v/v). The
prepared perovskite precursor was then spin-coated on the prepared at 2000 rpm for 12
s and 5000 rpm for 30 s. Chlorobenzene was added as an anti-solvent at 15 s before
the end of spin coating process. The films were subsequently annealed at 100 °C for 60
min. After cooling down to room temperature, 0.06 mol/L of thiophene alkyl ammonium
iodide cations in 2-propanol was spin-coated dynamically by adding the solution during
spinning at 4000 rpm for 30 s, followed by annealing at 100 °C for 6 min. Spiro OMeTAD
was used as the hole-transporting materials (HTM). The HTM layer was prepared by
dissolving 78.2 mg spiro-OMeTAD (Merck) in 1 mL chlorobenzene doped with 31.28 uL
of 4-tert-butylpyridine (Sigma-Aldrich), 18.57 uL of Li- bis (trifluoromethanesulphonyl)
imide (Aldrich) from the stock solution (196 mg in 379 uL acetonitrile), 13.69 uL of FK
209 Co(III) TFSI (GreatCellSolar) from the stock solution (99 mg in 263 pL acetonitrile).
The doped spiro-OMeTAD solution was then deposited by spin- coating at 4000 rpm for
30 s. Finally, a 70 nm-thick gold counter electrode was thermally evaporated on top of

HTM layer.

UV-VIS Absorption

The absorption spectra of the perovskite thin films were recorded with using an ultraviolet,

visible, near-infrared spectrophotometer (PerkinElmer Lambda 9505).
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Photoluminescence

Photoluminescence spectra of the perovskite thin films were measured and recorded using
Fluorolog3-22 spectrofluorometer. The spectra were recorded upon excitation at 450 nm.
For the 2D/3D films, the emissions were measured from both front side (2D perovskite

side) and back side (3D perovskite side) of the film.

X-ray Diffraction (XRD)

XRD measurements were performed at room temperature with Bruker D8 Advance diffrac-
tometer and non-monochromated Cu radiation. For the 2D-3D films, the XRD patterns
were obtained using grazing incident diffraction (GID) geometry with Bruker D8 Dis-
cover diffractometer and non-monochromated Cu radiation at the incident angle of 2.0
°. In situ X- ray diffraction was performed at 50°C in ambient atmosphere and using a
custom-made high- temperature cell (temperature stability +/- 1 K), in Bragg Brentano
geometry, with a Bruker D8 Discover diffractometer and non-monochromated Cu radia-

tion. The data acquisition time for the entire pattern between 2 and 16°20 was approx.

15 minutes, in order to allow for comparison from PL experiments.

Scanning Electron Microscopy (SEM)

Cross-section and top surface SEM images were recorded by in-lens detector of FEI Teneo

scanning electron microscope at high tension of 3 kV and 5 kV.

wide angle X-ray Grazing incidence scattering (GIWAXS) measurements

GIWAXS measurements were carried out in reflection geometry at the CMS beamline
of the National Synchrotron Light Source II (NSLS II), a U.S. Department of office of
the Science User for the DOE Office of Science by were measured at a of 0.153 m using
X-ray wavelength of 1.24 A, at 0.16°angle of incidence with respect to the substrate plane.

Scattering intensity was detected by a PILATUS 300K detector. Nika2 software package
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was used to sector average the 2D Data plotting was done in Igor Pro (Wavemetrics, Inc.,

Lake Oswego, OR, USA).

Device characterization

The current density—voltage (J-V) curves were measured under 1 sun illumination (AM1.5G)
by xenon lamp solar simulator (450 W, Oriel Sol3A, AAA class). The J-V measurements
were carried out under ambient condition and room temperature. The light intensity
was calibrated to 1 sun by using a Si reference equipped with an IR-cutoff (KG5) filter.
An external voltage bias was applied and the current responses were measured at the
same time using a digital source meter (Keithley 2400). An active area of 0.16 cm2 was
determined by a metal 2 -1 mask with aperture of 0.16 cm . The J-V curves were scanned
with the rate of 50 mV s without any preconditioning, such as light soaking or pre-biasing
for a long time. For the light intensity dependent measurement, the J-V characteristics
were obtained using a VeraSol LED solar simulator (Newport) under various light inten-
sity. External quantum efficiency (EQE) measurement was carried out by using IQE200B
(Oriel).

S4.2.2 Supplementary figures

2-TMAI 3-TMAI 2-TEAP

Figure S4.2-1: Molecular structure of 2-TMAI, 3-TMAI and 2-TEAI
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Figure S4.2-2: X-ray diffraction (XRD) pattern at the 27 incident angle of the 2D/3D
film employing 2-TMAI, 3-TMAI and 2-TEAI cations in the 2D template. # and denote
diffraction peaks of the 2D perovskite with n= 1 and n = 2, respectively.

S4.3 In Situ Analysis Reveals the Role of 2D Perovskite
in Preventing Thermal-Induced Degradation in 2D

/3D Perovskite Interfaces

S4.3.1 Material and methods

Preparation of 2D /3D perovskite films and device fabrication FTO-coated
glass (Nippon sheet glass) was chemically etched using zinc powder and HCI solution,
followed by cleaning using Hellmanex, water, acetone, and 2-propanol. A 30 nm thick

compact TiOg layer as electron transporting layer was deposited by spray pyrolysis us-

172



ing a titanium diisopropoxide bis(acetylacetonate) solution (Sigma-Aldrich) diluted in
2-propanol (1:15 by volume fraction) at 450 °C. On top of the compact layer, a 100 nm
thick mesoporous layer of TiOs was deposited by spin coating TiOq paste (GreatCellSo-
lar, 30NR-D) diluted in ethanol (1:6.3 by mass fraction) at 5000 rpm for 20 s followed by
heating at 125 °C for 10 min and sintering at 500 °C for 20 min. A thin layer of passivating
tin oxide of ~20 nm was spin-coated by using tin (IV) chloride (Acros) solution (12 uL
diluted in 988 pL water) at 3000 rpm for 30 s, followed by annealing at 100 °C for 10 min
and 190 °C for 1 h. The prepared substrates were treated with UV- ozone for 15 min before
perovskite deposition. A 1.3M [(FAPbI3)g.s7(MAPDbBr3)j.13]0.92(CsPbl3)g0s perovskite
solution with excess PbI2 (PbI2:FAI = 1.05:1) was prepared by mixing FAT (GreatCell-
Solar), MABr (GreatCellSolar), CsI (ABCR), Pbl, (TCI), and PbBr; (TCI) in DMF and
DMSO (0.78:0.22 v/v). The prepared perovskite precursor was then spin-coated on the
prepared 2 substrates at 2000 rpm for 12 s and 5000 rpm for 30 s. Chlorobenzene was
added as an anti-solvent at 15 s before the end of spin coating process. The films were
subsequently annealed at 100 °C for 60 min. After cooling down to room temperature,
a 100uL solution of the synthesized 2-TMAI or PEAI (GreatCellSolar) in 2-propanol (60
mM) was spin-coated dynamically by adding the solution during spinning at 4000 rpm
for 30 s, followed by annealing at 100 °C for 6 min in order to form a 60 nm thick of
2D perovskite layer on top. For a complete device, a spiro OMeTAD layer as the hole-
transporting materials (HTM) was deposited on top of the perovskite layer. 78.2 mg of
spiro-OMeTAD (Merck) was dissolved in 1 mL chlorobenzene and doped with 31.28 uL
of 4-tert- butylpyridine (Sigma-Aldrich), 18.57 uL of Li-bis (trifluoromethanesulphonyl)
imide (Aldrich) from the stock solution (196 mg in 379 uL acetonitrile), 13.69 uL of FK
209 Co(III) TFSI (GreatCellSolar) from the stock solution (99 mg in 263 uL acetonitrile).
The prepared spiro- OMeTAD solution was then spin-coated at 4000 rpm for 30 s. Finally,

a 70 nm-thick gold counter electrode was thermally evaporated on top of HTM layer.
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Photoluminescence and UV-Vis Absorption Photoluminescence spectra of the
perovskite films were measured and recorded using Fluorolog3-22 spectrofluorometer.
The emission was measured upon excitation at 450 nm. The absorption spectra of the
perovskite thin films were measured in an ultraviolet, visible, near- infrared spectropho-

tometer (PerkinElmer Lambda 9508S).

Time-resolved Photoluminesncence Time-resolved photoluminescence (TrPL) de-
cays were acquired on a time-correlated single- photon counting (TCSPC) FL900 spec-
trometer from Edinburgh Analytical Instruments with a Hamamatsu MCP-PMT R3809U-
50, and a PicoQuant LHD-DC-440 pulsed laser diode at lexc = 440 nm (pulsewidth < 80
ps; F = 9.7 nJ em~2). The instrument response was recorded using Ludox samples. At
least 1,000 counts in the peak channel were accumulated for the lifetime determination.

The emission decays were analyzed using exponential functions.

S4.3.2 Supplementary figures
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Figure S4.3-3: PL spectra (not normalized) of (a) PEAI 2D /3D and (b) 2-TMAI 2D/3D
under thermal aging upon excitation at 450 nm from the front side
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Figure S4.3-4: PL spectra of 2D /3D perovskite films employing (a) 2-TMAI and (b) PEAI
as the large cation upon slow aging in dark and dry environment at room temperature.
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Figure S4.3-5: Normalized TrPL decays (A¢ze = 440 nm; A = 780 nm) of the 3D control
sample (black curves), PEAI (red curves), and 2-TMAI (blue curves) 2D/3D modified
perovskite thin-films as function of the heat time at T = 50 °C: t= 0 (a), t=15 (b), and
t=30 min (c).

S5.1 Exploratory study on the origin of long living photo-

excitations in single flakes of MoS,

S5.1.1 Methods

The laser source employed for our experiments setup was an amplified Ti:sapphire laser
(Libra from Coherent), with maximum output energy of about 1mJ, 2 kHz repetition
rate, central wavelength of 800 nm and pulse duration of about 100-fs. The beam was
initially divided into two parts through a Beam Splitter (BS) in order to generate the pair
of required pulses. One part was used for generating the excitation (pump) pulses at 400
nm, by frequency doubling in a S-barium borate crystal. Pump pulses were modulated

by a mechanical chopper at 1 kHz repetition rate and were delayed in time by means
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of a mechanical stage. The pump was focused on a 250 um diameter spot and the
exploited fluence was of 35uJ/cm2. The other part of the beam was used to generate the
probe pulses by the white light continuum generation process, by focusing the 800 nm
beam into a thin sapphire plate, spanning from 430nm to 770nm as detection range. This
configuration was used to perform measurements in the time range between 1ps and 1.5ns.
In order to be able to detect signals at longer time delays another approach was used.
The laser source employed for generating the pump pulses was a Q-switched Nd:YVO4
laser (Innolas Picolo), with central wavelenght at 1065 nm and pulse duration of 500 ps
with externally triggerable repetition rate. It was electronically triggered at 1kHz and
synchronised with respect to the femtosecond laser via an electronic delay. Therefore the
third harmonic at 355nm was focused on a 300 um diameter spot and used as pump for
delays between 1ns and 100 ps. The pump power of the picosecond laser was adjusted
in order to overlap the signal of the femtosecond laser in the range 1-1.5ns and therefore
the data taken in the two time regimes were combined together at around 1ns (eventually
with the application of a small scaling factor). The probe pulse was focused on the sample
non-collinearly with the pump beam and the spectrum of the transmitted probe beam was
measured by a high-speed spectrometer (Entwicklungsbuero EB Stresing) working at the
full 2kHz laser repetition rate. Thanks to the modulation (mechanical or electronical) of
the pump pulse, two consecutive probe pulses are measuring the sample in the excited and
in the ground state. By measuring their corresponding intensities (Ion and Ioff) one can
calculate the normalized transmission change: 6T /T = (Ion/Ioff)-1, both as a function
of wavelength (spectrometer detection) and time delay (mechanical/electronical delay).

Chirp-free transient absorption spectra were collected by using a dechirping algorithm
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Table S5.1-1: Statistical analyses of a) the lateral size and b) the thickness of the LPE-
produced MoS2 nanoflakes.

S6.1 Data Analysis Scripts
S6.1.1 Global anaylsis

#!/usr/bin/env python3
# —x— coding: ulf—8 —x—

nnn

Global fitting MoS2

nimn

# Header #

import pandas as pd
import matplotlib.pyplot as plt
import matplotlib.cm as cm

import matplotlib
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import numpy as np

from scipy import interpolate

from scipy.optimize import curve fit

from scipy.signal import savgol filter

from bokeh.plotting import figure, output file, show

from bokeh.models import ColumnDataSource, Rangeld,Span,Button,
TextInput, Legend, Select ,CustomJS, Column, Toggle, Div,
TextInput, Slider , LinearColorMapper, LogTicker, ColorBar,
Rangeld

from bokeh.io import push notebook, show, output notebook, curdoc

from bokeh.layouts import gridplot ,row,column, layout

from bokeh.palettes import all palettes, Viridish , Viridis3 ,
Viridis4

from bokeh import events

import bokeh.palettes as palettes

from bokeh.client import push session, pull session

import pandas_bokeh

#pandas_bokeh.output mnotebook ()

#pd.set_option (’'plotting.backend’, ’pandas_bokeh ’)

#output mnotebook ()

from astropy import modeling

output file("foo.html")

from astropy.modeling.models import custom model

np.seterr (all="ignore’)

#%6%
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# Usefull functions #

def find col(data,values):
"2 return the column of the wvalue 777
array = np.asarray (data.columns).astype(’'float’)
col=]]
for value in values:
idx=((np.abs(array — value)).argmin())
col.append (data.iloc [:,idx |.name)

return col

def norm(data ,mode="max’):
"?’return the mnormalized matriz 7’
# if mode =/= maz, normalized at seleted time
datal = data.copy ()
for col in datal:
if datal|[col]|.max() > np.abs(datal[col]|.min()):
if mode = ’time ’:
datal[col]= datal|[col]/ datal.iloc [50][col]
else:
datal|col]= datal|[col]/ datal[col]|.max()
else:
if mode =’time’:
datal|[col|= datal|[col]|/ datal.iloc [50][col]

else:
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datal|[col]= datal|[col]/ datal[col]|.min()

return datal

def plotting (source ,data,title="test’,x type=’log’ ,xrange

—=(0.1,100000000)) :

?usefull plotting function for interfacing with Bokeh 777

fig = figure(title=title ,x axis label="wavelength_(nm)’

)

y_axis_label="DT/T_(%)’ ,x_axis_type=x_type, plot_ width
=600, plot height=400,margin = (0,0,0,0),tools="pan,save,

box zoom,wheel zoom ,reset")

for col,color in zip(data,palettes.viridis (data.shape[l])):

if data.index .name — None:
index = ’index’

else:
index = data.index .name

if type(col) is not str:

col str(col)

fig.line (index ,col ,source = source ,name=col ,legend label
=str (round(float (col),1))+’ps’, line width=3,color=
color)

fig .x_range=Rangeld (xrange [0] ,xrange|[1])

hline y = Span(location=0, dimension="width’, line color
=’black’, line width=1,name="span_y’,level="underlay’
)

fig .renderers.extend (| hline y]|)

fig .legend . visible=True
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return fig

palette = [matplotlib.colors.to hex(x) for x in matplotlib.cm.

bwr (np.arange (256) / 255) ]

def color map(datal ,min_time=0.1 ,min_nm=450,div_palette=palette ,
title="MoS2’):

2000

"2plot a colormap of the TA data

f interp = interpolate.interp2d(datal.columns, datal.index,
datal.values, kind=’linear’)

new x-np.logspace (np.logl0(min time) ,np.logl0(datal.columns.
max()),1000) .round (3)# min_ time # nm

new y=np.linspace (min nm,datal.index .max() ,500).round (1) #
nm

new__datal = pd.DataFrame(f interp (new_x,new_y), columns=

new_x,index=new y)

p = figure(title=title ,x axis label="wavelength_(nm)’,
y _axis_type=’log’,y axis_label="time_(ps)’,plot_ width
=500, plot height=500)#y axzis_ type="log’

p.x_range.range padding = p.y range.range padding = 0

max_value = new_datal.values .max()
source image=ColumnDataSource(data=dict (image=|new datal.T.

values|))
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def

#%6%

color _mapper = LinearColorMapper(palette=div_palette, low=—

max_value, high=max value)

p.image( 'image’ ,source=source image ,x=min nm,y=min time, dh
=10%%*8—min time, dw=355, color mapper=color mapper, level
="image")

p.grid.grid line width = 0.1

p.y_range—Rangeld (min time,10000000)

#p_mos2_ 4.y range. flipped = True

color bar = ColorBar(color mapper=color mapper,
label standoff=12, border line color=None, title="DT/T.%’,

location=(0,0), orientation="horizontal")
p.add layout(color bar, ’below’)

show (p)

plot_nm (nm=20,power=30,results=results ,model=model5 ,x=x):

"77’plot decay with the fit, wusefull to check the result of
the global fit 777

plt .semilogx (data|power|.T[results.index [nm]|]|, .k’ label=
round (results .index [nm],0))

model5 . parameters=results .T[results.index [nm]]. values

plt.semilogx (x,model (x),label="1fit )

plt . hlines (y=0,xmin=0.1,xmax=10e8)

results.index [power|

plt.legend ()
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# Data import and fromating #

d mos2 4 = pd.read csv(’/Users/Valentin/Dropbox/MoS2—Perov/
DataJoint /d200715_11 10.dat’, delimiter=’"__’, engine='python’
)

d mos2 13 = pd.read csv(’/Users/Valentin/Dropbox/MoS2—Perov/
DataJoint /d200715 07 08.dat’, delimiter=’__’, engine='python’
)

d mos2 30 = pd.read csv(’/Users/Valentin/Dropbox/MoS2—Perov/
DataJoint /d200715 12 09.dat’, delimiter=’__’, engine=’python’
)

d mos2 90 = pd.read csv(’/Users/Valentin/Dropbox/MoS2—Perov/
DataJoint /d200709 01 02.dat’, delimiter=’__’, engine='python’

)

data={} # assambling the multiple dataset in 1 big
multidimentional set

data[4]=d mos2 4

data[13]=d_mos2_ 13

data[30]=d_mos2 30

data[90]=d mos2 90

power =[4,13,30,90]

for power in data: # renaming the index and smoothing the data
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data[power|.columns = data|[power]|.columns.astype(’float’)

name2 = [col for col in data[power].columns]
name2[0]= "nm’

data|[power|. columns = name2
data|[power|.set index ([ ’'mm’], inplace = True)

data [power|=data|[power|.T.apply(savgol filter , axis = 0,
args = (11,1))

data [power|=data|[power|.T

sources={}

sources decay={}

for power in data: # preparing the data for plotting
data|[power|. columns=data [power |. columns.astype(’str’)
data[power|.index=data|[power]. index.astype(’ float’)
sources [ power|= ColumnDataSource(data[power])
data[power|.index=data[power]. index.astype(’'str’)
data|[power |. columns=data|[power|. columns.astype(’float’)
sources_decay [power|= ColumnDataSource (data[power|.T)
data|[power|.index=data[power|. index.astype(’ float’)

#%6%

# previsualisation of the data #
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times =[0.1,0.2,0.3,0.5,1,2,5,7,20,100,500,1000]
p=13

list time=find col(data|p],times)

mm = [610,620,645,680]

list _nm=find col(data|[p].T,nm)

t = plotting (sources|[p],data[p]|[list time],xrange=(550,800))

r = plotting (sources decay|[p],data[p].T[list _nm])

show (column (t,r))

#%%

# model for the fit #

@custom model

def sum of exp(x, al=-1., a2=-1., a3=1., t1=1., t2=100., t3
=10000.,x0=0.) :
return (alxnp.exp(—x/t1) + a2*np.exp(—x/t2) + a2xnp.exp(—x/t3

))

@custom model
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def model exp(x, al=-1.,t1=1.,x0=0.):

return (alsnp.exp ((x0—x)/t1))

fitter = modeling. fitting .LevMarLSQFitter () # initialize fitting

algo

#%6%

# first model: 1lexp #

# initializationof the model
model = sum_of exp(al=0.0001,a2=0.001,a3=0.001,t1=0.1,t2=1,t3
=100,x0=0)

g=4

x—=data[g].columns.values [50:| # definition of the X azis
# definition of model to fit with the data used
fitted model = fitter (model, x, data[4].iloc[250,50:].values,

maxiter=1000)

print (fitted model. parameters)

#%%

# 2nd model: sum of 4 exp #
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t=30 # time selection

g=30 # power selction

x=data|[g].columns.values |t :]

modell=
model2=
model3=

modeld=

model exp(al=+0.302,t1=0.841,x0=0)

model exp(al

—0.031,t1=261.057,x0=0)

model exp(al=-0.030,t1=6987.210,x0=0)

model exp(al

(
(
(
(

—0.006,t1=383407.727,x0=0)

modell .x0. fixed=True

def tied x0(model):

return model.x0 0

model2
model3
model4

modell
model2 .
model3 .

model4 .

modell

model2

.x0.
.x0.
.x0.

.11

t1
t1

t1

.al

.al

tied=tied x0
tied=tied x0

tied=tied x0

.bounds=(0.5,1)
.bounds=(200,270)
.bounds=(1000,10000)
.bounds=(200000,500000)

.bounds=(—-2,2)
.bounds=(—-1,1)
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model3.al.bounds=(—-1,1)
model4 . al.bounds=(-1,1)

model5 = modell+tmodel2+model3-+model4

nm—200

fitted model = fitter (model5, x, data|g]|.iloc [nm,t:]|. values,

maxiter=2000)

#06%

# visualization of the fit #

modell . parameters=fitted model.parameters|[0:3]
model2 . parameters=fitted model.parameters|[3:6]
model3 . parameters=fitted model. parameters[6:9]

model4 . parameters=fitted model.parameters|[9:12]

794

ax=plt . figure (figsize =(12, 4))
plt.plot(x,data[g].iloc [nm,t:])
#plt.semilogzs (x, modell (x),label="1")
#plt.semilogz (xz, model2(z),label ="2")
#plt.semilogz (x, model3(z),label ="3’)
#plt.semilogz (x, model4 (z),label ="4")
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plt .semilogx (x,fitted model(x),label=""fit ")

plt.legend ()

#plt.xlim (100,10000000)

Aplt . ylim (—0.08,0.01)

plt . hlines (y=0,xmin=0,xmax=10e8)

plt .show ()

print(’al:_{:.3f},_t1:_{:.3f},_x0:_{:.3f}\n\

a2:_{:.3f}, t2:_{:.3f},.x0:_{:.3f}\n\
a3:_{:.3f},.t3:_{:.3f},.x0:_{:.3f}\n\
ad:_{:.3f}_td:_{:.3f},.x0:_{:.3f}\n’ . format(*fitted model.

parameters))

#%%

# fit the best model for all wavelength #

x=data[g].columns.values |t :]

results=pd.DataFrame (columns=["al’,’t1’,’x0 17,7a2’,’t2’,'x0 2’
a3’ ,7t37,x0 37, ad’, t47,’x0_47])

for i,curve in enumerate(data|g].T):
#if i >0:

# model5. parameters=fitted model.parameters

fitted model = fitter (model5, x, data[g].T[curve].iloc[t:].
values , maxiter =1000)

results.loc|[curve|=fitted model.parameters
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#06%

7

vusualisation if the goba results #

#results = pd.read csv(’fit_ JuW.txt’)

#results.set_index ([ Unnamed: 0[], inplace=True)

#results.index.name="nm’

plt
plt
plt

plt

plt.

plt.

.plot

.plot

.plot

results.al,label="0.3ps’)

results.a3 label="3ns’)

(

.plot (results.a2,label="168ps")
(
(

results.a4,label="209ns’)

hlines (y=0,xmin=450,xmax=800)

legend (title="tau_4uw’)

S6.1.2 TA Visualisation dashboard

import pandas as pd

import matplotlib.pyplot as plt

import matplotlib.cm as cm

import numpy as np

from scipy import interpolate

from scipy.signal import savgol filter

from bokeh.plotting import figure, output file, show

from bokeh.models import ColumnDataSource, Rangeld,Span,Button,
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TextInput, Legend, Select ,CustomJS, Column, Toggle, Div,

TextInput , Slider , LinearColorMapper , LogTicker, ColorBar,

Rangeld
from bokeh.io import push notebook, show, output notebook,curdoc
from bokeh.layouts import gridplot ,row
from bokeh.palettes import all palettes , Viridisb , Viridis3
from bokeh import events
from bokeh.client import push session, pull session

energies = np.array ([80,150,250,400,650])

all

for

data={}

value in energies:

name = ’'pea_’'+str(value)+’'nj.txt’

data = pd.read csv(name)

data.set _index (| "time_ps’|, inplace=True)
data.columns = data.columns.values.astype(float)

data .index .name=None

all data|value|=data

# wusefull variable

y_mi

n = all data[80].index .min()

y max = all data[80].index .max()

new

y =all data[80].index.values

x_min = all data[80].columns.min()

x _max = all data[80].columns.max()
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new x = all data[80].columns. values
amplitude min = all data[650]. values.min()

amplitude max = all data[650]. values .max()

# Top figure
p_top = figure(title="decay’,x_axis_label="time_(ps)’,
y _axis label="DA’ ,x axis type=’log’,plot width=500,
plot height=250,tools="pan,save ,wheel zoom, reset")
p_top.x range.range padding = p_ top.y_ range.range padding = 0
p_top.y range = Rangeld(amplitude min,amplitude max)

p_top.x range = Rangeld(y_ min,y max)

source top = ColumnDataSource(data=dict (x=new y, y=all data
[650].iloc[:,100]))

top line = p top.line(’x’, ’'y’,source=source top,color=’red’)

hline = Span(location=0, dimension="width’, line color="black’,

line_width=1)

p_top.renderers.extend ([ hline])

# central figure

p_center= figure(title="map’,x axis label=’wavelength_(nm)’,
y__axis label="time_(ps)’,y axis_ type='log’,plot width=500,
plot _height=500,too0ls="pan,save,wheel zoom, reset")

p_ center.x range.range padding = p center.y range.range padding

=0

source image=ColumnDataSource (data=dict (image=[all data[650].

values|))
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p_center.image( ’image’ ,source=source image ,x—=x_min,y=y min, dh=
y_max—y min, dw=x max—x min, palette = "Viridis256", level="
image")

p_center.grid.grid line width = 0.1
# color bar

color _mapper = LinearColorMapper(palette="Viridis256", low=
amplitude _min, high=amplitude max)

color bar = ColorBar (color mapper=color mapper,label standoff
=12, border line color=None, location=(0,0), orientation="

horizontal")

hline y = Span(location=0, dimension="width’, line color="white’
, line width=1,name="span y’)
hline _x = Span(location=0, dimension="height’, line color=’white

", line width=1,name="span x’)

p_center.renderers.extend ([hline_y ,hline_x]|)

p_center.add layout(color bar, ’'below’)

# righ figure

p_right= figure(title=’specra’,x axis label="nm’,y axis label=’
DA’ jplot  width=500, plot height=500,margin = (0,0,0,0),too0ls=
"pan,save ,wheel zoom,reset")

p right.x range.range padding = p right.y range.range padding =
0

source right = ColumnDataSource(data=dict (x=new x, y=all data

[650]. iloc [100,:]))
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p_right.line(’x’, ’y’,source

source_right ,color="red”)
p_right.y range = Rangeld(amplitude min ,amplitude max)

p_right.renderers.extend ([ hline])

# power dependent mm
Hist_nm = [495,510,524]
def p dep(list nm=[495,510,524]):
power dep = pd.DataFrame(index=energies ,columns=list nm)
for nm in list nm:
max_point=||
for data in all data:
max_point.append(all data|[data].iloc [np.searchsorted
(new_y, 0.4, side=’right’),
np.searchsorted
(new x, nm,
side="right’
)1)
power dep [nm|=max point
power dep.columns=power dep.columns.astype (str)

return power dep

power dep=p_ dep()
#power_dep . columns=power_dep.columns. astype (str)

source power = ColumnDataSource (power dep)

p power = figure(title="power_dependence’ ,x axis label=’
excitation_energy_(nj)’,y axis label="DA’ plot width=500,

plot height=500,too0ls="pan,save ,wheel zoom, reset")
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p_power.renderers .extend ([ hline])

for value in power dep.columns.astype(str):

p_power. line (x="index ’ ,y=value , source=source power )

# slider and buttons

nm = Slider (title="nm", value=x_ min, start=int(x min), end=int(
X _max), step=1,width = 445, margin
time = Slider (title="time_10"", value=np.loglO(y_min),
start=np.loglO(y_min), end=np.logl0(y_max),
step=0.01,height = 380, margin = (10,0,0,0),
orientation="vertical’,direction="rtl")

= (0,0,0,60))

selected nm=TextInput(value="495,510,524"  title="selected_nm’)

Toggle (label="show_all_power’)

show all power =

nm_int=np.array (str.split (selected nm.value,’,’)).astype(int)

def legend plot(fig ,hlabel):

legend label =[]
for r,label in zip(fig.renderers|[1l:],label):

legend label.append ((label+’'nm’ ,[r]))
return legend label

legend = Legend (items=legend plot(p power,nm int.astype(str)))

#p_ power.add layout(legend, ’'right ’)
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energies str=energies.astype(str).tolist ()
Select (title="excitation_power_:", value=

power_choice
energies str[0],options=energies str)

plot _power=Button(label="plot_power_dep’)

widget = Column (power choice ,show _all power , selected nm,
plot _power)

# callback function for interactivity

def callback nm(attr, old, new)
= dict (x=new_y,

source top.data =
y=all data[int(power choice.value)|

iloc[:,np.searchsorted (new x, nm.
value , side='right’)])

p top.title.text = str(round(nm.value , 0))

p_center.select (name=’span_x’).location=nm. value

def callback time(attr, old, new):
source right.data = dict(x=new_x, y=all data[int(

power choice.value)|.iloc [np.searchsorted (new_y, 10*xtime

.value, side="right’) ,:])
p_right.title.text = str(round(time.value,0))
p_center.select (name='span y’).location=10*xtime. value

def callback (event):
= str(round(event.x,2) )+’—’+str (round (

p_center.title.text

event.y,2))
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def

def

nm. value=event .x
time.value=np.logl0 (event.y)
p_center.select (name="span_x’).location=event.x

p_center.select (name=’span_y’).location=event.y

callback power (attr, old, new):
amplitude min = all data|[int(power choice.value)]|. values.min

9

amplitude max = all data|[int(power choice.value)|.values.max
9

source image.data=dict (image=[all data[int(power choice.
value) |. values])

#p _center.image (image=[all_data [int (power_ choice.value)].
values |, z=z_min,y=y min, dh=y maz—y min, dw=x maez—z_min,
palette = "Viridis256", level="image")

p_right.y range.end = p_top.y_range.end = amplitude max

p_right.y range.start = p top.y_ range.start = amplitude min

callback all power(event):
#p_top.title.text = str(show_all_power.active)
if show all power.active:

p_top.title.text = str(show all power.active)

for value,color in zip(energies, Viridish):

source top _all = ColumnDataSource(dict (x=new_y,
y=all data[value].iloc [:,np.
searchsorted (new x, nm.value, side

='right ") ]))
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p_top.line(’x’, ’y’,source=source_ top all, color=

color)

source right all = ColumnDataSource(data= dict (x=
new x, y=all data|value].iloc[np.searchsorted (
new_y, 1Osxtime.value, side="right’) ,:]))

?

p_right.line(’x’, 'y’ ,source = source_ right all,

color=color)

p_top.y range.end=p right.y range.end = all data]|

energies .max() |. values .max()

else:
p_top.renderers=[p top.renderers|[0],p top.renderers|[1]]
p_right.renderers=[p right.renderers|[0],p right.
renderers [1]]
p_top.y_range.end =p_right.y_range.end= all_data|[int(

power choice.value)|. values .max()

def callback plot(event):
if p_power.right != []:

p_power.right =|]

nm_int=np.array (str.split (selected nm.value,’,’)).astype(int
)
power dep=p dep(nm int)

source_power = {’index’: power dep.index.astype(int).to list

0}
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source power.update (power dep.to_dict(orient="1ist "))

p_power.renderers=[p_ power.renderers [0]]

for value,color in zip(power dep.columns.astype(str),
Viridis3):
p_power. line (x="index ’ ,y=value , source=source__power , color

=color)

legend = Legend (items=legend plot(p_power,nm _int.astype(str)

))

#p_power.add_layout(legend, ’'right’)

# event activation

nm.on_change(’value’, callback _nm)

time.on change(’value’, callback time)

p_center.on_event(events.Tap, callback)

power choice.on change(’value’, callback power,callback nm,
callback time)

show all power.on click(callback all power)

plot _power.on click(callback plot)

# layout config
layout = gridplot ([[p_top,None,widget],[nm],[p center,time,

p_right],[p power]])
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curdoc () .add _root(layout)
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