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Philosophes, écoutez cette phrase est pour vous

Le bonheur est un astre volage

Qui s’enfuit a 'appel de bien des rendez-vous

Il s’efface, il se meurt devant nous

Quand on croit qu’il est loin, il est 1a tout pres de vous
11 voyage, il voyage, il voyage

Puis il part, il revient, il s’en va n'importe ol
Cherchez-le, il est un peu partout

— Le soleil et la lune, Charles Trenet

La mer, c’est elle qui m’a guérie.

Sa grande main humide en travers de mon front.
Sa vapeur dans mes narines.

Sa potion ameére sur mes lévres.

— Moi, Tituba sorciere, Maryse Condé

Da gibt es kein Messen mit der Zeit, da gilt kein Jahr, und zehn Jahre sind nichts, Kiinstler sein
heilt: nicht rechnen und zdhlen; reifen wie der Baum, der sein Séfter nicht drangt und getrost
in den Stiirmen des Friihlings steht ohne die Angst, dall dahinter kein Sommer kommen
konnte. Er kommt doch. Aber er kommt nur zu Geduldigen, die da sind, als ob die Ewigkeit
vor ihnen lédge, so sorglos still und weit.

— Briefe an einen jungen Dichter, Rainer Maria Rilke

She rose, but without precipitation, called her dogs, and went firmly but with great alertness
of movement down the staircase and out into the garden. Here the shadows of the plants were
miraculously distinct.

— Orlando: A Biography, Virginia Woolf

Mentivano molte parole, mentivano quasi tutte. Ecco che cosa dovevo fare: studiare le parole
esattamente come si studiano le piante, gli animali... E poi, ripulirle dalla muffa, liberarle
dalle incrostazioni di secoli di tradizione, inventarne delle nuove [...].

— Larte della gioia, Goliarda Sapienza
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A Grand-pere, Grand-meére, Maman, Quinquin
..etaun bel avenir !
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Abstract

Key words: Condensed matter physics, THz spectroscopy, Photoemission, Lattice dynamics,
Lead halide perovskites

Metal halide perovskites have emerged as a fascinating class of semiconductors in the last
decade. Exhibiting excellent optoelectronic properties, they are promising in the field of solar
energy. Indeed, the use of perovskites in the manufacture of new generations of photovoltaic
cells would allow the design of high-efficiency, flexible and printable solar panels at low cost.
Their structure, complex and disordered at room temperature compared to other semiconduc-
tors, has many defects. However, lead halide perovskites unveiled for a long electron diffusion
length and a low charge recombination rate, which are key parameters for photovoltaic appli-
cations. A fundamental understanding of the dynamics of these materials is thus necessary,
particularly those of the charge carriers (electrons) and the vibrations of the crystal lattice
(phonons) governing their optoelectronic properties. This research work presents state-of-the-
art time-resolved techniques to observe these dynamics during their very short characteristic
time scales, in the femtosecond to picosecond range (10~ !%s to 107 12s).

The first phase of this research consisted in studying the relaxation of electrons in the conduc-
tion band. A thorough characterisation of the dynamics of electrons in the conduction band
after being excited beyond the band gap by a laser pulse, using a time-resolved photoemission
spectroscopy (2PPE) technique on the FemtoARPES setup at Ecole Polytechnique was used
to measure the evolution of the electron population of the perovskite band structure. This
technique made it possible to study the influence of the orientation of the A-site cations
and the crystallographic structure on (slow) defect screening and thus to explain the high
tolerance to electron trapping on the surface of MAPDbIj; crystals. Time- and angle-resolved
photoemission spectroscopy was then performed on 2D lead halide perovskites to observe
potential Rashba splitting in the conduction band of the material and a a promising proof of
concept has been obtained.

The second phase of the research project aimed to understand the role of phonons and their
influence on charge carrier dynamics. Although the inorganic octahedral structure BX3 is in
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a state of high dynamic disorder, the charge carriers have a relatively long diffusion length.
This mechanism, which was previously likened to carrier screening, can be explained by
an ultrafast polarisation of the octahedral structure during charge carrier generation, thus
shielding the charge carriers. In order to address this research question in co-direction with
the Fritz Haber Institute of the Max Planck Society (Berlin, Germany), an innovative Terahertz-
pumped time-resolved Kerr spectroscopy (TKE) technique was used. In the experiments,
MAPbBTr3 bulk single crystals and thin films were excited by an intense Terahertz pump, a
wavelength exciting in particular the collective phonon modes of the inorganic structure. It is
possible to characterise their dynamics by following the Kerr-induced birefringence change
of the sample. Important results have been obtained for the community, in particular the
detection of the most polarizable Raman-active phonon mode governing the dynamic lattice
response to a sub-picosecond transient electric field. Optical Kerr (OKE) experiments and
simulation carried out in collaboration with Columbia University (USA) have allowed to
theoretically confirm these experimental results. With samples and characterization from
the University of Cologne (Germany), an equivalent study was carried out on a new material
comprising a several complex A-site cation with high potential for industrial applications.
Here, a phonon mode similar to MAPbBr; was observed, with a potential doubling of the
lifetime and improved electronic properties. This work enables a better understanding of slow
static screening as well as dynamic screening in lead halide perovskites and paves the way for
further study of 2D perovskites.
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Résumé

Mots-clefs : Matiere condensée, Spectroscopie THz, Photoémission, Dynamique de réseaux,
Pérovskites

Les pérovskites a halogénures métalliques sont apparues comme une classe fascinante de
semi-conducteurs au cours de la derniere décennie. Présentant d’excellentes propriétés
optoélectroniques, elles s’averent étre particulierement prometteuses dans le domaine de
I'énergie solaire. L'utilisation des pérovskites dans la fabrication de nouvelles générations
de cellules photovoltaiques permettrait de concevoir des panneaux solaires a haut rende-
ment, flexibles et imprimables a faible cofit. Leur structure, complexe et désordonnée a
température ambiante par rapport aux autres semi-conducteurs, présente de nombreux dé-
fauts. Cependant, elle permet une grande longueur de diffusion des électrons et un faible
taux de recombinaison des charges, qui sont des parametres clés pour les applications photo-
voltaiques. Une compréhension fondamentale des dynamiques intrinseques de ces matériaux
est ainsi nécessaire, en particulier celle des porteurs de charge (électrons) et des vibrations
du réseau cristallin (phonons) qui régissent leurs propriétés électroniques. Les travaux de
recherche présentés jusqu’a présent ont consisté a développer et a utiliser des techniques
de pointe a résolution temporelle pour observer ces dynamiques pendant leurs périodes
caractéristiques tres courtes, de 'ordre de la femtoseconde a la picoseconde (107155 2 10712g).

La premiére phase de ces travaux a consisté a étudier la relaxation des électrons dans la bande
de conduction. Une caractérisation approfondie de la dynamique des électrons dans la bande
de conduction apres avoir été excités au-dela de la bande interdite par une impulsion laser a
été utilisée pour mesurer I’évolution de la population électronique de la structure de bande
de la pérovskite. Pour ce faire, une technique de spectroscopie de photoémission résolue
en temps (2PPE) sur le dispositif FemtoARPES de I'Ecole polytechnique a été utilisée. Cette
technique a permis d’étudier I'influence de |'orientation des cations A et de la structure cristal-
lographique sur le écrantage des charges et ainsi d’expliquer la haute tolérance au piégeage des
électrons a la surface des cristaux de MAPbI3. La spectroscopie de photoémission a résolution
temporelle et angulaire (tr-ARPES) a ensuite été réalisée sur des pérovskites d’halogénure de
plomb 2D afin d’observer le dédoublement Rashba dans la bande de conduction du matériau
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et une preuve de concept prometteuse a été obtenue.

La deuxiéme phase du projet de recherche visait a comprendre le role des phonons et leur in-
fluence en terme d’écrantage sur les électrons. Bien que la structure octaédrique inorganique
BX3 soit dans un état de désordre dynamique élevé, les porteurs de charge ont une longueur
de diffusion relativement longue. Ce mécanisme, qui peut étre assimilé a un écrantage de
charge, peut s’expliquer par une polarisation ultrarapide de la structure octaédrique lors de la
génération des porteurs de charge, faisant ainsi écran a ces derniers. Afin de confirmer cette
hypothese et en co-direction avec I'Institut Fritz Haber de la Société Max Planck (Allemagne),
une technique innovante de spectroscopie Kerr a résolution temporelle (TKE) pompée aux
Terahertz a été utilisée. Dans les expériences, des films minces de MAPbBrs ont été excités
par une pompe Terahertz intense, une longueur d’onde excitant en particulier les modes
phonon collectifs de la structure inorganique. Il est possible de caractériser leur dynamique
en suivant le changement de biréfringence de I'échantillon induit par effect Kerr. Des résultats
importants ont été obtenus pour la communauté, en particulier la détection du mode de
phonon Raman le plus polarisable dans les MAPbBr3 et CsPbBr3. Des expériences et simu-
lations d’effet Kerr optique (OKE) réalisées en collaboration avec I'Université de Columbia
(USA) ont permis de confirmer théoriquement ces résultats expérimentaux. En partenariat
avec I'Université de Cologne (Allemagne), une étude équivalente a été réalisée sur un nouveau
matériau comprenant un quadruple cation A a fort potentiel pour les applications industrielles.
Un mode phonon similaire a MAPbBr3 est observable, avec un doublement de la durée de vie
du phonon et des propriétés électroniques améliorées.



List of abreviations

LHPs : Lead halide perovskites

CB : Conduction band

VB : Valence band

TKE : Terahertz-induced Kerr effect
OKE : Optical Kerr effect

ARPES : Angle-resolved photoemission spectroscopy
THz : Terahertz

LO : Longitudinal optical (phonons)
TO : Transversal optical (phonons)
PL: Photoluminescence

XRD : X-ray diffraction
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|§ Introduction

Studies conducted in recent years have shown that humankind is facing an era of climate
change, consequence of human activity, and that the contemporary way of life is not sustain-
able for our society [1, 2, 3, 4]. This climate change implies an overhaul and a rethinking of our
lifestyles, especially in terms of energy consumption and production. The political choices
intrinsic to each country concerning their choice of energy mix have an extremely important
part in the current public debates [5]. In order to best face this problem that concerns the
whole of humankind as well as biodiversity [6], a precise understanding of the different types
of energy that can be envisaged is necessary. This thesis focuses on photovoltaic renewable
energy, generated from solar panels and particularly on the interaction between solar radiation
and the semiconductor materials used for these panels. In this work, we deal with a new class
of innovative material for photovoltaics, called lead halide perovskites (LHPs). We focus on
the understanding and control of some fundamental properties, such as light propagation,
coherent phonons excitations, charge carriers dynamics (electrons and holes). This chapter
serves as a brief introduction to the understanding of the current global energy mix. Solar
photovoltaic energy and the main devices currently on the market are then presented. Later, a
general description of perovskites allows the reader to understand the structure of this material
as well as the main scientific questions it raises. Finally, we define the motivations of this
thesis and the scientific approach chosen for its implementation.

1.0.1 Climate change and energy transition: towards solar energy?

The awareness of global warming and its human origin appeared at the end of the 20th century,
in particular with the Meadows report [1] and the first Intergovernmental Panel on Climate
Change (IPCC) report [7], which proved that the increase of greenhouse gases concentration
in the atmosphere originates for a significant part from emissions related to human activities
as well as the importance of public policies to limit the increase in the Earth’s temperature.

Indeed, states can choose the energy orientation of their country, via lowering the rate of
energy consumption [8] but also the choice of the energy mix, i.e. the distribution of the various
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primary energies (nuclear, gas, coal, solar, wind, hydraulic, biomass...) in the production of
directly usable energy such as electricity or heat. Fig. 1.1.a shows the evolution of the global
primary energy consumption by energy source, from 1800 to 2018 [9]. The graph shows the
drastic evolution of worldwide energy consumption in less than two centuries, following the
industrial revolution. It also highlights the importance of energy consumption from fossil
sources, such as coal, oil and gas, which are non-renewable energy on a human scale and
above all very emitting of green house gases (carbon dioxide CO;, methane CH, and others)
[10]. If we focus only on the carbon footprint, it is obvious that fossil fuels have a much higher
emission impact than renewable and hydroelectric energies, as shown on Fig. 1.1.b. Among
them, solar energy has a relatively low carbon footprint and therefore could be considered
as an interesting energy source for energy transition, although it should also consider the
pollution generated by the extraction of metals [11], the recycling [12, 13] and the geopolitical
interests involved [11, 14]. The decrease in the price per Watt associated with photovoltaics
also makes it an increasingly affordable energy source, going from $76/Watt to $0.36/Watt
from 1977 to 2014 in the case of silicon photovoltaic cells [15]. But its greatest advantage is
probably that it relies on an infinite source of energy on a human scale, the sun.
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Figure 1.1: (a) Worldwide evolution of the global primary energy consumption by energy
source, from 1800 to 2018. Nowadays, gas, oil and coal, are the main sources of energy used.
Extracted from [9]. (b) Estimation of carbon foot print emission in fonction of the energy
sources and error bar on the hydroprower energy source, extracted from [16].

Estimation of finite and renewable planetary energy ressources in Terawatt/years in 2009
are represented on Fig. 1.2, where solar remains the largest resource by far. Even when
pushing economically acceptable fossil sources to their current limit, the global picture is
basically unchanged, especially by considering that the threshold for economic viability will be
lowered by environmental pressure. Thus, solar energy and in particular the energy produced
through photovoltaic panels seems to be one of the most interesting alternatives in terms of
sustainability ratio, price and environmental impact.
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Figure 1.2: Estimation of finite and renewable planetary energy reserves in Terawatt/year, in
2009. Total recoverable reserves are shown for the finite resources, while yearly potential is
shown for the renewables. Adapted from [17].

1.0.2 Photovoltaic solar cells

Physical principles of a solar Cell

The goal of photovoltaic is to generate electric power by using solar cells, composed of at least
one semiconductor active layer, to convert energy from the sun light into a flow of electrons
(electric current) by the photovoltaic effect [18]. The later is really closed to the photoelectric
effect as for both, light is absorbed by the semiconductor active layer, causing excitation of
an electron above the bandgap Eg of the semiconductor. The photovoltaic effect differs from
the photoelectric effect in the sense that the electron is not ejected out of the material but is
contained within.

When designing a solar cell, it is important to do everything to hinder as much as possible
the charges (electrons and holes) recombination in the semiconductor active layer in order
to extract the maximum of current and improve the solar cell performance. To fulfill this
charge separation, the active layer is surrounded by several diverse material with different
energy potential. Knowing that the electrons tend to go where the potential energy is lowest,
a material with an active layer is used to capture the electrons: it is the electron transport
material (ETM). The opposite principle will take place for the holes, which will be attracted to
the hole transport material (HTM) having a valence band higher in energy than the one of the
active layer, as shown on Fig. 1.3.

In order to be efficient, a solar cell should absorb a large fraction of the solar spectrum,
minimize the amount of photon energy that is converted in heat and guaranty an optimal

3
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collection of charge carriers at the electrodes. Understanding and controlling each one of these
processes is a fundamental topic in photovoltaic science [19]. The processes leading to light
energy harvesting span many different timescales can be summarized in steps: (1) Photon with
energy Epj > Eg are absorbed by the active layer, generating electron-hole pair. Electron is
excited in the conduction band, the hole in the valence band (2) Generated electron-hole pair
recombine and release energy in the form of photons or result in lattice vibrations (phonons).
To extract useful work out of the generated electron-hole pair, they need to be separated and
not recombine with each other or get trapped. These processes are discussed in details in
Chapter.2. (3) To avoid recombination, electron and hole selective interfaces are placed on the
sides of the active layer, aiming to separate the generated electron-hole pair. (4) The energy
stored in the separated electrons and holes is used by passing through an external electric

circuit.
HTL Active layer ETL
B e diffusion
e diffusion
L
Anode b @
° . / e
(1)
(6)
A T
@) O \ @ Cathode
O
O
(3)
VB
h* diffusion h* diffusion

Figure 1.3: Principle of a single junction solar cell. (1) Photon absorption and (2) generation
of free charge carriers (electron and holes) in the conduction (CB) and valence band (VB),
respectively. (3) Charge carriers diffusion. Different charge recombination source: (4) Ra-
diative recombination, (5) Trap-assisted or grain boundaries recombination, (6) interfacial
recombination.

Single junction solar cell architectures

Several single junction solar cell architecture exist, as shown on Fig. 1.4.a. Ap—i—nor
a n—1i— p junction refer to undoped intrinsic semiconductor i region between a p-type
semiconductor (positively doped, with larger hole concentration than electron concentration)
and an n-type semiconductor (negatively doped) region. The mesoscopic n — i — p structure
shown is the original architecture of the perovskite photovoltaic devices and is still widely
used to fabricate high-performance devices [20]. The main advantages of the mesoscopic
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architecture compared to the planar one is to drastically enhance the interaction surface
between the active layer and the ETM. The larger the surface area, the more electrons have the
probability to pass in the ETM material and to be separated from holes.

H b [

n-i-p planar solar cell n-i-p mesoscopic solar cell p-i-n planar solar cell p-i-n mesoscopic solar cell

Metal cathode

Metal anode Metal cathode

ETM

Active layer Active layer

Active layer

Active layer

Transparent cathode

YT

Transparent cathode

/I

Sun irradiance

(E=hv)
AN

Figure 1.4: Different architectures of single junction solar cell with n-i-p junction (a,b) and
p-i-n ones (c,d). (b,d) Mesoscopic structure enhances the interaction surface between active
layer and ETL.

Key role of the semiconductor active layer

As discussed previously, the choice of the semiconductor active layer is highly important, as
the solar cell performance relies heavily on its ability to absorb and separate charges as much
as possible in order to generate the maximum amount of electrical power. In the case of a
single junction solar cell, the maximum theoretical efficiency of a solar cell using a single p-n
junction to collect power is constrained by the Shockley-Queisser limit was calculated to be
33.7% of efficiency with an ideal band gap of 1.34 eV, represented in yellow on Fig. 1.5. The
efficiency of the solar cell strongly relies on the absorption properties of the chosen active
layer and therefore on its band gap Eg. Indeed, if the band gap Ej is to high, photons are
more difficult to absorb (Fig. 1.5, red). If the active layer material band gap is too small, the
photogenerated carriers has low energy and relax more easily to the conduction and valence
band edges. This mechanism induce thermal losses and a lower voltage ((Fig. 1.5, blue).
Therefore, band gap engineering and choice is a key step in the choice of active layer for solar
cell. Band gap engineering is one the numerous advantages of LHPs material.
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Figure 1.5: Diagramm representing the efficiency of a single junction solar cell as a function
of the band gap energy of the active layer. Schokley-Quiesser limit (yellow), thermalisation
losses originating from low band gap (blue), non-absorption losses due to high band gap (red)
and other losses (grey). Extracted from [21]

Photovoltaics emergence and categories

Many types of active layers are used in solar cells. First of all, it is necessary to differentiate
two main types of solar cells: the single junction that we have discussed previously and which
are limited by the Schokley-Queisser limit and the multijunction solar cells. These latter
are solar cells with multiple p—n junctions made of different semiconductor materials. Each
material’s p-n junction produces electric current in response to a particular wavelengths
of light. Multijunction solar cell allows the absorbance of a broader range of wavelengths,
improving its global electrical energy conversion efficiency. In this work, we only focus on
single junction solar cell (Chapter.7.3).

Solar cell using wafer . Ny
3 = Solar cell using thin film
1¢* generation

DSSC OPV
13% 18.2%

Emergent
3rd generation

(o] Perovskites
18.2% 25.7%

Figure 1.6: Single junction generations and maximum efficiency.

Fig. 1.6 shows the different generations of solar cells by, separating 1%/ generation using wafer
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to 2" and 3" generations using solution printed thin films, including perovskite solar cells.
The term perovskite in photovoltaic application refers particularly to LHPs. This material has
been used in a single junction solar cell for the first time in 2009 [22] and yet the efficiency
of solar cells using it as an active layer has allowed them to compete with silicon single
junction. This material has since interested the community enormously, notably for its many
intriguing and interesting properties, described in Chapter.3. Indeed, perovskite solar cells
are a favorable candidate for next-generation solar systems with efficiencies comparable to Si
photovoltaics [23], but their long-term stability must be improved to commercialization and
some of their fundamental properties still need clear explanation. Fig. 1.7 shows the solar cell
efficiency throughout the years and the skyrocket increase of perovskite single junction solar
cell’s efficiency are represented (yellow dot surrounded by red, purple triangle surrounded by
red).
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Figure 1.7: Best Research-Cell Efficiencies chart 2018 by the National Renewable Energy
Laboratory [24].

1.1 Perovskites: from discovery to solar cell active layer

1.1.1 Discovery and perovskite structure

German mineralogist Gustav Rose discovered the CaTiO3 mineral structure in the Ural Moun-
tains during the 19th century and named it after the Russian mineralogist Lev Perovski. Since,
the name perovskite is applied to all materials of empirical formula ABX3 bearing the same
atomic arrangement as CaTiOs , as shown on Fig. 1.8. The ideal perovskite structure is the
cubic structure, that belongs to the space group Pm —3m.

The stability of the perovskite structure has been described by Goldschmidt with respect to

7
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& >b

Figure 1.8: Perovskite structure representation: octahedral representation (left) and cubocta-
hedral representation (right). ABX3: A in orange, B in grey and X in purple. Extracted from [25]

the ionic radii of its components.The ideal ratio that allows perfect ionic coordination is:

" ra+ryx
\/EI’B-}-TX

with r4, rp and rx are the effective radii of the cations A and B as well as anions X, respectively.

(1.1)

The ideal cubic structure is formed when the tolerance factor ¢ is equal to 1, with no octahedral
tilting or distortion in the ground state structure at 0 K. [26]. Small deviations (¢ comprised
between 0.8 and 1.1) are tolerated within which the typical perovskite ionic coordination
is conserved. However, these deviations determine the lowering of symmetry to tetragonal,
orthorhombic or monoclinic type of unit cells due to the tilting of the BXg octahedra. One
of the goal of this thesis is to dynamically control these tilting angles on ultrafast time scales.
Undersized A-cations result in tilted octahedral structures (¢ < 1), while oversized A-site
cations (¢ > 1) can lead to ferroelectric distorted structures with a B-site cation off-center
displacement [27, 28, 29, 30].

One of the main advantages of metal halide perovskites is the possibility to play with the
chemical composition of all the cation and anion-sites. This induces a modification of the
material band gap Eg, as well as structural and other optoelectronic properties. The metal
halide perovskites can therefore meet a multitude of needs by changing only their chemical
composition. The first perovskite active layer used for solar cell application was the hybrid
lead halide perovskite MAPDI; [22], with only one A-site organic cation and X-site halide
anion. Many other chemical compositions were subsequently tried. The main elements and
molecules usually used for photovoltaic applications are shown on Fig. 1.9 and can be listed
as follow: (i) Methylammonium (MA), Formamidinium (FA), Guanidinium (GA) and Cesium
(Cs) in the A-site cation ;(ii) Lead (Pb) or Tin (Sn) in the B-site cation; (iii) Iodine (I), Bromide
(Br) or Chloride (Cl) in the X-site halide anion [31]. The advantages and disadvantages of
these components are actively investigated in Chapter.3, especially in the case of the study of
perovskite with quadruple A-site cation.
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Figure 1.9: Main A-site and B-site cations as well as X-site anions used metal halide perovskites
chemical composition.

1.1.2 Intriguing properties of metal halide perovskites

Metal halide perovskite-based solar cell stands out in particular thanks to their easy fabrication.
Indeed, high-quality thin films and single crystals can be fabricated by simple chemical
solution processes due to apparent defect tolerance [32]. This opens the possibility to integrate
perovskite processing into an industrial roll-to-roll fabrication process, allowing scalable mass
production at low cost. This metal halide perovskite technology can thus allow the elaboration
of rigid but also flexible solar panels, increasing considerably the possibilities of commercial
applications. Furthermore, solar applications are not limited to single junction solar cells
anymore: the chemical tuning of the material bandgap E; makes it especially interesting for
application in multijunction, also known as tandem solar cells.

The chemical instability noticed in the first MAPbI;3 type perovskites can be improved by
playing on the chemical composition but also by using metal halide perovskites of different
dimensions in the design of solar panels [32]. Many dimensions of perovskites have been
studied lately, from 3D bulk to 0D, through 2D and 1D. Playing on chemical composition
and material dimension can drastically enhance the stability of the metal halide perovskite,
particularly sensitive to water.

These semiconducting materials also exhibit many useful and interesting optoelectronic
properties, including large absorption coefficient, intense photoluminescence, low or high
exciton binding energies Ep in 3D or 0D/1D/2D respectively [33]. Quantum confinement is
particularly high in the later low dimension perovskites [34]. Metal halide perovskites also
demonstrate high dielectric constants, long carriers diffusion length Lp and despite this,
low mobility p. Low nonradiative recombination rates of the photogenerated carriers are

9
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also observed, which is essential to achieve respectable lifetimes and diffusion lengths, and
therefore high solar cell efficiency. [35, 36]

Interestingly, metal halide perovskites possess a combination of high-quality average structural
order and defect tolerance with significant dynamic disorder [37]. A-site cation in hybrid
and all-inorganic halide perovskite is dynamically disordered at room temperature [38, 39]
while large amplitude displacement and dynamic disorder of the lead-halide Pb-X sublattice is
observed at room temperature. [39, 40] One hypothesis is that the highly polar and anharmonic
lattice of metal halide perovskites influences their optoelectronic properties through dynamic
charge carrier screening. These materials also show intrinsic local ferroelectric polarization
as well as high spin-orbit coupling in the case of LHPs [41, 42, 43], which could lead to the
appearance of Rashba-splitting.

cations rotation and

phonons oscillations ions transport
thermalization carriers trapping and recombination
cooling carriers transport
fs ps ns us ms s

Figure 1.10: Timeline of ultrafast and other process occuring in lead halides perovskites and
studied in this research work.

The origin of dynamics in LHPs, and in particular the ultrafast dynamics of electrons and
lattice vibration, are still much debated. The understanding of these phenomena is however
fundamental for the improvement and optimization of devices using LHPs. It is necessary
to use spectroscopic tools that can scan all the timescales of these processes, in particu-
lar the ultrafast dynamics (femto to picoseconds) as well as the relatively slower dynamics
(nanoseconds to microseconds), as depicted on Fig. 1.10.

1.2 Thesis motivation and approach

1.2.1 Scientific objectives

One of the main goals of contemporary research about LHPs is the understanding of corre-
lation between their macroscopic properties and their internal microscopic dynamics. This
work focuses on a precise study of MHPs, and particularly of its most interesting forms for
applications, namely in 3D form (bulk single crystal, thin films) but also in 2D form, as well as
by modifying the chemical composition of the A-site cation. Absolute advanced techniques
are needed to study the ultrafast lattice and charge-carrier dynamics in these materials. We

10
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propose to used ultrafast spectroscopy techniques on the order of femto- (107!° s) and pi-
coseconds (107'2 s) to measure and understand these properties. More specifically, we will
focus on the following key questions, also resumed on Fig. 1.11:

* Is the dominating lattice polarizability which allows for charge carrier screening on
sub-ps (= THz) time scales What is their level of involvement in charge screening?

* Does the large tolerance of hybrid perovksites to the electron trapping originates from
organic cation screening?

* Does the Rashba coupling exist and can it be observed directly by following the conduc-
tion band dynamics?

* What is the impact of A-site cation tuning for radiative recombination, charge relaxation

and device stability?

Spins

\,

Electron-lattice Spin-orbit
interaction @ ® coupling

Dynamic charge Rashba splitting?
screening? © ©

Electrons orbitals

Dynamic and relaxation
Influence of A-site

Static charge : o
cation composition?

screening?

Figure 1.11: Main subsystems and parameters studied in this research work.

These questions lead us to study with the help of ultrafast excitation techniques taking place at
equivalent or different time scales, explicited on Fig. 1.10. In a first part, we use Kerr effect spec-
troscopy to gain new insights into the fundamental mechanisms of lattice-electron coupling
and coherent phonon polarizability, using optical (OKE) (Chapter 6.1) then Terahertz (TKE)
pumping source (Chapter 6.2, Chapter 6.3). Second, we will use time- and angle-resolved
photoemission (tr-ARPES) (Chapter 7.1) to characterize electron dynamics in different types
of lead halide perovskites, such as MAPbI3 (Chapter 7.1), 2D (Buthylammonium)-MAPbI3
(Chapter 7.2) and high performance quadruple A-site cation perovskites (7.3). A theoretical
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part allows the readers to follow the basics of all the notions necessary to the good understand-
ing of the mechanisms put in play and discussed (Chapter 2). The experimental techniques
used are explained in Chapter 4 for Kerr effect spectroscopy and Chapter 5 for time-resolved
ARPES.

1.2.2 Experimental organisation

This work is the result of multiple collaborations. First of all, this thesis is carried out in
co-direction between the Ecole polytechnique and the Fritz Haber Institute of the Max Planck
Society. TKE experiments were performed under the supervision of Dr. Sebastian Maehrlein
at the Fritz Haber Institute of the Max Planck Society (Germany), in the department of Prof.
Martin Wolf. Time-resolved ARPES experiments were performed at Ecole polytechnique and
Synchrotron Soleil under the supervision of Prof. Luca Perfetti. The work concerning the
OKE spectroscopy was done during a research stay at Columbia University (USA), under the
direction of Prof. Xiaoyang Zhu, lead by Sebastian Maehrlein. Numerous collaborations have
been realized for the elaboration of the samples and for some characterizations, notably with
Prof. Sanjay Mathur group of University of Cologne (Germany), Prof. Xiaoyang Zhu group from
Columbia University (USA), Prof. Emmanuelle Deleporte group of ENS Paris-Saclay (France)
and from Prof. Kaibo Zheng group from the Technical University of Denmark (Denmark).

12



4 Theoretical background

This research works aim to understand numerous and different interactions in LHPs. A brief
introduction of the main physical concepts particularly charge recombination in semiconduc-
tors, electron-phonon interaction, Rashba splitting and light-matter interactions are discussed
in this section.

2.1 Charges recombination in semiconductors

This section describes charge generation in LHPs materials and in their electronic band
structure, as well as the following recombination and relaxation dynamics.

2.1.1 Photogenerated charge carriers and early-time relaxation dynamics

A semiconductor material absorbing a photon with an energy hv equal or superior to its own
electronic band gap creates electron-hole pairs [44]. The excited photogenerated electrons are
located in the conduction band, while the holes are located in the valence band.

Then in the early stage after photogeneration, the charge-carrier distribution is out of equilib-
rium and subsequently relaxes through different processes towards the band edge (conduction
band minimum in the case of electrons). Carrier relaxation mechanisms in LHPs follow the
main steps as in typical semiconductors such as GaAs.

Loss of coherence

In the case of excitation with coherent laser system, the photoexcited electron-hole pairs might
initially have a fixed phase relationship or coherence between excited states wavefunctions and
the laser pulse. This coherence is lost typically on the femtosecond scale through scattering
events, such as electron-phonon interaction or other charge carriers. [45]

13



Chapter 2 Theoretical background

.. Carrier-carrier interaction
(elastic scattering) then
thermalization

CcB

Charge-carrier cooling

Photoexcitation Q Recombination (radiative
or non-radiative)

VB

Figure 2.1: Early-ime relaxation dynamics after photoexcitation.

Charge-carrier thermalization

The nonresonnant photoexcitation originating from the incoming photon immediately leads
to a nonthermal charge-carrier distribution in the material. In less or equal to picoseconds,
the nonequilibrium distribution of charge carriers relaxes within the electronic bands through
carrier scattering. They establish a thermalized Maxwell-Boltzmann distribution, which is
characterized by the carrier temperature 7. [45]

Charge-carrier cooling

The carriers are described as hot when the charge-carrier temperature T is higher than the
lattice temperature T;. Carrier cooling mechanism is established through interactions with
the lattice. A primary and fast carrier-cooling rate takes place during interactions between
longitudinal optical (LO) phonons, which are modes of the inorganic sublattice in the case of
LHPs [46, 47]. A subsequent and slower cooling originates from thermal equilibrium being
reestablished between longitudinal optical phonons and acoustic phonons. For elevated
excited charge carriers density, longitudinal optical phonon modes may increase their popula-
tion way more effectively than accoustic modes. This leads to significant phonon bottleneck,
keeping charge carriers hot for an extended time period [48]. In LHPs, the hot-phonon bottle-
neck effect prolongates the cooling period of hot charge carriers. The cooling time generally
occurs on the picosecond timescale. A thorough understanding of the charge-carrier cooling
is extremely important in the context of photovoltaics as hot charge carriers can be harvested
at the charge-extracting contacts of the solar cells, improving their efficiency.
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Band gap renormalization (BGR) and Burstein-Moss state filling

In the case of high carrier density, charge-carrier dynamics are highly influenced by many-
body and state-filling effects. The band-gap renormalization (BGR) leads to a red shift of
the band edge and originates from the Pauli principles which prevents fermions (such as
electrons) with identical spin from occupying the same state and the Coulombic repulsion
which maximizes the distance between charges. Lowering or red shift of the band-gap energy
is the signature of this resulting energy minimization [49]. In contrast, state-filling Burstein-
Moss effect [50, 51, 52] leads to a blue shift of the band gap due to the finite density of states
available for fermionic occupation.

Figure 2.2: (a) Semiconductors bands in the steady states. (b) After photoexcitation of the
charge carriers, the CB fills up while VB extrema decreases. (c) Band gap renormalisation
(BGR) takes place just after photoexcitaion, before that electrons and holes have cooled down
to the band extrema. (d) When the carriers density z increase considerably, smallest energy for
an optical transition increases and a Burstein-Moss effect (BM) gives rise to a new ephemeral
band gap Egn).

2.1.2 Charge-carrier recombinations

Charge-carrier recombination mechanisms highly impact electronic device performance such
as solar cells. In photovoltaic cell, charge-carrier lifetime limits the charge extraction [53].
Decay of free-charge-carrier density 7n(¢) can be expressed with the Shockley-Read-Hall (SRH)
model equation, taking into account three contributing mechanism:

an
E:—kgng—kgnz—kln (2.1)

with ki, k», k the rate constant of monomolecular (or trap-assisted), bimolecular and Auger
recombination respectively.
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Figure 2.3: Schematic representation of the three charge-carrier recombination mechanism.

Monomolecular or non-radiative trap-assisted recombination

Monomolecular or non-radiative trap-assisted recombination (k;) describes an individual
carrier (electron or hole) recombining via in a trap.

Bimolecular or radiative recombination

Bimolecular or radiative recombination (ky) depends on both electron and hole densities
which lead to n.nj, = n? for photoexcitation. This process results from the recombination of
an electron in the conduction band with a valence band hole, resulting in the emission of a
photon at the bandgap energy Eg. This radiative recombination sets a fundamental intrinsic
limit to charge-carrier diffusion length in material, once trap-assisted recombination process
have been eleminated.

Auger recombination

Auger recombination is a non-radiative many-body process in which electron and hole recom-
bine and when the energy of the photogenerated carrier is dissipated not by photon emission,
but rather by increasing the kinetic energy of another free carrier.
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Recombination mechanism and charge-carrier diffusion length

The three recombination mechanisms form the total recombination rate r(n, t) which influ-
ences the charge-carrier diffusion length Lp [53, 44]:

r(n)=ksn®+kon+k (2.2)

(2.3)

with u the charge-carrier mobility, T the temperature, kg the Boltzmann constant and e the
elementary charge.

E
K deep traps shallow traps

Figure 2.4: Shallow versus deep trap, adapted from [54, 55]. These terms refer to the binding
energy of the defect or its energy level within the bandgap: shallow defects are near a band
edge (not as recombination-active), while deep defects are in the middle of the gap. (a) A deep
defect is detrimental to carrier lifetime, (b) in contrary to shallow defect, which can affect
mobility but have little impact on electron-hole recombination.

Free electrons can experience slightly different radiative recombination, depending on the
presence of a direct or indirect band gap in the material. A process of splitting of the conduc-
tion and valence bands called Rashba splitting can also occur.
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2.2 Electron-lattice interaction

2.2.1 Coherent phonons and anharmonicity

The atoms of a crystal lattice are far from being immobile, they vibrate. These vibrations
are quantified and the quantum of energy associated is called phonon. The phonons can be
described as collective excitations of the lattice displacement. Lattice vibrations in crystals
underpin a large number of material properties, such as the volumetric and constant-pressure
heat capacities, the Helmholtz and Gibbs free energies and the thermal conductivity. Fur-
thermore, they also provide important spectral signatures as the infrared-active (IR) and
Raman-active modes, that are often used as routine identification and characterisation tools.
Phonon modes are also a key part of describing physical phenomena such as superconduc-
tivity, ferroelectric phase transitions that play a critical role in the performance of emerging
functional materials.

H Optical phonon u
Standing wave
/-\ &
/ \ / \ Kk Lo ———
7 - - — = —
S’ B &

TO

LA

Energy E (arb. u)

n Acoustic phonon

Traveling wave
I
/ N\ k
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-m/a 0 m/a
Wavevector k

Figure 2.5: Atoms vibration in the case of (a) optical and (b) acoustic phonons. (c) Dispersion
relationship for a diatomic crystal.

The lowest frequency modes are called the acoustic phonones. They describe vibrations whose
frequency varies linearly in g in the limit of long wavelengths (¢ — 0). The other one and
describing the highest frequency modes is called optical phonons. These branches describe
vibrations having frequencies which do not cancel for long wavelengths. Atomic vibration
and travelling wave of optical and acoustic phonon are represented in Fig. 2.5.a and Fig. 2.5.b,
respectively. Fig. 2.5.c represents the theorical dispersion relationship in diatomic crystal.
In general, acoustic and optical modes can be represented on the first Brillouin zone. Both
optical and acoustic phonons can have transverse (TO and TA, respectively) or longitudinal
modes (LO and LA, respectively).
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Lattices are able to form in-phase oscillations along a certain direction of the crystal and keep
this coherent motion on a macroscopic length scale. In other words, the excited phonon is
coherent, meaning the atomic motion is phase-locked across the entire photo-excited area
and that the atoms move back and forth in perfect synchrony. This leads to correlations
between the quantum phonon states and lead to a non-vanishing classical amplitude Q(#).
Amplitude Q(f) can be used in the damped harmonic oscillator picture with and external
driving force F. The isolated motion of the coherent phonon along a normal coordinate is
described by the equation of motion:

00Q(1) 0Q(1)

U I ()
2 +2y ot +w Q(f) = -~

(2.4)

with y the oscillator damping constant, m* the reduced mass and w the phonon eigenfre-
quency. The harmonic approximation is based on the assumption that the atoms do not move
very far away from their local minimum at equilibrium and that a second order expansion
of the energy around the minimum is sufficient to describe atomic vibrations. Therefore,
the harmonic approximation breaks down when the atoms move significantly far away from
equilibrium and higher-order terms need to be considered, i.e in the case of anharmonicity.

Different kind of driving force F are discussed in Section. 2.4.4, including the direct ones such
as resonant electric field coupling to IR-active optical phonons and the indirect ones such
as Raman excitations, mediated by electron-phonon coupling and the polarizability we will
discuss later in Section.2.4. The driving force can also originate from the coupling to other
excited phonons. This phonon-phonon coupling necessarly needs anharmonic potentials.

2.2.2 Polaron and Frohlich interaction

An electron moving in a periodical potential of a rigid crystal moves as a free electron but has
an effective mass different from the one in the vacuum. As previously discussed, the crystal
lattice is deformable and the displacements of the atoms from their equilibrium positions are
described in terms of phonons.The moving electrons interact with the atoms displacements,
leading to electron-phonon coupling. In 1933, Lev Landau proposed a first approach of the
polaron definition, considering an electron trapped in a defect of the crystal lattice. Later,
Solomon Pekar proposed that the electron was dressed with the lattice polarization, which
could be described as a cloud of virtual polar phonons. Such an electron could still propagate
freely across the crystal but with an higher effective mass. These different visions lead to the
final definition of a polaron: a quasiparticle used to understand the interactions between
electrons and atoms in a solid and which can be described as a moving charge in a dielectric
crystal where atoms displacement from their equilibrium positions screen the charge-carrier
and known as a phonon cloud. The generation of a polaron is explained by the fact that a
charge placed in a polarizable medium will be screened and can be describe through the
dielectric theory by the creation of a polarization around the charge carrier. The induced
polarization follows the moving charge on its path in the medium and they can be described
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as one physical entity, the polaron. Electrons are not the only particle that could lead to a
polaron, any other charged particle allowed to interact with a phonon can.
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Figure 2.6: Sketch representing polaron formation from interaction between a charge carrier
(here an electron) and the ionic lattice of the crystal.

Usually, in covalent semiconductors the couplings of electrons with lattice deformation is
weak and the formation of polarons does not occur. In polar semiconductors the electrostatic
interaction with induced polarization is strong and polarons are formed at low temperature.
Another class of materials where polarons are observed are molecular crystals, where the
interaction with molecular vibrations may be strong. In the case of polar semiconductors the
interaction with polar LO phonons is described by the Frohlich Hamiltonian. Nevertheless,
Frohlich picture is too simplified in case of anharmonic phonon-phonon coupling, as later
discussed in Section.3.4.

The strength of electron-phonon interaction is determined by the dimensionless coupling
constant a,_p, on Table.2.1 [56, 57, 58]:

Material | ae_pp
GaAs 0.068
CdTe 0.29

MAPDbBTr3 1.54

CsPbBr3 2.64

SrTiOg 3.77

Table 2.1: Electron-phonon coupling constant in different materials.
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2.3 Rashba splitting

2.3.1 Spin-orbit coupling (SOC)

Spin-orbit coupling or also called spin-orbit interaction, is described in quantum physics as
a relativistic interaction of a particle’s spin with its motion inside a potential. A crystalline
solid, such as a semiconductor, can be characterized by its band structure. In the overall scale,
including the core levels, the spin-orbit coupling is a small perturbation. Nevertheless, it plays
a relatively important role in the bands close to the Fermi level, i.e the conduction and valence
band. The atomic spin-orbit interaction can induce a band splitting of states which would be
otherwise degenerate if the crystal or an interface lacks inversion symmetry. This mechanism
gives rise to Rashba splitting in the conduction and valence band of a solid system.

2.3.2 General description of Rashba effect
Basic principles

Rashba effect is a spin degeneracy lift originating from spin-orbit coupling (SOC) under
inversion symnetry breaking. More precisely, it is a momentum-dependent splitting of spin-
polarized bands in bulk crystals and low-dimensional condensed matter systems, such as
heterostructures and surface states. The splitting is a combined effect of spin-orbit interaction
and asymmetry of the crystal potential (i.e inversion symmetry breaking), in particular in
the direction perpendicular to the two-dimensional plane. This effect is named in honour
of Emmanuel Rashba, who discovered and explained it using group theory in 1959 [59] for
three-dimensional systems and afterward with Yurii A. Bychkov in 1984 for two-dimensional
systems [60, 61, 62]. Perdew et al. proposed recently a local explanation of Rashba-Dresselhaus
effect [63]. Spin splitting occuring in Rashba effect may have various consequences on the
solid-state systems and is particularly interesting for spintronics application [64, 65]. In photo-
voltaic applications, spin splitting can also have a high impact on the absorption as well as on
transport properties of the materials. Indeed, the presence of spin and angular momentum
forbidden transitions can slow down or even cancel electron-hole recombination [66]. Fur-
thermore, a spin splitting would have a strong impact on semiconductor, by transforming a
direct band gap semiconductor into an indirect band gap one.

The Rashba effect is the consequence of the breaking of inversion symmetry in the crystal in
a direction orthogonal to a k-point sampling plane and is described by the Bychkov-Rashba
Hamiltonian [68]:

2 ’
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with, pj the linear momentum, a’ the Rashba primary correlation factor, o the Pauli spin
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Figure 2.7: The valence and conduction bands (VB and CB) in the presence (absence) of Rashba
splitting are the solid red and blue (dashed) lines, respectively. The Ak-shifted absorption and
radiative recombination processes are also illustrated. Adapted from [67].

matrices, —E, z originating from the gradient operator of the electrostatic potential V. The
electric field projection can be included into the Rashba interaction coefficient a. Dispersion
energy splitting can be derived by diagonalizing the Hamiltonian in the k-space:

hZ
ey (k)= 2—k2 +ak (2.6)

m

We indicate by €. (k) the energy difference between branches with opposite spin polarization,

calculated at the particular k point where the conduction band has its minimum sets. The

Rashba interaction coefficient & can be retrieved by:

7 A ¢’
€ =2aAk=>a=—— 2.7

2Ak @7

With + Ak and e, indicating the wavevector and energy coordinate of the conduction band

minimum with respect to origin, i.e namely the position where the minimum would be in

absence of Rashba splitting. ¢” defines the difference between the two energy curves at the

vertex positions as shown on Fig. 2.7.
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2.4 Light-matter interactions

2.4.1 Linear optics and fundamental definitions

In this subsection, fundamental concepts of linear optics used in the following experimental
and simulation work are clarified. Let us considering the dipole moment per unit volume or
polarization P(?) of a material system depending on the strength of an applied optical field
E(®). If the induced polarization depends linearly on the electric field, it can be described by
this relationship :

P =eoxVE(®) (2.8)

with €, the vacuum permittivity, ¥V’ the first order susceptibility of the material. In materials
where susceptibility is anisotropic, meaning which is different depending on direction, sus-
ceptibility is represented as a tensor known as the susceptibility tensor. Electric susceptibility
measures the ability of a material to become transiently polarized.

The electric susceptibility y is a constant that can be defined as the degree of polarization of a
dielectric material in response to an applied electric field:

x=0, in the vacuum (2.9)

Y=€r—1, in a material (2.10)

with epsilon, the relative permittivity or dielectric constant, which is a ratio between the
relative permeability of a material and the vacuum electric permeability.

Materials with no free charges are called dielectrics. Electric susceptibility y, related to the
refractive index #n is convenient to describe interactions of light and matter material:

2 6
n=—=1+y (2.11)
€o

This relation is convenient in the case of electrons oscillating at the same frequency than the
electric field E, meaning when the intensity of the electric field stays relatively low. In the case
of nonlinear materials and intense laser beam with high electric field, new electromagnetic
waves with different frequency components are generated, as described in Section.2.4.3.
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2.4.2 From microscopic to macroscopic polarizability

Microscopic polarizability is expressed by term a, while macroscopic polarizability is repre-
sented by y. A dielectric material is said to be polarized when induced electric dipoles are
present. The presence of induced electric dipoles within the dielectric causes the electric
field both inside and outside the material to be modified. Polarizability a can be defined as a
measure of the ability of a material to become polarized in the presence of an applied electric
field. It occurs in both polar and nonpolar materials.

Three different types of polarizibality

Two kind of polarization exist depending on its origin. The distortional or also called de-
formational polarizibility and the orientational or dipolar polarizibility. The first one, the
distortional polarizibility, can be distinguished in two types: the electronic a, and the ionic
or atomic «;,,. Both of them are characterized by relative displacement of charges, either
between electron orbits and nuclei, or between ions. The both deformation results from the
application of an external electric field. The second origin of polarization is orientational and
lead to the orientational, or so called dipolar polarizability & ;-

No electric field With electric field

a, + +

Aion + \/\/\/\/ - + \/\/\/\/ —

-
a - - -
or ") -
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Figure 2.8: Electronic polarizability a, and ionic or atomic polarizability «;,, originate from
distortional polarizability, while orientation (dipolar) polarizability &,,,; originate from orien-
tational change.

When an external electric field is applied, it generates a small displacement of the center
of negative charge of electrons distribution relatively to the center of positive charge in the
nucleus. Therefore, atoms acquire an electric dipole moment and each atom can be character-
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ized by an electronic polarizability @.. The displacement of the negative charges is usually
called electron cloud. The value of electronic polarizability should increase with the number
of electrons, knowing the outer shells’ electrons in multielectronic atoms are less bonded to
the nuclei.

When ions experience an external electric field, they also undergo displacement from their
equilibrium positions. This gives rise to ionic or also called atomic polarizability a;,,. As ions
and atoms have considerably higher mass than electrons, their polarization leads to a slower
process than the electronic polarization.

The third existing polarizability is the orientational or dipolar polarizability «,,,;. A polar
dielectric, for example molecules or group of molecules, can exhibit a permanent dipole
moment due to their structure. By applying an external electric field on it, the dipoles tend to
aligned with the direction of the later, therefore changing their initial orientation.

The total polarizability a of a material can be written as follows:
A=Q¢+ Ajon + Amol (2.12)

where &, @ion, @ mor are the electronic, atomic (or ionic), orientation polarizabilities relative
to the molecular orientation, respectively.

The dielectric behavior of a polar solid is significantly influenced by the temperature and the
interactions between molecules and groups.

In the case of materials with no significant permanent dipole, the polarizability of individual
particles is related to the average electric susceptibility of the medium by the Clausius-Mossotti
relation, which expresses the dielectric constant (or relative permittivity) €, of the material in
terms of the atomic polarizability a:

er—l_Na
e, +2 3¢

(2.13)

with €, the material dielectric constant, €y the vacuum permittivity and N the number density
of the particles (number per cubic meter).

The ratio of the induced dipole moment to the applied field is called the polarizability a of the
molecule. As previously discussed, we can define the microscopic polarizability p as followed:

p=aFE (2.14)

The SI unit for a is C.m2.V~!. The equation suggests that p and E are in the same direction —

25



Chapter 2 Theoretical background

but this is so only if the electrical properties of the medium are isotropic.

For the sake of the simplicity and merging equations (2.19) and (2.20), induced microscopic
polarizability p can be expressed as follow:

n . . .
p=)_ pitatid s piind P = (@ + ion + Amol) (2.15)
i

In the Teraherz-induced Kerr spectroscopy measurements presented in Chapter 6.2, the
microscopic polarizibility cannot be directly observed. Nevertheless, a measurement of the
macroscopic refractive index n occurs. The link between lattice polarizibility p and refractive
index n through material susceptibility y is discussed in this section.

2.4.3 Nonlinear optics

In this thesis, some of the phenomena studied take place on ultrashort time scale, from femto-
(10'% ) to picosecond (1072 s). Their time-resolved observation is possible using pump-probe
techniques, requiring laser pulses with short pulses. Moreover, intense laser light is needed
in order to excite the material and to create desirable observable dynamics, such as change
in refractive index n to follow a, and «;,,. Therefore, interaction of intense laser light with
matter is an important point of this thesis. In the case of intense laser light, nonlinear optics
rules have to be taken into account.

Nonlinear optics allows to study the interaction between intense laser light with matter. Non-
linear optic field began with the discovery of second-harmonic generation by Franken et al. in
1961 [69]. The term nonlinear is attributed when the response of a material system is nonlinear
to the optical field applied. For example, the process of second-harmonic generation we will
discuss in the following subsection occurs as a result of the part of the atomic response that
scales quadratically with the strengh of the applied optical electric field. Thus, the intensity of
the light generated at the second-harmonic frequency increases as the square of the intensity
of the applied laser.

In the case of a conventional linear optics, the induced polarization (or dipole moment per
unit volume) depends linearly on the electric field strengh, as described by equation 2.8: ,
where y is the first order and linear susceptibility. In the case of high electric field strengths
being comparable to the characteristic atomic field E,;, as commonly reached with lasers, the
linear response approximation is not valid anymore [70]. The laser intensity I,; associated
with a peak field strength of E,; can be written as the following [71]:

1
Ia = Eechf” =3.5x10°°W/m? =3.5x10"W/cm? (2.16)

An interpretation of the nonlinearities appearing in polarization comes from the microscopic
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aspect of matter. Each atom of a dielectric material' is surrounded by an electronic cloud
capable of deforming under the action of E and creating an electric dipole. This dipole, for a
small deformation, is proportional to E, but if the deformation is too large, this is no longer the
case. The sum of all the dipoles gives rise to a non linear, macroscopic polarization. Nonlinear
terms have to be added to the optical response, which is described by expressing the induced
polarization as a power series in the field strength:

P =y VEW® + yPE*(0) + y O E3(1)..] = PL" (1) + PNE (1) (2.17)

with y® and y® the second- and the third-order nonlinear optical susceptibilities, respec-
tively. It is relevant to note yV is a second-rank tensor, y® a third-rank tensor and so on for
the following nonlinear terms.

Second-order nonlinear optical interactions can only take place in noncentrosymmetric crys-
tals, meaning crystals that do not display inversion symmetry. Inversion symmetry takes place
in liquids, gases, amorphous solids as in many crystals. The second order susceptibility y?
vanishes identically for such media and consequently these materials cannot produce second-
order nonlinear optical interactions because of space inversion (E becomes —E). However,
third-order nonlinear optical interactions can occur for both centrosymmetric and noncen-
trosymnetric media.

Second-order nonlinear processes

In this subsection, we discuss the optical processes occuring in second-order nonlinear
medium. Polarization has a key role in the description of nonlinear optical phenomena be-
cause time-varying polarization acts as the source of new components of the electromagnetic
field. The wave equation of a nonlinear and dielectric media is described as:

vl n?PE 1 &pN 2.18)
c2 02 eyc? Ot? '
with 7 the linear refractive index, c the light velocity. Let us consider one component of an
incident light field E(#) of two distinct frequencies:

E(f) = E1exp ' + Ey exp ™2 tc.c. (2.19)

IA dielectric medium is an electrical insulator that can be polarised by an applied electric field. Placed in an
electric field, its electric charges do not flow through the material as they do in an electrical conductor. As they
have no loosely bound or free electrons that may drift through the material, they only shift slightly from their
average equilibrium positions, inducing dielectric polarisation. The material may exhibit electrostatic dipoles at
the atomic scale, which will interact with an applied external electric field. This interaction results in the creation
of a polarization P related at the microscopic level to this electric field by the polarizability, and at the macroscopic
level, by the electric susceptibility y.
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with w; and w; the distinct frequencies of the light field. Nonlinear response of a material
to an intense laser field causes the generation of new frequency components. The second-
order nonlinear polarization term P® contains the following frequencies, assigned to distinct
nonlinear second-order processes:

w=2w1,2 Second harmonic generation (SHG)
w=w1+w Sum frequency generqtion (SFG) (2.20)
w=w]— Wy Difference frequency generation (DFG)
wW=w12—wy1=0 Optical rectification (OR)

Usually only one of the frequency components is present with a high enough intensity in the
radiation generated by the nonlinear optical interaction. This is due to the phase-matching
condition, required to ensure that a proper phase relationship between the interacting waves
is maintained along the propagation direction [72].

Second-harmonic generation (SHG), sum-frequency generation (SFG), difference-frequency
generqtion (DFG)

Second-harmonic generation can be defined a nonlinear process in which two photons in-
teract, are combined and generate a new photon. Let’s first focus on the second harmonic
generation (SHQG), the sum frequency generation (SHG) and the difference frequency genera-
tion (DFG), sketched on Fig. 2.9. SHG leads to the generation of a radiation with the double
frequency of the incident electric fields. As illustrated on Fig. 2.9, the SHG can be described as
two incident photons with the same frequency w exciting a system from its ground state to a
virtual state. While relaxing, a photon with frequency 2w is emitted. This process is indeed
used in the FemtoARPES setup to generate second harmonic for two-photon photoemission
using nonlinear barium borate (BBO) crystals (Chapter 5).

Sum-frequency generation (SFG) is analogous to the SHG, except that it takes place when the
incident field consists of two distinct frequency components. This process is definitely useful
as an output of frequency-tunable visible laser[73]. Second-harmonic and sum-frequency
generation (SHG/SFG) spectroscopy is a powerful technique to study surfaces and interfaces.
It uses the fact that optical responses of a surface and bulk of a medium follow different
selection rules. Indeed for media with inversion symmetry, SHG/SFG is forbidden in the bulk.
However, it is not the case at the surface or interface, where the symmetry is naturally broken.
This leads to strong suppression of the process in the bulk, leaving it to stand out at the surface
[74].

28



Theoretical background Chapter 2
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Figure 2.9: Second-harmonic (SHG), sum-frequency (SFG) and difference-frequency genera-
tion processes. Solid lines represents the atomic ground state, dashed lines the virtual levels.

Difference-frequency generation process, illustrated on Fig. 2.9, consists in the generation
of a radiation with frequency w, which is the difference of the ones of the applied fields,
respectively w; and w,. Considering w; as the photon with the higher frequency and w» the
lower, the latter will be amplified through the process, while an output photon with frequency
w is generated.

Optical Rectification

Optical rectification (OR) can be described as a difference frequency mixing of two photons
with different frequencies w; and w» originating from the same light pulses. As pulses have
a finite bandwidth, this leads to the generation of low frequency pulses. In the case of short
pulses, the OR contribution expands to cover part of the THz spectral region. In particular, the
ORis used in our Terahertz Kerr effect experiments to generate high-intensity ultrashort THz
pulses using nonlinear Lithium niobate LiNbO3 crystal (Chapter 4).

Phase-matching condition

Phase matching is required because nonlinear process has to fulfill both energy conservation
and wave vector conservation. Phase matching occurs when generated waves at diverse points
in the nonlinear crystal are able to interfere constructively along the propagation pathway of
the initial generation pulse. In all nonlinear mixing processes, minimizing the wave vector
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mismatch Ak is therefore a key to achieve maximum conversion efficiency.
Ak = k1+k2—k3 (2.21)

with the wavevector k;, of the respective frequency waves w,.

Third-order nonlinear process

In non centrosymmetric crystals, third order nonlinear phenomena have lower efficiency than
second order ones. However, they play a very important role in nonlinear optics. In the case of
centrosymmetric materials, we have seen that there is no second order nonlinearity. The third
order nonlinearity corresponds in this case to the first observable nonlinear effect. Several
third-order nonlinear optical processes exist, such as the third-harmonic generation process
[71, 70], which correspond to the generation of a 3w frequency created by an applied field with
w frequency. However, this phenomenon is not particularly interesting because in practice it
is more efficient to generate the third harmonic by means of two second order processes in
cascade, using frequency doubling or the then sum of frequencies.

An interesting third-order nonlinear process is the intensity-dependent refractive index (i.e
isotropic Kerr effect). In the presence of this type of nonlinearity, the refractive of a material
index displays an intensity dependance and can be described as the following relationship:

n=nog+nyI(1) (2.22)

with ng the usual and linear refractive index, n, the second-order index of refraction and I(¢)
the time-dependent intensity of the field E, described as: 1= 2ngyeqc|E(f) 12

The intensity dependence of refractive index is also known as the Kerr effect, which we discuss
in Chapter 4. We are particularly interested in the THz-induced Kerr effect and how to probe
the lattice polarizability with it.

2.4.4 Lattice control through coherent phonons

The previous subsection about linear and nonlinear optics discussed non-resonant interaction
of light with electronic degrees of freedom. This subsection focuses instead on the coupling of
light to phonon resonances, either via a direct or indirect. We particularly discuss the origin of
coherent phonon mode excitations also discussed in the Section.6.3 and Section.6.3.

A phonon mode can be selectively excited through the absorption of a photon. The energy
has to be equal to the energy difference between the two vibrational states in the case of IR
absorption. An alternative excitation mechanism is Raman scattering, in which the incident
light excites the system to a high-energy state (virtual energy state). Raman scattering found
its name from C. V. Raman, who was awarded the Nobel prize in 1930 for his discovery of the
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Figure 2.10: IR, Rayleigh and the Stokes and anti-Stokes Raman scattering, with the phonon
picture. Resonance are described by a ground state and an excited state. Virtual intermediate
states are represented with dotted lines.

inelastic light scattering from molecules. In the context of phonon physics, it refers specifically
to the inelastic light scattering from optical phonons.

In the following, we consider consider interactions of light with coherent phonons. Light
coupling with phonon mode can be simply model as the interaction of an electromagnetic
field with a damped harmonic oscillator. Equation of motion of the later can be obtain from
Taylor expansion of the polarization in the material P and the classical Lagrangian for a single
normal coordinate Q [75]:

_ 9V _9PQ,0) NQ .,
_8Q+ 90 E+ep 90 E

with Q and E in function of the time. The term is equivalent to the restoring force of the

mQ (2.23)

harmonic oscillator. The two other E-dependent terms are the external driving forces of the
oscillator. Under the assumption of weak perturbation (i.e harmonic potential), the equation
of motion can be extended:

Q1) 2Q(r)
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m*( 90 90 E(1)") (2.24)

+w?Q(t) =

The equation contains the two main interaction of a light electric field with a specific phonon
mode. The first term on the right describes the direct coupling of the light with IR-active
phonon modes, while the second corresponds to the indirect coupling of light with Raman-
active phonon modes, via nonlinear coupling of the electric field. The mutual exclusion
principle implies that only one of the two coupling can take place at the same time, in the case
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of inversion-symmetric materials.

IR-active phonons (one wave interaction)

Photon Phonon
—
hw, Ak hw, Ak

Figure 2.11: Classical representation of IR-active phonon.

Typical vibration frequencies in molecules and optical phonon frequencies in solids are in the
order of several THz, i.e in the IR region of the electromagnetic spectrum. The movement of
atoms in a molecule has a natural vibrational frequency related to the strength of their bonds.
When the vibrational frequency of a bond is equal to the frequency of IR-active radiation
directed at it and if the mode has an dipole moment, then the bond absorbs the radiation [76].
The specific IR frequencies absorbed by the bonds in a molecule give rise to an IR spectrum of
the molecule. In order for a resonance to cause IR vibration, the phonon modes must generate
oscillating electrical dipoles, as the displacement of oscillating charges cause polarisation. IR
spectroscopy is performed either by measuring the transmission or reflection of IR radiation.
TO phonon modes of polar solids strongly couple to light waves in the IR spectral region when
their frequencies and wave vector match with each others.

Since dipole moment activated in IR-region is parity-odd, i.e its sign changes upon inversion,
only the parity-odd modes (i.e antisymmetric by inversion) are considered as IR-active modes.
This selection rules apply to centrosymmetric crystals where phonons are classified as parity-
even and parity-odd. Parity-even phonon are classified as Raman-active phonons. Therefore,
light-matter interaction gives information about the phonon vibration in a material, but also
about the dipole moments and the polarizability of the lattice modes. For example, during
the symmetric stretching vibration of the linear CO, molecule, its polarizablitiy gets smaller
during the stretching as opposed to the compression. This vibration is Raman-active (and
IR-inactive). In contrast, during the asymmetric stretching vibration, the polarizability does
not change, and the vibration is Raman-inactive (but IR-active). We now discuss the case of
Raman-active phonons.

Raman-active phonons (two waves interaction)

When photons interact with a molecule, the light produces a coherent polarization in the
medium. The interaction of the light with the molecule can induce a motion of the electron
cloud of the molecule which leads to instantaneous electronic polarizability. A molecule has
specific energy transitions related to its intramolecular bonds, in which polarizability shifts
occur that activate the Raman-active modes. The frequency of the Raman shift is related to
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Figure 2.12: Classical representation of Raman-active phonon.

the type of bond excited and also strongly dependent of the polarizabily of the mode.

According to Eq.2.24, the Raman-active driving force is proportional to the product of two
electric fields E(t), i.e F(¢) ox |E(?)]. The strength of this so called Raman interaction generated
when applying a field E()? is given by y, which contains all the modes and resonances.

The strong-field THz used in this research work (Chapter.4) allows nonlinear light-matter
interactions at THz frequencies [77]. This frequency range approaches the phonon resonance
frequency and could drive difference as well as sum frequency to excite them. This opens a
new way to control specific lattice modes.

Photonic and phononic pathways

In this subsection, we summarise the different excitation pathways observable in our TKE
experiments (Section.6.2), in order to better explain the experimental results of Section.6.2.

Two main excitation pathways are candidate to explain the observation of Raman-active
modes: the phononic and the photonic process [78, 79, 80], represented in Fig. 2.13. They can
each be divided into two categories. In the case of the photonic pathway, which requires strong
Terahertz polarizibility, the two mechanism are: (i) In the case of coherent and nonresonant
excitations below the material bandgap, the Impulsive stimulated Raman scattering (ISRS)
mechanism takes place, in which a virtual electronic state serves as the intermediate energy
level for the Raman scattering of the incoming light by the phonon. The difference frequency
of the two photons in the light pulse is resonant with a vibrational transition of the phonon
mode; (ii) The sum-frequency excitation (SFE), the counter part equivalent to ISRS, where
incident photon adds up to reach a phonon state. This mechanism consists in the excitation
of a phonon state in a material which does not possess infrared-active phonons and require
only low-energy excitation by Terahertz radiation.
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Phononic pathways are also separated in sum- and difference-frequency processes and re-
quires anharmonicity: (iii) Conventional ionic Raman scattering via difference-frequency
(DF-IRS) excites Raman-active phonons via scattering with infrared-active phonons. The
mechanism consists on infrared-active phonon coherently excited by light and which serve
as intermediate state for Raman scattering. This process mediated through anharmonic
phonon-phonon coupling and is less dissipative than its photonic counterpart due to the
lower excitation energy involves; (iv) Sum-frequency counterpart of ionic Raman scattering
(SF-IRS), consisting in the excitation of a phonon state via a phonon scattering.

Photonic Phononic

DF

SF

Figure 2.13: Representation of the (a-b) photonic and (c-d) phononic excitation pathway, in
difference or sum-frequency process respectively. Extracted from [79].

Each of the four phonon modes mechanism proposed earlier can be predict using the general
equation of motion for the excitation of phonons:

..

Q+KQ+%V(Q):ZZiEi"'eOZRijEiEj (2.25)
i ij

with Q the normal mode coordinate (i.e amplitude) of the phonon at the Brillouin-zone center,

x the damping coefficient, V(Q) the lattice potential of the phonon (harmonic or anharmonic,

depending of the mechanism), Z; the Born effective charge !, E; the electric field component

TAn jonic crystal can be described as a periodic arrangement of punctual charges. In this simplified model, the
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of the exciting light pulse, R;; the Raman tensor. In a centrosymetric crystal and if the phonon
modes is Raman-active, the term Y_; Z; E; is equal to zero.

The photonic pathway requires strong THz polarizability in order to excite Raman-active

2
THz’

should be proportional to Qg:

phonon. As Qp x E we assume that the transient birefringence cause by the THz pump

Antke < Qr (2.26)

In the case of the photonic pathway, we assume to have a harmonic lattice potential The term

2
V(Qgr) = Q%QR , leading to the following equation:

OR +Kp QR + %QR =eoRE? (nonlinear photonic) (2.27)

In the second pathway, which is the phononic one, we suppose that the THz pump first excite
IR-active phonon mode, which later excites Raman phonon mode. Ionic Raman scattering is
described by a quadratic-linear coupling of IR-active with Raman-active phonon. Therefore,
the anharmonic lattice potential can be expressed as:

B Py

2 A2
5 5 +cQirQr (2.28)

V(Qr,Q1r) =

with ¢ the quadratic-linear coupling coefficient. The equation of motion of phonon can be
obtained be re-writting equation (5.11), which lead to the following equation of motion [81,
80, 78]:

Qrr+x1rRQg + (P25 +2cQr)Qrr = ZIRE(D) (linear phononic) (2.29)

OR +Kp QR + %QR = CQ%R(I) (nonlinear phononic) (2.30)

We notice that in the case of a Raman-active phonon excitation via photonic mechanism,
the driving force should be quadratic in electric field E, as expected. While in the case of the
phononic process, the driving force is quadratic in the phonon field of the infrared-active
phonon Q%R and thus also proportional to E?.

displacement of an ion from its equilibrium position causes a polarization change simply equal to the charge of
the ion multiplied by the displacement. For a more realistic calculation, the Born effective charge is defined as the
polarization change in a direction a caused by a displacement of an ion in a direction S.
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2.5 Summary

This chapter has allowed us to grasp the fundamental notions and concepts about the vibra-
tional modes of the lattice, focusing on anharmonicity and their different mechanisms of
excitations. The fundamentals of optics and nonlinear processes, widely used in this work,
were discussed. Finally, we have also enlightened the reader about the different relaxation
and recombination processes of free charges, in particular electrons, as well as the potential
mechanisms they could undergo such as Rashba splitting or charge carrier screening via a
polaron. These phenomena and properties seem to be particularly important in LHPs. The
following chapter serves to link the theoretical mechanisms of this chapter with the state of
the art and expectations in LHPs.
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8] State-of-the-art of lead halide per-
ovskites (LHPs)

This chapter aims to give readers an accurate overview of the latest findings on LHPs. This
research topic is currently attracting many researchers, resulting in a dense, extremely diverse
and rapidly evolving scientific literature. We focus on the topics related to the experimental
results in Chapter.6 and Chapter.7.

3.1 Compositional engineering

3.1.1 Global overview

Wavelength (nm)

400 450 500 550 600 650 700 750 800

T T T T T T T T T

CsPbCl,  CsPb(CI/Br), FAPbBr, CsPb(Br/l);  CsooFAq.Pbl;  FAPbI,

Figure 3.1: Band gap tuning and compositional variation in lead halide perovskite materials,
inducing diverse wavelength photoluminescence emission. Adapted from [82].

Among the best known and studied LHPs are the lead halide perovskites with a single A-
site cation, such as MAPbBr3, MAPbI3, FAPbBrs or CsPbBrs. LHPs have the great advantage
of being easily tunable and thus able to play with their optoelectronic properties, such as
the band gap (Fig.3.1). Nevertheless, these single A-site cation perovskites have limitations,
notably in terms of resistance to humidity or temporal degradation [83]. Numerous studies
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have been carried out to find chemical compositions that are more stable for photovoltaic
applications [84, 85]. In this research work, we will focus on double A-site cations such as
(MA,FA)PbBrs3, but also on the much more complex quadruple A-site cation called (4cat)PbBrs.

3.1.2 From conventional (simple) to complex A-site cation

The most promising results in terms of absorber stability were obtained by making thin films
optimally intermixing different cations on the A-site and halide anions on the X-site of the
ABXj structure [86, 87, 88]. The main objective of chemical engineering are to obtain a cubic
phase thin film, which is stable within the operation temperature range of the photovoltaic
device, but also which displays low carrier recombination rates to enhance solar cell perfor-
mance. Maintaining a reasonably low bandgap Eg is also an important parameter, in order to
absorbe as much photons as possible. Among the most interesting elements incorporated in
compositional engineering is Guanidinium (GA). The addition of a small dose of this cation,
with a much wider ionic radius than the others, enables to modulate the morphology and
drastically alter charge recombination dynamics in lead halide perovskites, by means of larger
grain size, trap passivation and reduced hysteresis effects [87, 88, 89, 90].

Methylammonium MA* cation is an excellent light harverster, but also suffers from its low
thermal and chemical stability, originating from its fully organic composition. Formamidinium
FA* displays a broader absorption of the solar spectrum because of its lower band gap [91,
92] and displays higher affinity to form hydrogen bonds with the inorganic Pb-X lattice [93],
leading to an improved stability. This optimal embedment of MA* and FA™ stabilizes the
pseudocubic structure with respect to the tetragonal phase that is observed in pure MAPbX3
under standard condition. Nevertheless, FAPbX3 is known to undergo a phase transition into
the nonphotoactive and hexagonal §-phase [94]. This phase is undesirable and leads to a
large bandgap insulator with unefficient absorption properties for a solar cell photoactive
layer. Nonetheless, the §-phase formation can be hindered by incorporating small amounts
of Cesium Cs* cations [94]. This one increases the structural stiffness, inhibit the formation
of the undesired d-phase, improves the thermal stability and homogenized the distribution
of the halide mixture throughout the material. The addition of Guanidinium GA* decreases
the formation of halide vacancies and minimizes nonradiative charge carrier recombination
at the grain boundaries [86]. Besides, it has been reported to stabilize both FA* and MA*
based perovskites because of an increased number of H bonds with favorable orientation
within the inorganic framework. In fact, compared with the 1-2 H bonds per MA molecule, the
introduction of GA* increases the number of interactions to six H bonds within the inorganic
framework [95].Furthermore, the GA™ cation improves stability with its high pK, value (13.6)
and almost completely prevents deprotonation !. Section.7.3 and Section.6.3 discuss electron
relaxation, lattice dynamics and solar cell implementation of an innovative (4cat)PbBrs.

TDeprotonation is a chemical reaction in which an H+ proton is removed from a molecule to form its conjugate
base. The propensity of a molecule to release a proton is measured by its pK, (measure of acidity).
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3.2 Dimension properties

In our experimental investigations, we will mainly study 3D bulk LHPs, in the form of single
crystals and thin films. We will also present some preliminary data on the 2D perovskites. The
dimension of the material obviously plays a large role in the diversity of these optoelectronic
properties, the main ones of which are commented in this section.

3.2.1 Single crystal and thin films (3D)

LHPs can be grown both as single crystals or thin films. Single crystals provide information
about a crystalline and ordered material, facilitating for example Raman-active mode charac-
terisations or defect tolerance properties. However, thin films are more likely to be used in
practical applications. They are printed and used as the active layer in LHPs solar cells.

Thin films are by definition less pure and contain many grains, as well as grain boundaries,
which impact the material’s characteristics (especially regarding halide migration and trap-
recombination).

3.2.2 Two-dimensional material (2D)
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Figure 3.2: (a) Exciton electric field in 3D and 2D materials. (b) The change in dimension lead
to a separation between the exciton and band gap peaks in optical absorption measurements.
Extracted from [96].

Two dimensional (2D) LHPs are usually obtained by slicing the 3D bulk perovskite struc-
ture along the (100) plane and incorporating large spacer cations (usually long-chain am-
monium cation LA) between the perovskite layers. This gives rise to the general formula
(LA)2(A) ;M X3,.1, with n corresponding to the number of LHPs layers. 2D perovskite struc-
tures behave as natural multiple quantum wells, in which the inorganic perovskite layers act
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as potential well and the organic layers act as barriers because of their difference dielectric
function [97]. The quantum confinement as well as reduced dielectric screening increases
the exciton binding energy (Ep,) in 2D LHPs, leading to the dominance of excitons !! instead
of free carriers from above band gap excitations [98]. Optical and electronic properties of 2D
LHPs can be readily tuned by the thickness of the inorganic wells n and the nature of organic
spacer cations. Broadband emission with a large Stokes shift has been demonstrated in some
n= 1 structures, attributable to the strong coupling between an exciton and the polar modes,
leading to self-trapped exciton formation [99]. Excited-state properties start to resemble those
of their 3D counterparts when the quantum well thickness increase as shown on Fig.3.2 [100,
101, 102].

3.3 A-site cation

3.3.1 Defect tolerance

Perovskite materials have interesting property of being relatively defect tolerant, as they mostly
form defect states close to the valence band or conduction band (shallow traps) [18]. They are
less prone to form defect states in the vicinity of the bandgap (deep traps). Defect states within
the valence band or the conduction band do not lead to non-radiative recombination, whereas
defect states deep in the bandgap can do it. Defect states within the valence band, conduction
band or near the band edge arise due to very unusual band structure of perovskite materials.
In optoelectronic devices, it is particularly essential to avoid non-radiative processes that
convert electronic to thermal energy via defects. Indeed traps lower the efficiency and can
trigger device breakdown. It turns out that many of the low energy point defects in halide
perovskite can be considered as inert, which is one of the reasons for the materials success.

DFT simulation and experimental studies concluded that the most prominent defect states
are shallow trap depths (near the band edge), while no deep traps have been found [103, 104,
105]. Elemental vacancies such as missing lead or halide are also present. Trap density varies
largely from lead halide perovskites thin film (in the range of 10'6-10!” cm™3 to single crystal
10°-10'° cm™3), which shows the significant impact of grain boundaries and interfaces in the
trap creation.

Regarding radiative charges recombination, bimolecular recombination rate constant k is
reported in the range of 0.8-20x107'% cm~3s~! in MAPbI3 [53, 106]. For very high quality direct
bandgap materials, such as GaAs, the radiative recombination of carriers can be the ultimate
limit to device efficiency [107]. Therefore, radiative recombinatin rate in LHPs solar cell active
layer should be delayed as long as possible.

TCoulomb interactions between electrons and holes affect the operation of solar cells because the resulting
bound state, called exciton, has an associated binding energy Ej, that needs to be overcome for electrons and
holes in order to contribute to the photocurrent [44]. In the case of E}, > kT, thermal energies may be enough to
dissociate exciton, making exciton binding energies lower than thermal energies at room temperature (= 26 meV)
highly desirable for applications.
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3.3.2 Consequences of phase transition on dielectric function and surface
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Figure 3.3: Unit cell of MAPDI; at different temperatures. The ellipsoids represents the 90%
probability of presence. Lead is represented in yellow, iodine purple, carbon in black, nitrogen
in blue and hydrogen in grey In the orthorhombic phase, MA* cations are fully ordered with
the -NHj3; groups aligned and directed into the distorted square face of the orginal unit cell.
Four-fold orientation disordered of the MA cation, orientational disorder in the cubic phase.
Original simulation from Weller et al [108]. Equivalent A-site cation motion is observed at low
temperature in LHPs.

Dielectric function is an important property in the phase transition of LHPs. If we take the
example of A-site Methylammonium cation, the latter has an asymmetric charge distribution
resulting in a net dipole moment [109]. The phase structure of the material and particularly the
inorganic Pb-I cage shape has an important impact on MA* cation dynamics, as pictured on
Fig. 3.3. Depending on the temperature, the organic cation undergoes the modulations of the
inorganic structure via the hydrogen bonding linking its hydrogen atoms to the different halide
anions. It results in a variation of the methylammonium cation rotational freedom inside
the metal halide lattice, from rotating, going through tilt or finally being completely frozen.
In the orthorhombic phase Pnma, the rotational disorder and fluctuations of the organic
cation is inexistant [108]. By increasing the temperature and entering in the tetragonal phase
14/ mcm, the rotational motion of MA* cation has more degree of freedom. It is still restricted
but small tilting are possible, leading to an important increase of the dielectric function, as
described by Anusca et al. and as shown on Fig. 3.4 [110]. The tetragonal-to-cubic transition is
linked to the anisotropy of the molecular disorder, as well as inorganic octahedral deformation
and tilting, which evolves from predominantely two dimensions in tetragonal phase to three
dimensions in the cubic phase [111]. In the cubic phase Pm —3m the dipolar MA* cation
rotate almost freely inside the inorganic cage inducing a high disorder. This leads to a high
dielectric screening at low GHz frequencis (i.e on ns time scales) compared to inorganic
and nondipolar cations, as in CsPbl; [110, 112]. It has been proposed that organic cation
MA™ plays an important role in the optoelectronic properties of the hybrid perovskites, as
promoting the formation of free charges during photoexcitation or favorising polaronic effects
leading to charge carrier lifetime improvment [113, 114]. Nevertheless, it is demonstrated
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by previous work that the LHPs community and our results that it is the Pb-Br cage (and
inorganic sublattice Pb-X cage in general) which seems to dominate the ultrafast for charge
carrier screening. Combining our complementary techniques, we propose a new and global
picture of Pb-X bonding and A-site cation role, considering the Pb-X bonding are responsible
for the screening of dynamic electric field of moving charges, while the A-site cations are
responsible for static field screening, therefore reducing trap and defect recombination.
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Figure 3.4: Temperature dependences of the real part of the dielectric permittivity for different
halide X of MAPbX3, measured at a frequency of 1 MHz. A huge drop of the dielectric permit-
tivity is observed at the orthorhombic phase transition in all of the composition. The dielectric
permittivity used in our research as been extracted from this research from Anusca et al. [110]

Indeed, ionic polarization and dielectric function play a fundamental role in the optoelectronic
properties of hybrid perovskites. In the experiments shown in Section 7.1, we discussed the
effects of polar fields on the dynamics of phoexcited carriers on MAPbIj3 single crystal surface
in different crystallographic phase using two photon photoemission (2PPE) spectroscopy.
We particularly investigated the tetragonal-to-orthorhombic phase transition, where the
methylammonium cation display the order to disorder phase transition leading to a sudden
jump of dielectric permittivity (Fig. 3.4). LHPs samples being easily damageable with a probe
beam, studying the samples at low temperature reduces the risk of damaging the material by
overheating it, which could lead to surface destruction. Surface termination and architecture
is a parameter that greatly impacts the properties of the latter.

3.3.3 Surface termination and polar catastrophy

As in all materials, surface presents different properties than the bulk and atomic reconstruc-
tions. In the case of MAPbI3, the surface displays two possible terminations, the zigzag and the
dimerized one, both featuring a net positive charge of +0.25 eV in the topmost CH3NH3-1 layer,
as shown on Fig.3.5 [115]. The net charges on the CH3NHj3-I and Pb-I, layers are alternatively
positive and negative, implying the buildup of a domain with permanent dipole moments

42



State-of-the-art of lead halide perovskites (LHPs) Chapter 3

Figure 3.5: High-resolution scanning tunneling microscopy images of the zigzag (a) and dimer
structures (b). The unit cells are denoted by dashed rectangles. A zigzag row is denoted by
dashed line in (b) and an iodine dimer is denoted by a dashed ellipse in (a), from [115].

perpendicular to the surface [116]. This process is common to ionic termination and in the
case of CH3NH3Pbl3 may play a role in the hysteretic behavior of IV curves [117]. If capable of
penetrating sufficiently in the crystal, the local electrostatic potential generated by the charged
terminations would induce an accumulation of photoexcited electrons at the surface. In this
context, the of polarizabitity of MA™ cations of organic cations may play an essential role. For
example, the reorientation of surface MA* dipoles, which strengthens the interactions with
surface iodine anions, might be responsible for the surface iodine dimerization. Therefore,
the surface MA™ dipoles weaken the surface polarity, leading to a stabilization of the surface
structures.

3.4 Inorganic sublattice Pb-X; and moderation of electronic proper-
ties

3.4.1 Frohlich polaron model

As discussed in the introduction, LHPs possess unique structural and optoelectronic behavior
still under debate and their possible relationship deserve serious scrutinity (Fig. 3.6). One
of the main questions about LHPs properties is the existence of strong electron-phonon
interactions leading to charge carrier screening, which could explain the moderate carrier
mobility compared to classic semiconductor as well as their relatively high carrier diffusion
length and defect tolerance [118, 119]. The role of strong electron-phonon in LHPs mechanism
has been frequently discussed, in particular the electron-phonon interactions leading to the
formation of a polaronic state, where an electron or a hole deforms the lattice in its vicinity
and becomes more localized [120, 121]. A polaron formation should lead to an increase in the
effective carrier mass [122] and should significantly impact the electrical and optical properties
of the material. Until recently, conventional Frohlich interaction (discussed in Section.2.2.2)
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Figure 3.6: Main remarkable LHPs electronic and physical properties, as well as possible
relationship between them.

and coming from the ionic nature of perovskite crystals has been mainly considered to be
the polaron formation mechanism in halide perovskites [19, 119, 123]. Experimental and
theoretical evidence suggested that room-temperature charge-carrier mobilities in LHPs are
fundamentally limited by Frohlich interactions between charge carriers and the electric fields
associated with the longitudinal optical (LO) phonon modes of the ionic lattice Pb-1 [118, 124,
125, 58, 126, 110]. Frohlich mechanisms are known to dominate the high-temperature regime
for many ionic semiconductors. But surprisingly, lead halide perovskites as MAPbBr3 and
CsPbBrs have and electron and hole mobility values limited around 200 cm?. V-1 s7! while
classical ionic semiconductors, such as GaAs, have a room-temperature hole and electron-
mobility of 450 and 9000 cm?V-1ls 1 respectively [127]. The lower value of carrier mobilities
in lead halide perovskites can be explained by a relatively strong ionicity of the metal-halide
bond, the low energy of the longitudinal optical phonon mode involving the oscillation of
heavy lead atoms, as well as the slightly larger effective charge-carrier masses [128]. At room
temperature, strong anharmonicity and dynamic disorder have been observed in several
methylamnonium lead halide by Sendner et al., such as in MAPbBr, MAPbI3, MAPbCl3 [123].
Using Frohlich’s polaron theory and Feynman extension, polaron’s effectiv mass m™* and the
Frohlich coupling constant a were determined. As shown on Fig. 3.7, effective mass and
Frohlich coupling constant of MAPbBr3; are one order magnitude higher than the one of
classical semiconductor GaAs. Furthermore, the polaron mobility is clearly lower in the case
of methylamnonium lead halide than in GaAs, as expected. Despite only moderate polaron
masses, the low LO phonon frequency and high ionicity of the LHPs fundamentally limit
the charge carrier mobilities in these materials. Nevertheless, charge extraction properties
in LHPs remains excellent as shown through the charge diffusion length which depends on
the charge-recombination lifetime, which is equal to higher than the one in typical GaAs.
Carrier diffusion length was generally reported around 50 pin GaAs [129], around 100 nm in
polycrystalline MAPbI; [35] and from 10 um to even exceeding 3 mm in single crystal MAPbI3
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(130, 131].
Effective mass® Ionic screening Coupling constant Polaron mass Polaron radius Mobility u
my, [mg 1/e* o mp [m} I, [A] [em*Vv s
MAPbI, 0.104> 0.17 1.72 1.36 51 197
MAPDBI; 0.117% 0.18 1.69 1.35 43 158
MAPbgl3 0.20 0.22 2.17 1.48 27 58
GaAs®’ 0.067 0.016 0.068 1.01 40 7000

“ In units of the free electron mass my.

Figure 3.7: Determined polaron parameters and LO phonon scattering limited carrier mobili-
ties at room temperature. Extracted from [123].

Strong ionicity of the LHPs could link the charge-carrier mobilities with their composition:
using smaller halides could lower the charge-carrier mobilities, while substituting lighter
metal as Tin could increase the longitudinal phonon frequencies and then improving mobility
values. As the longitudinal optical phonon is primarily associated with the oscillation of
the ionic metal-halide sublattice, the A-site cation should have almost no influence on the
intrinsic charge-carrier mobility limits.

3.4.2 Solvation picture and strong phonon anharmonicity

While the Frohlich interaction plays an essential role in ionic crystals, the strong phonon
anharmonicity of halide perovskites should also be considered as it may lead to the formation
of unconventional polarons [121]. Recent experiments lead to question the well-accepted
Frohlich carrier-phonon interaction and to take much more into account the liquid-like De-
bye relaxation mode at low frequencies of lead halide perovskites, as well as their soft and
anharmonic characteristic , wherein the A-site cation size and halogen nature could strongly
influence the softness of the lattice and optical modes damping through a coupling of acoustic
and optical phonons. [132].
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Figure 3.8: (a) Schematic representation of charge solvation in liquids. (b,c) Representation of
lead halide perovskite multiple unit cells with A-cation being MA™, before and after charge
injection, respectively. Negatively charged electron gets screened by MA* molecules and Pb-X
sublattice. Adapted from [133]
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One of the main scientific questions in LHP field is to obtain relevant indicators to prove the
relationship between charge carrier screening and lattice dynamics, leading to a protection of
the particle against scattering and trapping, being able to explain the outstanding properties
of LHPs. Having a clear picture of the electron-lattice interaction during charge excitation
would help to understand how the lattice gets involved in this process. The chemical process
of solvation is a good example to approximate what is going on in the LHP lattice. Solvation is
described as the interaction of solvent with dissolved molecules. As pictured on Fig. 3.8.a, a
charged particle placed in a solvent has a certain initial long-range Coulomb potential (red
circle) caused by its charge. Furthermore, the randomly oriented and charged solvent dipoles
will interact with the charged particle. More precisely, the solvent dipoles will tend to reoriente,
leading to a reduction of the particle’s Coulomb potential. This description of how a long-
range Coulomb potential might be reduced by charge rearrangment is a very simplified picture
to describe what might be going on in LHPs. Fig. 3.8.b presents several Methylammonium
lead halide lattice unit cells. When an electromagnetic wave with an higher energy than the
bandgap of the material is sent on it, mobile charges are generated. As previously described
with the solvation model, the long-range Coulomb potential of the negatively charged electron
is screened by the diverse charged molecules and ions located in the unit cell, as shown in
Fig. 3.8.c. Reducing the Coulomb potential of the electron induces that the probability of
interaction between the electrons with charged defects and other charges are lowered.

This liquid-like relaxation of polar phonons (originating from the ionic lattice) gives also rise to
the dielectric solvation of their excited states, as shown by the temperature-dependent Stokes
shift between absorption and emission in MAPbBr3, CsPbBr; and FAPbBrs3 single crystals. [134]
The temperature-dependences can be well-described by the solvation model explained above,
but not by the Frohlich polaron model anymore. Indeed, the Frohlich model assumes that one
electron is coupled to one isolated LO-phonon mode, based on the harmonic approximation.
Nevertheless, we already discuss the strong anharmonicity as well as the liquid-like dynamic
disorder of lattice modes in LHPs, making the Frohlich polaron model incomplete.
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Figure 3.9: Temperature-dependent Raman spectra of hybrid and inorganic LHP crystals of (a)
MAPDbBTr3, (b) CsPbBr; and (c) FAPbBrj at different temperatures. Extracted from [135, 136].

Indeed, LHPs show high anharmonicity and dynamic disorder in the phonon modes, as pre-
sented in Fig.3.9. They are reflected in the broad central peaks in the low-frequency Raman
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spectra of different single crystals (MAPbBr3, CsPbBr3 and FAPbBr3) in the room tempera-
ture phases [135, 136], therefore suggesting liquid-like local polar fluctuations. The nonzero
modulation of the central peak in cross-polarized Raman spectra shows that the liquid-like
fluctuation behavior is related to the PbX3 sublattice motions. The anharmonic phonons with
weak restoring forces as well as the large amplitude displacements contribute to the local
polar fluctuations [39, 134, 135]. While former works proposed the role of organic cations to
explain the solvation model, [137, 138, 139], the current consensus tends to believe that the
responsible dipoles result mainly from the polarization of the Pb-X sublattice, irrespective of
the cation type [140, 141]. This would imply that the polaronic stabilization of a charge carrier
(i.e dynamic screening) comes mainly from the Pb-X sublattice [142]. The efficient dielectric
screening present in LHPs could reduce scattering of charge carriers with others and with
charged defects, which may explain the long carrier diffusion length and lifetimes in these
materials [126, 143]. Moreover, long-lived charge carrier dynamics have been observed in fer-
roelectric semiconductor such as SbSI [144] and were explained by charge carrier interactions
with thermally stimulated soft-phonon excitations, supporting the idea electron-soft phonon
interaction could be harnessed to provide efficient charge carrier screening and leading to
long charge carrier lifetimes.

3.4.3 Lattice vibrations in lead halide perovskites

Vibration modes in LHPs were particularly investigated during the last decade, using a plethora
of different techniques. In order to have a better vision of the state of the art and the vibration
modes involved in the anharmonicity of the structure, here is a summary from the recent
literature.

IR spectra and Raman spectroscopy are common techniques used to study lattice and molecu-
lar vibration in materials. These techniques showed that Pb-X lattice vibrations take place in
the lower frequencies range from 30 to 300 cm™! (i.e 1-5 THz) [35], while molecular vibration
of MA™ cations are located at highest frequencies in mid-IR ranges as shown on Fig.3.10[135,
136, 145, 146, 147]. In the case of polar material such as MAPbX3, longitudinal optical phonon
frequency is higher than the transversal optical phonon frequency, inducing a LO-TO splitting.
At room temperature, MAPbI3 shows a mode at 63 cm™! (equivalent to 66 cm~! in MAPbBr3)
originating from disorder of the lead-halide framework that is coupled to fast reorientations
of the methylammonium cation [113] and possibly accompanied by strongly anharmonic
hopping of Pb and/or I [135].

Even though the conventional Frohlich polaron picture is not sufficient, it might be important
to consider the multiple LO phonons mode that were observed and attribute to this model
[119, 151, 152]. In the case of MAPbI3, 1 THz mode was attributed to the Pb-I-Pb twisting mode.
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Figure 3.10: Frequency-dependent relative permittivity (real part) of MAPbI3 at room tempera-
ture, derived from literature reports [146, 53, 148, 110, 149].Features around 48 x 10 Hz are
associated with electronic interband transitions, while the strong resonances near 1-2 THz
derive from optical phonon resonances of inorganic sublattice. The increase near 100 GHz is
related to collective reorientation of MA cations. The rise in the value of permittivity toward
the low frequency regime originates from slow migration of ions. Adapted from [150].

A dominating mode at 3.5 THz was also observed, attributed to stretching mode, as well as a
5.1 THz mode related to the librational MA* modes. In CsPbBr3, the dominating LO phonon
was observed at 4.8 THz, and was related to stretching. The TO twisting mode Pb-X-Pb was
also proposed to lead polaronic state by Park et al [153]. After performing transient absorption
spectroscopy and photoexcitation at room temperature on MAPbI3 sample, they observed a
major influence coming from the Pb-I-Pb twist mode.

It is important to remind that despite a clear separation in energy between the low-frequency
modes associated to the inorganic sublattice Pb-X3 and the high-frequency modes associated
with the A-site cation (Fig.3.10), significant coupling for them was found [154]. Soft modes
were found at the boundary of the Brillouin zone of the cubic phase, consistent with dis-
placive instabilities and anharmonicity involving tilting of the Pbl octahedra around ambient
temperature.

3.4.4 Inorganic sublattice and electronic bandgap

Lead-halide bondings Pb-X have other highly important roles for perovskites properties. Pb-X-
Pb bond angles influence particularly the bandgap, which is a crucial property for solar cell
and photoemission application [155, 156]. The evolution of the band gap Ej is a consequence
of the VB and CB position. Their energy is influenced by the orbital interactions, thus the
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lattice size and lattice distortion. Band structure calculations show that the top of the valence
band involves hybridized metal s and halide p orbital states. The orbitals s and p are related to
the metallic and halide element’s electronegativity y, which therefore influence the top of the
valence band energy. Playing with chemical composition of the metal-halide has an influence
on the electronic properties, knowing that ypp < xs» and x1 < xpr <xci [157]. The bottom of
the conduction band consists of metal p and halide s orbital states. The orbital overlap in
the conduction band is smaller than in the valence band, therefore the hybridization is less
pronounced. This leads to an higher ionic bond with a conduction band dominated by metal
state. Furthermore, the conduction and valence band are both dependent of the lattice size,
which is determined by the ionic radii of both anions and cations. A smaller lattice would for
example lead to more confinement effects, which would shift the atomic levels slightly upward
and therefore affecting valence and conduction band energy.

3.4.5 Electron-phonon coupling and polaron lifetime

Delay (ps)
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Figure 3.11: Strong electron-phonon coupling in MAPbI3, between the 1.1 THz twisting Pb-I-
Pb mode and the bandgap. Extracted from [158].

Strong electron-phonon coupling has been detected so far in LHPs, for exemple in MAPbI3,
related to twisting/bending Pb-I-Pb angle [158]. Kim et al used transient absorption spec-
troscopy to probe optical band gap modulation as shown on Fig. 3.11.a. They observed a
coupling with the bandgap of the 1 THz mode. It would mean that the Pb-X-Pb twisting
mode can modulate the bandgap in LHPs, and therefore that the equivalent 1.1 THz mode in
MAPDBr3 should exhibit strong electron-phonon coupling. Guo et al. [159] observed a cou-
pling between the bandgap and an equivalent mode to 1.1 THz in MAPbBr; at 80K, assigned to
a symmetric Ay mode. Finally, Bretschneider et al. [160] used THz time-domain spectroscopy
to extract an approximate polaron formation time of 0.4 ps in MAPbI3, FAPbI3 and CsPbljs.

Due to the soft lattice and the important anharmonicity, especially at room temperature, it is
very hard to observe the phonon dynamics (likely related to polaron formation) in an excited
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state, i.e. after the injection of free electrons into the structure. In this research work, we are
focusing on the study of phonon systems in lead bromide perovskites (MAPbBrs and CsPbBr3)
in the electronic ground state. The objective is to excite the perovskites samples below the
bandgap to avoid any charge carrier injection, using a THz wavelength, and get in resonance
with the most polarizable phonon modes (Section.6.3 and Section.6.2). We aim to study the
dynamic polarization response of the lattice to the THz excitation and to observe the phonon
modes dynamics. Finding the main mode which dominates the dynamic lattice polarization
response in the electronic ground states is indeed required to understand the carrier screening
in the excited states.

3.4.6 OKE spectroscopy and looking-like coherent dynamics

There was no direct observation of polaron formation until Miyata et al.[58] studied LHPs
with time-resolved optical Kerr effect (tr-OKE) spectroscopy, a technique usually used to
study liquid-like systems such as water [161, 162]. The technique is explained in Section.6.1.
This work provided a direct time domain view of below and above bandgap dynamics in
MAPbBr3 and its all-inorganic counterpart CsPbBrs. While pumping far below and close
to the band gap (respectively in the nonresonant and in the preresonant regime) at room
temperature on single crystal MAPbBr3, Miyata et al. observed significantly different dynamics
depending on the A-site cation. In the case of the organic MAPbBr3, they observed a flat
non-oscillatory signal, decaying after few picoseconds and with a decay time depending on
the pump pulse energy (Fig. 3.12.a). No particular frequency was observable in the Fourier
Transform (Fig. 3.12.b) Interestingly in the case of the fully inorganc CsPbBrs3, long-lived oscil-
lations appeared (Fig. 3.12.c), with frequency again highly dependent on the pump energy
(Fig. 3.12.d). In the carrier injection regime, both MAPbBr3 and CsPbBr; showed an expo-
nential decaying dynamic. The below-bandgap signals in MAPbBr; were attributed to the
transient polarization anisotropy caused by liquid-like reorientation dynamics of organic
cations and lattice disorder, while the above-gap excitations were discussed in relation to
polaron formation. On the other hand, the oscillatory features in CsPbBrs were attributed
to potential coherently excited collective modes, such as phonons. Nevertheless, the strong
dependence of the oscillatory frequency on pump energy contradicted this approach.

Studying nonresonnant and preresonnant regime below the LHPs bandgap is fundamental
as several important process might take place in this range of energy, such as stimulated
emission, polariton condensation, superfluoresence or photon recycling [163, 164, 165, 166].
Moreover, in order to establish the photophysical mechanism in LHPs, it is necessary to un-
derstand the ultrafast polarization response to light fields and the subsequent generation
of charge carriers or excitons. As discussed previously, two main polarization contributions
are commonly discussed in perovskite community : the deformation of the inorganic lattice
cages and the reorientational motion of the organic cations, in the case of MAPbBr3. It was
suggested that these processes could subsequently lead to dynamic screening models and
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Figure 3.12: Time-resolved OKE spectra of MAPbBr3 (a) and CsPbBr; (b) as a function of
pump energy, with their Fourier components, (c) and (d) respectively. Black lines on top show
calculated frequencies of normal mode. Reproduced from [58].

polaron formation.

3.4.7 Towards the concept of dynamical Rashba effect

Rashba effect in LHPs

As discussed in Section.2.3.2, Rashba effect is intimately connected to the presence of heavy
nuclei, such as lead and possibly iodine in LHPs, which have a high SOC constant, and to the
presence of inversion symmetry breaking [44, 167, 42, 103, 168, 169, 170]. Therefore, Rashba
effect might appear in LHPs.

Understanding the reasons behind the reduced carrier recombination rate in LHPs, exceeding
the predicted Langevin limit by 5 orders of magnitude [171], is one of the hottest topics in
current perovskite research. It might also be one of the main reasons behind the impressive
rise of photovoltaic efficiency of perovskite solar cells, now exceeding 22%. The heavy nature
of lead and halide ions leads to significant spin-orbit coupling in many hybrid perovskites.
This lowers the band gap and in absence of inversion symmetry may cause a splitting of the
conduction band states with the lower, split-off band forming the conduction band minimun
(44, 167, 42, 169]. As mentionned in Section 2.3, the indirect band gap of this electronic
structure would slow down the radiative electron-hole recombination. The Rashba splitting
and its origin are well studied in 3D hybrid perovskites such as MAPbI3 [93, 93, 68, 172, 67,
173, 174, 175, 176]. However, the connection between the Rashba effect and the long carrier
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lifetime remains controversial, as more detailed studies reveal no evidence for spin forbidden
optical transitions in perovskites [172].

The different Rashba splitting experienced by valence band and conduction band introduce
the different Rashba splitting terms, such as Ak the splitting wavevector and « the Rashba
coefficient. It is important to note that both the splitting energy and the Rashba coefficient are
much more prominent in the conduction band than in the valence band. This originates from
the different density of states at the conduction and valence band edges. Indeed, the Rashba
band splitting arises from the spin-orbit coupling effect and is dependent on the total angular
momentum J of the electrons. As as consequence, it is expected that p-electrons experience a
larger Rasbha splitting than s-electrons. VB maximum of the LHPs mainly consists of the 5p
of I and a large portion of the 6s of Pb, while the CB maximum mainly consists of Pb 6p [177,
178] . Therefore, the Rashba splitting energy and coefficient at the CB is expected to be way
larger than that of the VB. This property, may explain the recombination process in LHP solar
cells. Indeed, the photogenerated carriers of conduction and valence band would thermalize
at band extrema located at a different points in k-space. Therefore, radiative recombination
which preserves k would be hindered as in the case in indirect band gap semiconductor.

Rashba effect in 2D LHPs

2D LHPs have particular interest to us, because their low dimensionality favor the apparition
of the inversion symmetry breaking, particularly at surface terminations and interfaces [174,
179, 180]. Yu et al. recently investigated the magnitude and origin of Rashba splitting in
2D perovskites and demonstrated the correlation between the splitting magnitude and the
octahedron distortions [181]. Furthermore, they noticed that different numbers of inorganic
layers, spacer cations, and A-site cations have a great influence on the Rashba splitting through
different mechanisms. Experimental studies showed that introduction of a halogen atom such
as Chlorine or Bromide could lower the crystal symmetry, leading to non-centrosymmetric
structures [182]. Others experimental and theoritical works studied of spin relaxation support-
ing the presence Rashba splitting in 2D LHPs [183] and predict a giant Rashba effect with a
splitting energy of 40 meV [184]. Nonetheless, it remains unclear how the structure parameters
influences the structural distortion and the splitting magnitude, and more importantly how to
directly observe the conduction and valence band splitting.

Dynamical Rashba effect

The Rashba splitting requires in principle a noncentrosymmetric crystal symmetry. However,
the assignement of the main LHPs space group symmetry is still debated. For exemple, MAPbI3
was proposed for the space group symmetry 14/ mcm [38] as well as I4cm space group [185],
which may allow for polar ferroelectric distortion. Therefore and despite many attempts,
MAPDI;3 crystal structure in the tetragonal stable phase at ambient temperature has not been
fully understood, including the position of the organic cations. It is likely that the material
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does not exhibit macroscopic ferroelectric behavior at room temperature [186] which would
in principle prevent the occurrence of a static Rashba band-splitting. However, it has been
proposed that structural fluctuations, possibly present at room temperature, might give rise
to local ferroelectric domains which could extend beyond the characteristic Rashba length
scale of few nanometers [187]. Therefore, a macroscopic and static lack of inversion symmetry
might not be necessary since local electric field could give rise to a dynamical Rashba effect,
i.e a spatially local Rashba splitting fluctuating on the picosecond timescale which is typical of
MA™ cation dynamics. [140, 188, 189].

3.5 Summary and open questions

This part allowed us to have a better understanding of the state-of-the art in LHPs and to
summarize their properties, notably as a function of their size and chemical composition. The
main properties are summarised in Fig. 3.13. The research presented in this thesis has the
following objectives:

e Understanding the origin of the oscillations in OKE signal (Section 6.1).

* Control and characterize Raman-active mode dynamics in single and quadruple A-site
cation LHPs using strong field THz pump source (Section.6.2 and Section.6.3). This
would provide information on the most polarizable sublattice phonon modes that can
participate in dynamical charge screening.

* Compare electrons relaxation dynamics in the conduction band of MAPI; in tetragonal
and orthorhombic phase to understand the relationship between organic A-site cation
and possible static screening (Section 7.1).

» Taking the first steps in the analysis of Rashba splitting in 2D perovskites using time and
angle-resolved photoemission (Section 7.2).

* Characterise electron relaxation and charge recombination in quadruple A-site cation
LHPs and compare their solar cell device performance with single A-site cation LHPs
(Section 7.3).
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Kerr Effect spectroscopy

The Kerr Effect spectroscopy is widely used in this research work, first through optical and
then with Terahertz excitation. This chapter aims to give the reader a better understanding
of Kerr Effect spectroscopy, what phenomena it allows us to study as well as giving a precise
introduction to the experimental setup employed.

First, we define the Kerr effect through its widely spread experimental techniques, the optical
Kerr effect (OKE). Second, an innovative technique of time-resolved Terahertz Kerr spec-
troscopy (TKE) is described. The later is used in order to observe Pb-Br lattice dynamics
in different chemical composition of LHPs. In general Kerr spectroscopy, the electric field
of a linearly polarized pump laser pulse creates transient anisotropy in the sample and the
resulting birefringence is detected by the polarization rotation of the probe pulse, allowing to
measure the system’s response on a femto- to picosecond timescale. In this experiment, the
lattice’s sample are excited through a THz pump pulse. The general operation and parameters
of the setup are discussed in this chapter.

4.1 Introduction to general Kerr Effect

4.1.1 Basic principles

Kerr effect was discovered in 1875 by the Scottish physicist John Kerr [190, 191]. Also called
the quadratic electro-optic effect, it is defined as a nonlinear optical effect which can occur
when light propagates in a medium. It can be represented as a change in refractive index of
the medium caused by electric fields, and being proportional to the square of the electric field
strength. Two different forms of Kerr effect does exist: the Kerr electro-optic effect (DC Kerr
effect) and the optical Kerr Effect (AC Kerr Effect).
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Kerr electro-optic effect takes place when a slowly varying electric field is applied to a medium,
e.g. to a piece of glass using two electrodes. A light beam passing the medium can then
experience a polarization-dependent change of optical phase which is proportional to the
square of the voltage applied to the electrodes, i.e., to the square of the electric field strength.

N : polarizer

Pump \IE

Detection
An

E?d

Probe

Figure 4.1: Basic sketch representing OKE experiment. Probe pulse (red) is polarized at 45°
with respect to the excitation pump pulse (green). The birefringence An induced in the
sample is measured by the change of polarization of the probe by the detection system. y is
the third-order electric susceptibility of the sample, connecting the different electric fields
involved in the FWHM process.

In this work, we focus on the second form of Kerr effect, the optical Kerr effect (OKE). The
later occurs without an externally applied electric field but is based on the electric field
of a electromagnetic light wave only going through a medium (Fig. 4.1). The Kerr effect is
originating from an instantaneously occurring nonlinear response, which can be described as
a modification of the medium’s refractive index. In the case of high intensity light beam, the
refractive index is modified according to:

When a strong electric field E (e.g from an intense laser source) is applied to a medium,
it induces an optical anisotropy in it. Therefore, the material can be characterized by two
different refractive index values. One is parallel to the applied electric field E (n), the other is
perpendicular to it (n). The birefringence generated results in a phase difference ¢ between
the two parallel and perpendicular components [162]. Moreover, the induced birefringence
An=n - ny isrelated to the squared electric field:

2
@:%l(n” —ny)=2mlBE 4.1)

with A the light’s wavelength, [ its length traveled throughout the sample, B a constant.

In order to detect this birefringence variation, we consider that the electric field goes through
two cross polarizers placed before and after the sample, then is detected by a diode detection
system. When no birefringence is generated in the sample, no electric field is detected after the
last polarized. When birefringence occurs in the sample, it results in a partial depolarization
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of the light electric field and the diodes system detects an intensity signal I. The later depends
on the phase shift ¢ in the medium:

I= Iosinz(g) 4.2)

with Ij the initial intensity. For small values of @, the transmitted intensity is proportional to
the square of the phase difference.

OKE belongs to the family of four-wave mixing (FWM) processes and involves four electric
fields, which are the electric field of the incident beam probing the birefringence (i.e the
probe); the electric field of the beam inducing the birefringence (i.e the pump), which acts at
the second power according to Eq.2.17; and finally the light emerging from the sample. OKE is
described by the third-order of nonlinear polarization P;\?;)L(t):

Py (D)= f Car f ar [ t Aty 60 1 T EY (Y ER (Y EP (") 4.3)
—00 —00 —00

with ng})kl the third-order electric susceptibility of the sample, while subscripts refer to the
polarization directions of the different electric fields involved in the FWM process. The three
electric fields on the right side correspond to the incident probe beam (E;) and the two exciting
pump beams (Ej, E;), with their applied times #". On the left side, the time-dependent third-
order nonlinear polarization refers to the fourth generated electric field from FWM, polarized
alongi.

In our time-resolved experiments, the electromagnetic fields are applied in the form of ultra-

)
L

and can refer to ultrafast mechanism dynamics in the excited medium. The experiments can

short light pulses of few femtoseconds, implying that the PI(\? ;(2) has a full physical meaning
described as an intense excitation pump I, inducing birefringence at a given time in the
sample and setting the time origin £ of the experiment, while a probe pulse I, is probing the
residual birefringence induced by the pump in the medium with a variable delay 7 (Fig.4.1).
The detection system measured the intensity of the probe pulse transmitted after the second
polarizer of the experiment as a function of time delay [162]:

+00 t
S(t)o<f dtlpr(t—‘r)[f R(t =) ())? (4.4)

with R(?) is the response function of the system, related to third-order nonlinear susceptibility
terms. The response function contains the electronic, ionic and molecular dynamics and is
thus related to the several polarizability processes, as discussed later in Section.4.4.3 [162, 77].

In this research work, we use Kerr effect with two different objectives. Firstly, we propose an
innovative experimental and theoretical approach of ultrafast polarization occuring in LHPs.
For this purpose, Section.6.1 present our work using optical Kerr effect (OKE), meaning that
the studied materials are excited with a laser-generated pump pulse having an energy of the
optical electromagnetic domain. Secondly, we characterize the highest polarizable lattice

57



Chapter 4 Kerr Effect spectroscopy

mode of diverse LHPs using Terahertz-induced Kerr effect (TKE). In this technique, the pump
is not in the optical domain anymore, but in the THz region. The results of this work are
presented and discussed in Section.6.2 and Section.6.3, while the technique is discussed in
the following section.

4.2 Terahertz Kerr effect spectroscopy (TKE)

4.2.1 THz excitation

Electronics Photonics

Wavelength
10 m 10cm 1 mm 10 um 100 nm 10 fm

Ultra-

Infrared violet

106 108 101 1012 104 10%6 108 102
Frequency
THz region:

100 GHz to 10 THz
3 mm to 30 um
(1THz=1ps £33 cm?20.3 mm£4.1 meV)

Figure 4.2: Frequency and wavelength regions of the electromagnetic spectrum, with a focus
on the THz region.

It is important to remind here that most elementary excitations of solid state physics occur
on THz energy and time scale. The photon energy of a THz radiation is resonant to lattice
vibration (phonons) [192, 193]. Fig. 4.2 shows were the THz region is located in the frequency
and wavelength regions of the electromagnetic spectrum. More exactly, 1 THz = 10'2 Hz 2 1 ps
233cm™! 2 4.1 meV. The THz electromagnetic wave can linearly probe phenomena having the
same timescale, such as charge carrier scattering, electron-phonon equilibration or lattice
dynamics

The lattice structure and its vibration determine numerous solid state properties, such as
mechanical, thermal and electric ones. Therefore, the observation and the dynamic control
of the lattice vibration might be very promising for phononic applications and to better
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understand fundamental properties of certain materials such as LHPs [194, 195]. Among
these, phonons are new key players to control ultrafast solid-state processes, notably using
the lattice degree of freedoms to command these dynamics [196, 197, 198, 199]. In this
research project, we worked with a novel nonlinear excitation mechanism able to couple with
Raman-active phonon modes of LHPs sublattice using intense THz pump pulses. This aims to
better understand the lattice dynamics in its electronic ground state (i.e without any carriers
excitation) and to later have a better understanding of the lattice-carrier interaction inside
these materials, such as carrier screening.

4.2.2 Motivation for THz-induced Kerr spectroscopy (TKE)

THz-induced Kerr measurements have already been successfully performed to study molecular
orientation dynamics [77], as later discussed in Section.4.4.3. Time-dependent THz-induced
Kerr signal has the particularity to highlight all the polarizibility processes related to the
medium studied, namely always fast electronic response and potentially ionic dynamics or
molecular orientation [162]. The magnitudes of the observed Kerr signals scale quadrati-
cally with the THz electric field amplitude expected, as expected for a nonlinear y® process
(Eq.2.17).

THz wavelength allows to excite IR-active modes and nonlinearly Raman-active modes, in the
case of strong fields. Lattice vibration modes and their dynamics and relaxation can be probed
using time-resolved pump-probe experimental setup. Phonon lifetime in perovskite being
in the range of about picosecond [135], a femtosecond laser system is necessary to resolve it.
Furthermore, THz wavelength were often used as a probe in pump-probe experiment [148,
200, 201, 202] but rarely with such an intense pump. Indeed, before the last decade THz field
strengths have been too small to induce observable higher-order nonlinear effects [77]. Fem-
tosecond optical pulses have been used to produce a THz pulse, for example through optical
rectification. To excite a material like LHPs, the THz pump pulse should have a relatively high
power, which was made possible using amplified laser system.

Electro-optic sampling depends on the different timescales on which the pump and probe
fields evolve. The THz pump pulse used in these experiments has a period of about 1 ps, while
the probe pulse envelope is only 20 fs long. In order to reconstruct the material response to
the THz field, the experiments requires many repetitions of the experiment with different
pump-probe delays 7. The probe pulse has to be shorter than the sample property evolu-
tion to be able to observe them, meaning the probe pulse duration limits the temporal and
frequency resolution of the pump-probe experiment. Moreover, the phase matching should
also be optimal between the phase velocity of the pump and the group velocity of the probe.
The scientific achievements of this thesis require a specific THz source, that combines high
intensity and short pulse durations for the probe. To meet these expectations, a high power
THz laser system was used.
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4.3 High power THz laser system

4.3.1 MHz oscillator

The whole laser system and time characterization from data acquisation and delay stage are
seeded by an ultrafast pulse Coherent laser oscillator which acts as a clock and the reference
time, with its 78.77 MHz repetition rate and 20 fs pulse duration. This system is a mode locked
oscillator composed of the common laser components (gain medium, cavity, pump energy
source).

The seed pulses then exit the oscillator and are separated into two paths: one is used for the
probe and will not be modified (neither in wavelength nor in power). The other one used
for seed pulses which will be routed to the kHz amplifier and then to the LiNbOj3 crystal to
generate THz pump pulses.

4.3.2 kHz amplifier

In order to provide intense THz pulse, the oscillator pulse energies need to be amplified, which
also requires a decrease of their repetition rate, reduced to 1 kHz. Pulse amplification need
severals steps, explained in the following subsection.

Regenerative amplifier

kHz regenerative amplifier (Coherent Legend Elite Duo USP). The oscillator beam is separated
by a pass filter, with one path being used as the probe, and the other one for the pump. This
beam first propagate through 2 Faraday isolators, in order to prevent back reflections into the
oscillators, that could cause severe damage.

The main goal of the amplifier is first to stretch the pulse, then to amplify a lot their power
using gain medium and finally to compresse the high energy pulse. Thus, the seed pulses
are stretched by a grating stretcher before entering in the regenerative amplifier (RegA). To
prevent excessive peak intensity able to damage the optical components, this grating stretcher
induces a large group velocity dispersion that stretch the femtosecond pulses to the order of
picosecond pulses.

The stretched seed pulse go through a first Pockels cell! (PC1) , which rotates its polarization,
allowing the seed to go through the cavity windows. Then, the seed pulses are coupled into

Tpockels cell: device consisting of an electro-optic crystal U having electrodes attached to it and through which
a light beam can propagate. The phase delay in the crystal, originating from Pockels effect, can be modulated by
applying a variable electric voltage. The Pockels cell acts such as a voltage-controlled waveplate.
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Figure 4.3: Sketch of the regenerative amplifier (RegA) and single pass amplifier (SPA). Oscil-
lator seeds first go throught two Faraday isolators (FI1 and FI2) preventing back reflections.
Then, they are stretched by a grating stretcher before entering the RegA. A waveplate (WP)
and the switching of the Pockels Cell (PC1) allows the seed pulses propagation through the
first Ti:Sapphire crystal (Ti:Sa). Ti:Sa is pumped by a 527 nm pump LASER, which is recycled
between the two dichroic mirror (DCM1 and DCM2) The polarization of the generated 800
nm pulses rotate after switching the second Pockels cell (PC2) and are further amplified in the
a second Ti:Sa crystal (Ti:Sa). Extracted from [75].

a laser cavity composed of a Ti:Sapphire crystal in order to amplify the stimulated emission
over several roundtrips in the cavity. At the same time, the Ti:Sapphire crystal is pumped by a
frequency doubled Nd:YLF laser (Coherent Evolution-HE, 527 nm, 45 m] at 1 kHz repetition
rate, about 150 ns pulse duration).

Single pass amplifier

The pulse is again amplified by propagating through a single-pass amplifier, which is another
Ti:Sapphire crystal (Ti:Sa), pumped by the same Nd:YLF pump laser used in the regenerative
amplifier. This last one and the second pass amplifier leads to uncompressed output pulses
with 10 mJ pulse energies at a repetition rate of 1 kHz and a central wavelength of 800 nm. The
pulses are then further amplified in a cryogenic single pass amplifier.
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Cryogenic pass amplifier

This single pass amplifier is again composed of a Ti:Sapphire crystal as active medium for
amplification. Its particularity is to be enclosed in a Helium cryostat operating at 62K under a
10~% mbar pressure. These cryogenic conditions are necessary to ensure the amplified and
highly powerful pulses coming from the previous single pass amplifier are not damaging the
Ti:Sapphire crystal. Furthermore, it also takes advantage of the temperature dependent gain
profile, leading the final pulse energy to a 18 mJ power. The active medium is pumped by two
Revolution laser.

Compression

The pulses are then separated by beamsplitters and directed to three different path of compres-
sors. Each of them are composed of a pair of parallel fold reflection gratings that recompress
the pulses to 35 fs, leading to a gain in peak power. The kHz amplifier system finally produces
three output beams, including the output later used to generate THz. It provides 5 m] pulse
energy with a pulse duration of about 35 fs at a central wavelength of 800nm.

4.4 THz Kerr Effect Setup

4.4.1 THz generation : optical rectification in LINbO3

Exciting Raman-active phonon modes in LHPs requires high field THz to allow nonlinear
excitation process. Therefore, amplified pulses coming from the kHz amplifier are directed to
an optical rectification setup where single-cycle THz pulses are generated using tilted-pump-
pulse-front scheme in a LiNbOs crystal [203].

THz pump pulse generation and path

The beam coming from the Cryo-amp is directed to the THz generation setup Fig. 4.4. This
beam is a 800nm central wavelength beam with 6 mJ pulses stretched to approximatively 80
fs at 1 kHz repetition rate. The pulses are used to excite a Lithium Niobate LiNbOj3 crystal
through the tilted pulse front method [204, 203]. The tilted pulse front is achieved by imaging
the laser spot on a grating (G) followed by two cylindrical lenses (CL1 and CL2) into the LiNbO3
crystal. A half-waveplate allows to tune the grating efficiency and therefore the pulse power
applied on the LiNbOj3 crystal. THz pulses are generated by the optical rectification process in
the LiNbOj crystal and reach a short focal length parabolic mirror (PM1). The THz radiation is
cleaned from the remaining 800nm pump beam using a Teflon scatterer (TS). For the purposed
of our experiments, a THz vertically-polarized polarizer fix the polarization of the radiation
(TP1), that is then collimated by a 2-inch parabolic mirror (PM2). In order to control the THz
radiation power, two other polarizers are placed on the beam path: a motorized THz polarizer
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Figure 4.4: THz generation setup.

(TP2) and again a fixed THz s-polarizer. Finally, the THz radiation is focussed with the probe
beam on the sample by a parabolic mirror (PM3) [205].

Optical rectification

Several THz sources use optical rectification to convert strong laser pulses to THz frequency
range pulses. Optical rectification consists on the simultaneaous interaction of two intense
light waves with respective frequencies w; and w, and with a large second order nonlinear
susceptibility term y@, that enables the generation of a nonlinear polarization response Pﬁ)L
P](\z,)L contains a non-oscillating term w = w1 2 - w21 = 0 which is called rectified term [71]. In our
case, we are using ultrashort laser pulses containing a spectrum of frequencies, broadening
the initial spectral line w = 0 and finally reaching finite frequencies around the THz range.
Unlike typical generation crystals as GaSe or ZnTe, LiNbOj3 crystal requires even more drastic
condition to achieve high conversion efficiencies, particularly for the phase matching Ak.
Indeed, the pump pulses group velocity necessarily have to match the THz field’s phase in
the crystal in order to minimize the phase mismatch and therefore to generate efficiently
THz single pulses. For this purpose, a pulse front tilt is realised, meaning that the pulse front
experiences a delay across the cross section of the beam, while the phase front of the NIR
beam remains perpendicular to the travel direction. It is equivalent having the beam later-
ally segmented and the segments continuously delayed in time. This segmentation of the
beam is made possible by a combination of the reflective grating (G) and a 4f telescope, as
shown on Fig.4.5. The LiNbOs crystal has one side face cut in the same angle, allowing to
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Figure 4.5: Optical rectification in LiNbO3 and generation of THz pump pulses.

emit THz radiation with wavefronts perpendicular to the surface [206]]. A 1.3 mol-% MgO
doped stoichiometric LiNbO3 crystal is used. The pump pulse front tilt inside the crystal
generates a THz spectrum centered at ~1 THz. The Lithium Niobate source generates 1 ps
duration, near single cycle pulses with a spectrum from 0.1 - 2.5 THz peaked at about 1.2 THz
and field strengths of up to 1.5 MV/cm at the sample as shown on Fig. 4.6 . The typical THz
spot diameter on the sample is = 300 pm (gaussian FWHM diameter). The THz electric field
evolution was determined with electro-optic sampling method (EOS) in a 50 um z-cut quartz.

The linearly vertically-polarized THz pulse then lead onto the sample with three parabolic
mirrors. The generated excitation and dynamics in the sample are probed by the probe pulse
arriving from the amplified system oscillator output (repetition rate @ 78.77 MHz). The optical
probe parameters are detailed in the following subsection. The probe is collinearly overlapped
and temporarily delayed with respect to the Terahertz pump path. The probe polarization
is set at 45° with respect to the s-polarised (i.e vertical) THz pulse. The later induces change
in birefringence in the sample because of Kerr effect [77]. This induced birefringence causes
probe field to acquire phase difference between the polarization components parallel and
perpendicular to the pump field. The phase difference is later detected by a combination
of half-waveplates 1/2 (HWP) and quarter-waveplate A/4 (QWP), followed by a Wollaston
prism which spatially separates the incoming light beam into two separate linearly polarized
outgoing beams with orthogonal polarization. The intensity of these two beams is detected
by two photodiodes. As the induced birefringence is relatively small, the difference intensity
between the two photodiodes is proportional to the induced birefringence. The precise
detection mechanism is further explained in the following subsection.
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Figure 4.6: THz electric field spectrum from LiNbOj3 source with (a) temporal and (b) frequency
spectra.

In these Terahertz Kerr effect experiments, a linearly polarized optical probe with a wavelength
energy smaller than the bandgap of the semiconductor we want to study is used to interrogate
the sample properties, particularly to follow the change of birefringence in the material. In
our setup, a = 1 nJ, 25 fs linearly polarized pulses with 800 nm central wavelength with 80
MHz repetition rate pulses coming from the oscillator is used to probe the sample dynamics.
For the purpose of pump-probe measurement, the probe pulses are mechanically delayed
with respect to the THz pulses with a motorized linear translation stage (NEWPORT GTS-150
controlled by a NEWPORT XPS controller). The optical probe beam is focussed through a
hole in the parabolic mirror (PMx) in order to follow the sample response. The probe beam
properties, particularly its intensity and its polarisation are translated into an electrical signal
in the detection system detailed below.

4.4.2 Detection Mechanism
Electro-optic detection

The electro-optic detection system used in the setup is represented on Fig. 4.7. A motorized
broadband half-waveplate (1/2) controls the probe polarization. The probe spot size on the
sample in the focus is around 50 um (gaussian FWHM diameter). During the interaction with
the samples excited with THz pump pulse, the linearly polarized probe can acquire polariza-
tion rotation 6 or ellipticity change v. The change in polarization is detected by the balanced
detection setup. It consists in a quarter-waveplate, a motorized half wave plate, a Wollaston
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prism and balanced photodiodes. The quarter waveplate (1/4 ) converts the incoming probe
beam with ellipticity v to a linear beam. The motorized half-waveplate compensates the
polarization rotation created by the sample. The Wollaston prism (WP) aims to split the beam
into two orthogonally polarized component beams, respectively recorded on photodiodes,
able to resolve 80MHz pulse train. The both photodiodes (PD1 and PD2) record the difference
of the two component beams. When there is no probe polarization change because of the
absence of pump induced polarization change, the two components have equal intensity on
the photodiodes. In contrary, a probe beam polarization rotation 6 leads to an imbalance of
the two component beam intensities and generates signal in the photodiodes.

Differential Digitalizer

PC
loop card

li=1p

PD1 PD2

Pump
1 THz

WP A2 M4 A2

Probe
800 nm

sample

Figure 4.7: Detection system.

The difference signal between the two photodiodes AT directly measures the change of
polarisation:

1
Al = 5eoc(|151|2 —|E|?) = IpsinI” (4.5)

with €y the vacuum permittivity, E; and E, the electric field measured by the photodiode 1
and 2 respectively, 'the relative phase retadation between the two projections E; and E.

Data acquisition and signal-to-noise improvment

Signal(t) is reconstructed by varying the pump-probe delay T and repeat the measurement.
The motorized translation stage is operated in a "fast scan mode", allowing to scan the entire
pump-probe delay range in one continuous motion while recoding the position whenever an
electrical signal arrives on the photodiodes. The motorized delay stage position is synchro-
nized to the 1 kHz laser repetition rate. This detects the pump induced modulation of the
difference current of the two photodiodes AI = I = I, due to polarization changes of the probe.
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To detect and isolate the pump-induced dynamics in the samples, electrical background
subtraction was performed using a specific electronic delay line [75, 205]. The latter behaves
as an interferometer : the electrical signal j containing the pulse and obtained on the diode is
separated by a voltage divider dimensioned for the experiments, which separates the incoming
pulses into a transmitted and a deviated part. The transmitted pulse (j + 1) got sign reversed
because of reflection at the end of the delay line and is superimposed with the deviated pulse
j. The transmitted pulse signal is finally 6, = (j + 1)-j , leaving only the pump induced signal
change 61, which is then amplified x100 in a broadband signal amplifier before the data
acquisition. The same process happens to the pulse j and j — 1, which are again superposed,
allowing to isolate the signal 6, = -§,. These two signal components are detected by the
digitizer card.

4.4.3 From polarization to lattice dynamics
Relation between n and y©®

Initial linear refractive index ng is described as Eq.4.6 and the nonlinear refractive index n is
obtained by its Taylor expansion as shown on Eq.4.7:

ng=1-y* (4.6)

OP
n2=n(E)2=1+%=1+)((1) + P E+ ¥ E? 4.7)

As LHPs are supposed to be centrosymmetric, y? term is cancelled. An is obtained by approx-
imating the difference of Eq.4.6 and Eq.4.7, leading to a relationship between the variation of
probe polarization Az and the pump electric field E:

n(E)? —ng=2nyAnox y® E? (4.8)
A relationship can finally be set up between An and the polarizability a of the medium:

Ano (@e + Ajon + Amol) (4.9

Polarizability measurement

This subsection provides a short overview of the Terahertz Kerr spectroscopy used in the
following experiments, as well as a state of the art of the previous use of THz-induced Kerr
effect. We focus on the physical processes observed by this techniques (Fig. 4.8).The balanced
detection system measured the change of birefringence by following the probe polarization
angle ©, which can be defined as followed:
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- A”wprobeL

(4.10)
c

with An = n — ny the change in refractive index compared to the original probe polarization, L
the thickness of the sample, c the electric field velocity. The nonlinear polarization originating
from the four wave mixing (FWM) emits a cross polarized new signal field which mixes with
the transmitted probe field and thereby creates an effective change of the total transmitted
light field’s polarization at frequencies close to probe frequencies. This gives information of
polarizability dynamics in the studied material. It is important to be careful with the term of n
as a physical refractive in our experiments: the change of birefringence that we measured on
the diode with the rotation of the probe by the angle @ is not correlated to the linear refractive
index of the sample but to the nonlinear electric field generated in the sample by nonlinear
FWM process. Thus, the change in birefringence that we observe is only related to the third
order of nonlinearity y (3).

The induced polarization P(wp,ope) can be expressed with linear and nonlinear term, as a
function of probe and squared pump frequency. The nonlinear term y is considered null in
the case of LHPs which are considered centrosymmetric on a macroscopic scale:

P(wprobe) = €0(X(1)E((Uprobe) +X(?))E(wpump)E(wpump)E(wprobe)) =€oXeffE(probe) (4.11)

with YV E(wprobe) is equivalent to linear polarisation response, while the term with y® orig-
inates from the third-order nonlinear polarization PS)L Using the Eq.4.8, a relationship is
obtained between the change in refractive index obtained at the photodiodes An and the third-
order non linear susceptibility ¥, related to the microscopic polarizability of the material:

n®— ng ~2ngAn=yYerf —)((1) :)((3)IE(a),[mm,[,)I2 x An (4.12)

Therefore, the two THz electric field E7j, interactions (originating from nonlinear Kerr defini-
tion) lead to THz polarizability-related transient birefringence, which is probed by the visible
probe pulse E,, in an effective 3" 4 order nonlinear process.

® response follows the polarizibality dynamics in LHPs. The change of birefringence An

X
enables to access to both the instantaneous electronic polarizability @, and ionic lattice contri-
bution a;,, as discussed in Chapter 2. In principle, the molecular reorientation polarizability
is also accessible with these experiments, but the pump frequency might not be able to excite

the one in the lead halide perovskite system.
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Figure 4.8: Sketching representation of the Terahertz Kerr spectroscopy applied on lead halide
perovskites. The sample is excited by a pulse centered at = 1 THz. The instantaneous electronic
response @, as well as the lattice dynamic contribution «;,, are detected by the change in
birefringence of the linearly polarized probe. The signal is obtained by the balanced double-
diodes detection system, measuring © variation. Adapted from [133].

TKE in liquids

LHPs was never studied with Terahertz Kerr spectroscopy so far, but Terahertz induced Kerr
effect was already performed on liquids [77] as well on some solids as Diamond [207]. Fig. 4.9.a
shows Terahertz Kerr signal for various liquids. A main peak at ¢ = 0 ps is observed in all
liquids, related to the instantaneous electronic response .. It is followed by some decay
features, which vary in function of the chemical composition of the liquids. These oscillations
correspond to molecular reorientation vibration a,,,;. In order to ensure that the observed
physical process originating from the Terahertz kerr effect are observed, it is necessary to
verify that the allegedly Kerr signal is quadratic to the electric field strength as demonstrated
on Fig. 4.9.b. In comparaison, Fig. 4.9.c shows a Diamond THz-induced Kerr signal. In this
material, only the instantaneous electronic polarizibility a, is visible, given that the ionic
lattice mode vibration is at 40 THz. Therefore, it cannot be excited and observed with a = 1
THz pump, as the one used in our experiment.

69



Chapter 4 Kerr Effect spectroscopy

[ “m—cs2 sign'al maximum
quadratic fit

(THz Field)?
——Diamond TKE

IS o
o i
(2]

o -
© o

E°°r g

3 XS 2osl g
N CHI| < o
5 3 22| £ Q

£ Zosf 0.
é x 8.5 % 1=
< benzene g o0s E
w© 2 = o

S x20 % 04 50
® <3 <
IS CCl| @ 8
D 1 4 = 03 B
X x 50 2 5
=

i 0.1f
squareof THz s CHCI
R

e n N L L .
2 4 0 1 2 3 4 5 6 0.2 04 0.6 0.8 1.0
time (ps) THz peak field strength (normalized) Time (ps)

mol Qe

Figure 4.9: (a) TKE signal for various molecules extracted from [77]. Instantaneous electronic
response @, and molecular polarizability «,,,; are observed. (b) TKE signal of Diamond. Only
the instantaneous electronic response «a, is observed, as diamond lattice modes are to high
frequency (= 40 THz) to be excite by our = 1 THz excitation pulse.

4.5 Materials

4.5.1 Single crystals for OKE
MAPbBr; and CsPbBr; single crystals

For the synthesis of CsPbBrj3 single crystals, the precursor solution (0.38 M) was prepared by
E Wang and B. Xiang from X.-Y. Zhu group at University of Columbia, using mixing cesium
bromide (CsBr, Aldrich, 99.999%) and lead bromide (PbBr2, Aldrich, 98%) with molar ratio
of 1:1 in dimethylsulfoxide (DMSO, EMD Millipore Co., anhydrous 99.8%). After being fully
dissolved, the solution was titrated with methanol (Alfa, 99.9%). Then it was further stirred at
50 oC until a yellow permanent suspension formed. The solution above the yellow precipitate
is filtered and serves as the precursor solution for the crystal growth. Methanol was used as the
anti-solvent for slow vapor diffusion and the crystal growth was quenched when the desired
morphology was achieved. A similar method was used for the preparation of MAPbBr3 single
crystals. All the details can be found in the supporting information of [133].

(4cat)PbBr;3 thin films

Glass substrates including BK7 glass and microscopic slides were cleaned with Hellmanex 2%
water solution followed by sonication, then sonication in aceton and isopropyl alcohol, and
dried with nitrogen flow. Glass substrates were further treated in UV-ozone chamber before the
deposition of perovskite layer. The aforementioned chemical compositions were composed
by mixing the appropriate amounts of powder precursors in DMF and DMSO solvents. The
perovskite solutions were deposited with spin coating and the optimized program for each
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composition and thickness. For all samples except CsPbBrs, 200 of chlorobenzene was poured
on the spinning sample. The layers were annealed at 100°C during 1 hour in a nitrogen-filled
glove box.
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Time and angle-resolved photoemis-
sion spectroscopy

5.1 Photoemision

5.1.1 A technique for electronic properties studies

Photoemission is a resulting process of the photoelectric effect, discovered by Hertz in 1887
[208] and explained later by Einstein in 1905 [209]. It can be explained as the emission of so
called photoelectron after the interaction of an electromagnetic radiation, such as light, and a
material. In a condensed matter systems, electrons occupied distinct states of well-defined
binding energy. When a light quanta kv, also called photon, delivers more than the specific
binding energy to an individual electron, the later might be emitted into free space with
excess energy (also named kinetic energy Ej). The kinetic energies distribution of the binding
energies give important information about the binding energy distribution in the atomic,
molecular or crystalline system.

Photoemission is not limited to studies of core levels, it can also analyze valence and con-
duction electrons. The wave functions of these electrons combine to form delocalized states
over the entire solid so-called Bloch states ' in a periodic crystal. A Bloch state corresponds
to the coherent propagation of an electronic wave characterized by a wave vector. These
states form a continuum (also called energy band) which determines electronic properties,
for example charge transport. The wave vector is determined from the emission angle of the
photoelectrons making it an important element for precision measurements.

The first experimental determination of a band structure by photoemission was obtained by
Spicer et al. in 1964 on a copper sample [210]. The particularity of this type of photoemission
is that it allows a conservation of the component parallel to the surface of the wave vector.

T a periodic potential, Bloch’s theorem states that solution to the Schrédinger equation take the form of a
plane wave, modulated by a periodic function. Functions of this form are known as Bloch functions or Bloch
states. In condensed matter physics, they are suitable basis for the wave functions or electrons state in crystalline
solides. They are written : ¢(r) = e(ik.r)u(r) , where ¢ is the wave function, k the wave vector represents the crystal
momentum vector, r the position, u a periodic function with the same periodicity than the crystal.
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The conservation laws of the energy and the wave vector (its parallel component) enable to
obtain the band structure in angle-resolved photoemission experiments. From the energy
and the angle of emission of the photoelectron, it is possible to determine the energy and the
wave vector of the initial state of the electron and thus to obtain information on its dispersion
relations, i.e. on the band structure of the material.

Within a solid, the mean free path of electrons, i.e the average distance between two inelastic
shocks, is very short in matter. With photon energies from IR, UV to X, the photoelectrons
come from the atomic planes in the immediate vicinity of the surface. Photoemission is
therefore a surface sensitive technique which requires to master the preparation and the
non-roughness of the surface. As in my experiments, the samples are cleaved under ultra-high
vacuum (<10~° Torr) to avoid the presence of impurities.

ARPES allows to determine experimentally the band structures of the samples as well as the
dispersion relations and the topology of the Fermi surface ', which is crucial for many physical
properties such as electronic transport. It also gives access to the energy, the wave vector, the
spin as well as some symmetries such as the parity of the Bloch states. It has a central role in
the study of surface states, especially in the case of low dimensional systems with complex
electronic properties. It is a spectroscopic technique particularly well adapted to the study of
systems with strong correlations. Indeed, its high energy resolution allows to study in detail
low energy excitations such as band gap opening or to highlight electron-electron interactions.

5.1.2 Principle of electrons photoemission

We have seen that the absorption of light, or more precisely radiation, by the electrons of a
material, whether it is a solid, a molecule or an atom, can lead to their extraction from the
solid. For this to happen, light must provide the energy necessary to break the bond that holds
the electron to the rest of the system. The study of photoemitted electrons then provides
information on the spectrum of occupied states of the material.

There are two types of electrons that can be distinguished according to the following categories:
i) the core electrons that are located on an atom and thus have a marked atomic character.

TIn the case of metals, the band theory imposes that the valence band is filled with electrons up to the Fermi
energy and denoted E . In quantum physics, Fermi energy can be described as the kinetic energy of the highest
occupied state. Fermi energy is often used to refer to a different but close concept, called the Fermi level or
electrochemical potential. The Fermi energy is only defined at absolute zero, while chemical potential is defined
for any temperature. Because of wave-particle duality, the energy of each electron is described by a wave vector
associated with it, written k. Electrons with an energy equal to the Fermi energy E s have a wave vector whose

norm is given by kr = —”2',?EF All these vectors form a closed surface known as Fermi surface. The properties of
the metal are determined by the shape of the Fermi surface in reciprocal space.
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(ii) the valence electrons are delocalized in states associated with chemical bonds and can
extend over the entire system. These are less bound to the solid and form a continuum, also
called energy band. This band is filled by satisfying Pauli’s rule of one electron per state and is
called the valence band. The energy of the last occupied state in a metal defines the Fermi
level or energy. This Fermi level corresponds to the zero state of the binding energy Eg. The
binding energy of a state is the energy needed to bring the electron to the Fermi level. The
work function corresponds to the energy necessary to extract an electron from the Fermi level
and send it to out of the crystal with zero kinetic energy (this energy reference is called the
vacuum level). Typically, the workfunction of most materials is between 4 and 6 eV. The core
electrons, strongly bound to the atoms, need photons of about ten to a few tens of keV to be
photoemitted (of the order of X-rays), while the valence and conduction band electrons will
need only a few eV.

In the case of a free particle, the relation between the energy and the wave vector, called the
dispersion relation, is an isotropic quadratic form:
_ hZ k2

E(k)_% (6.1

In a solid, the interaction with the atoms necessarily makes this relation more complex and
the knowledge of the dispersion relation E(7c>) is essential for the understanding of the elec-
tronic properties of the solid. In the case of a valence or conduction state, the photoemission
technique measures both the kinetic energy E(k) and the wave vector of the photoelectron
K, therefore making possible to reconstruct the wave vector of the electron in the solid k
and its dispersion relations. This type of measurement based on angular resolution is called
angle-resolved photoemission spectroscopy.

5.2 Angle-resolved photoemission spectroscopy (ARPES)

5.2.1 General description

Angle-resolved photoelectron spectroscopy (ARPES) consist in the excitation of a electron by
an incident photon with energy hv, so called photoelectron, which is then emitted outside
the characterized material. Photoelectrons are later collected by an electron energy analyzer,
which measures both their kinetic energy Ej;,; and their momentum K by detecting the
polar emission angle @ and the azimutal emission angle . These values allow to extract
information on the momentum k of the electrons in the solid and on the binding energy
Ep. ARPES experiment geometry is represented on Fig. 5.1, while the energy balance of
the photoemission process between the characterized solid and the analyzer is sketched on
Fig. 5.2.a.
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e Hemispherical
energy analyzer

Sample’s surface

Figure 5.1: Experiment geometry of the ARPES technique.

Photoemission spectroscopy is based on the laws of conservation of energy and momentum.
It is possible to determine the band structure of the solid from the measurement of the
energy and emission angles (© and @) of the photoelectrons. In vacuum, the energy of the

photoelectron is:
Exin=hv-Eg—¢ (5.2)
kf—ki=kpy (5.3)

with Ep the binding energy, kj, the incoming phonon wavevector, kr and k; respectively
the final and initial wavevector. The photoelectron wave vector is K = p/2m. The modulus
is K = \/2mEy;,/h while the parallel K (K| = K; + K;) and perpendicular K| (K| = K;)
components to the sample surface are obtained from polar 8 and azimuthal ¢ emission angles:

1

Kx=%\/2mEkinsin9008¢) (5.4)
1

Ky:%\/ZmEk,-nsinesin(b (5.5)

1
K,=—v/2mEy;, cosO (5.6)

h
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When the electron reach the surface, the translational symmetry in x — y plane is preserved,
inducing k; = K| and therefore:

2
k= %n\/ZmEkmsinG (6.7)

The momentum parallel resolution can be expressed as:

2
Ak = %\/ZmEkincoseAQ (5.8)

Spectrum n free electrons final state

Valence
band

vacumm

Figure 5.2: (a) Energy distribution of the photogenerated measured as a function of their kinetic
energy Ey;,. Density of states of the solid in terms of the binding energy (left), with Fermi level
EFr corresponding to the zero binding energy. (b) Free-electron dispersion comparison in the
vacuum (right) and in the final bulk state (left) Extracted from [211, 212].

The translational symmetry leads to the conservation of K but it does not impose a condition
for perpendicular K . Indeed, the symmetry is broken in this direction and k, is not conserved.
The relation between k; and K| is a function of the band structure of the material and the
internal potential V4. Since photoelectrons have a high kinetic energy, it is possible to neglect
the periodic potential of the solid and to consider that the final states in the solid can be
described by the free electron approach, i.e assumption is made for the dispersion of the
electron final state E f(k), which is represented by a parabolic dispersion as shown on Fig. 5.2.b.
The electron final state can be expressed as follow:

2 . hki
Ef(k) = —— —|Eol = Exinsin®(0) + — — | Ey| (5.9)
2m 2m

with Ej the energy at the bottom of the valence band. Using equation 5.2, the perpendicular
component of the electron inside the solid is written as follow:

1
kL:ﬁ\/Zm(Ek,-n+Vo)cosz(9) (5.10)
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with Vy=|Ey| + ¢ defined as the inner potential, i.e the energy of the bottom of the valence
band referenced to the vacuum level. The determination of k; is therefore reduces to the
determination of the inner potential Vj, which can be obtained either experimentally with
an hemispherical analyser or from theoretical band structure calculations. In ARPES, the
complete knowledge of the crystal wavevector are challenging, but in the case of 2D system,
the dispersion of the z-axis is negligeable [213].

5.2.2 Hemispherical analyser

After photoemission from the sample, photoelectrons are detected in the vacuum by a detector
measuring their kinetic energy Ey and their direction of emission K. As discussed previously,
these measurements allow to determine the energy and the component parallel to the surface
of the wave vector kj. Fig. 5.3.b represents the energy balance of the photoemission process
from the solid to the analyser, where the Fermi level Er is taken as a zero reference. The left
part of the diagramm represents the density of states of the electron inside the sample we
aim to characterize. The photoelectron spectrum measured by the analyser is drawn on the
right part. Photoelectron are extracted from the sample at the energy Er — Eg. The black
electrical link represents the electrical contact between the sample and the spectrometer. The
chemical potential of the coupled system is separated from the vacuum level (dot line) by
the spectrometer work function @, defining the minimum thermodynamic work required to
remove an electron from the solid to a point in the vacuum immediately outside the solid
surface. Using the energy conservation law and measuring the kinetic energy Ej. allow us to
retrive the binding energy E;, indicating the primary energetical position of the photoelectron,
from Equation 5.2:

EB=hV—¢—Ek (5.11)

In the case of hemispherical electron analyzer (Fig. 5.3.a), the analyzer entrance slit contains
an electro-optical lens which enable a selection of the photoelectron analyzed in function
of their kinetic energy. In the hemispherical detector, the photoelectron beam is deflected
by electrostatic fields. The trajectory of the electrons depends on their kinetic energy, which
allows the selection in energy of the photoelectrons. The detectors also monitor the emission
angle of the photoelectrons, which allows to derive the their wave vector k as a function of the
emission angle. The simultaneous knowledge of the two quantities Ey and k is necessary to
obtain the initial state of the electrons.

In our FemtoARPES setup, an hemispherical electron energy analyzer collects the emitted
photoelectrons and measures their kinetic energy Ey;;, and their momentum, using two
emission angles: the polar angle 8 and the azimutal angle ¢. From these values, it is possible
to find out the binding energy Eg and the momentum k of the electrons of the sample surface,
to later defines its electronic band structure.
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Figure 5.3: (a) Schematic view of a hemispherical electron analyzer, adapted from [214]. (b)
Energy relation between sample and analyzer.

In order to extract the binding energy Eg, the analyzer’s work function has to be taken into
account. This offset-value can be beforehand experimentally measured. Fig. 5.3.b shows
how the Fermi level Er of the sample and the analyzer can be lined up by considering them
connected by an electrical contact. The binding energy Ep is determined using this reference.

5.2.3 Photoemission intensity

To obtain the initial state of electrons in a solid, it is first necessary to understand the different
mechanisms taking place, from the absorption of the photon by an atom to the detection of
the emitted electron. The simplest model is the three-step model that divides photoemission
in three separate processes: the optical excitation, the propagation towards the surface and
the refraction of surface.

: Ze ......................... @

Sample

Figure 5.4: Three steps model representation with (1) optical excitation, (2) propagation
towards the surface, (3) surface crossing and detection.
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Optical excitation

First, a photon of energy 7iv is absorbed by an electron of energy E;. This step is called
optical excitation. The final state is an excited state E; + fiv. The probability of this electronic
transition depends on the energy and polarization of the photon, the initial and final states
and the geometry of the experiment. One can also define this transition as an optical transition
between two states of an infinite crystal. This type of transition satisfies the conservation of
the wave vector, which implies that the initial and final states are characterized by the same
wave vector 7c>, defined inside the first Brillouin zone. We note them (<p§j) | et ((/);Cf 4 |, so that the
transition probability is written :

2 “ . — —
wpi = 1@ Hindl ) 28 (B () = B (6) = o) (5.12)

with Hjp,, the interaction Hamiltonian. Thus, final state E¢( k) depends on the initial phonon
energy used. The matrix element | <¢;cf ) | Hjpe |¢§j)> |=My; contains the essential physics of the
transition process and the Dirac § ! corresponds to energy conservation law.

Propagation towards the surface

The second step is the propagation of the photoelectron in the solid from its position during
the absorption of the photon. A priori the photoelectron can propagate in all directions
but only the electrons propagating towards the surface will be able to leave the solid and be
detected in the detector. In solids, high energy electrons interact strongly in the medium,
which leads to inelastic collisions. The photoelectrons that have lost some of their energy have
also lost the information of the initial state. These electrons are called secondary electrons
and contribute only to the background noise, visible in the experimental spectra. Only the
electrons that have not collided are of interest for photoemission, they are called primary
electrons. However, inelastic scattering mechanisms limit the depth probed by photoemission
and only the electrons emitted near the surface can leave the solid without having undergone
inelastic scattering. Inelastic collisions are described phenomenologically by the inelastic
mean free path (IMFP), which represents the average distance between two inelastic shocks
experienced by an electron in a solid. These inelastic shocks limit the lifetime of the electronic
state of the photoelectron. Inelastic collisions are described by the inelastic mean free path
parameter A, which represents the average distance between two inelastic shocks experienced

MThe Dirac distribution or Dirac function, can be informally considered as a function which takes an infinite
value at 0, and the value zero everywhere else, and whose integral over R is equal to 1. The Dirac § function is very
useful as an approximation of functions whose graphical representation has the form of a large narrow point. It is
the same type of abstraction that represents a ponctual charge, mass or electron. By extension, a Dirac or a Dirac
peak, is used to designate a function or a curve peaked at a given value.
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by an electron in a solid. These inelastic shocks limit the lifetime of the electronic state of the
photoelectron. The inelastic mean free path depends on the kinetic energy of the electrons.
This energy dependence is called universal because observed in all materials. This graph
shows that to be less sensitive to the surface, it is necessary to use either photons of high
energy (several keV) or photons of very low energy (less than 10 eV).

100F

10F

Inelastic mean free path (nm)

0.1 .

" " "
10 100 1000
Kinetic Energy (eV)

Figure 5.5: Universal mean free path for electrons inside solids depending on their kinetic
energy [215]

The inelastic mean free path depends on the kinetic energy of the electrons. As the probability
that a photoelectron created at distance z from the surface does not undergo an inelastic
shock varies in exp~#/*. The photoemission yield I(z) decreases exponentially with the depth
as a consequence of the inelastic scattering:

1(2) o Ipe ?/Acos®) (5.13)

with Iy the initial beam intensity, z the initial depth of the photoelectron, A the wavelength
of the excitation pulse, and 6 the angle of photoemission with respect to the normal of the
surface. This explains why the photoemission only probes a thickness of the order of lambda
below the surface. The surface sensitivity of this technique has important consequences, since
it requires surface preparation to ensure atomic scale order, as well as ultra-high vacuum
technology to keep the surfaces clean.

Surface crossing and detection

The last step is the crossing of the surface which constitutes a potential barrier for the elec-
trons. This process obeys to conservation laws associated with the symmetry of the problem.
The surface constitutes a potential barrier which breaks the invariance by translation of the
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Sample

Figure 5.6: Surface crossing and evolution of parallel and perpendicular wave vectors.

crystal in the perpendicular direction. This barrier absorbs part of the kinetic energy of the
photoelectrons and decreases the component of the wave vector perpendicular to the surface
K, (Fig.5.6).

5.3 Two-photon photoemission (2PPE) for time-resolved ARPES (tr-
ARPES)

5.3.1 Studying time-resolved electron dynamics

Characterizing ultrafast dynamics of electrons in materials such as lead halide perovskites is
technically feasible using time-resolved pump-probe spectroscopy with short laser pulse dura-
tion (around hundred femtoseconds). The combination of time-resolved and angle-resolved
spectroscopy enable to probe the electronic structure dynamics with k-space resolution.

In time-resolved ARPES, two femtosecond laser pulses are used in a so-called pump-probe
configuration. The different components of TR-ARPES are depicted on Fig. 5.7.a and Fig. 5.7.b
respectively. The pump pulse is a femtosecond pump pulse (hv;) creating an out of equilib-
rium excited state in the sample at time zero fy, while the probe pulse (kv») is used to eject the
electrons from the surface into the hemispherical analyzer, to measure its kinetic energy Ej
and momentum K. This technique is commonly named two photon photoemission (2PPE).
Pump pulse can create different excited states in a semiconductor, by promoting electrons
from the valence to the conduction band. The probe pulse is used to detect these different
excited states and to follow their dynamics. By gradually delaying the arrival time of the
probe pulse with respect to the pump pulse (A¢), the relaxation process are characterized
in time, from tenth of femtoseconds to hundreds of picosecond. The different steps of relax-
ations processes we aim to study in lead halide perovskites are therefore accessible, such as
electron-electron scattering, electron-phonon scattering and Rashba splitting.
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Figure 5.7: Sketch representation of two photon photoemission process. Electrons are excited
from the valence band to the conduction band by the pump pulse. Their relaxation dynamics
in the conduction band is enable by the probe pulse and time-delay variation At between the
probe and pump pulses.

5.3.2 Experimental setup

Ultrafast laser system

The time-resolved measurements on FemtoARPES are performed using a femtosecond laser
system represented on Fig. 5.8. The laser system consist in Ti:Sapphire laser system (RegA
Coherent), delivering 6 pJ per pulse with 50 fs duration at FWHM at 250 kHz repetition rate.
It is composed by a diode LASER (Verdi 523 nm), with a wavelength between 780 nm and
820 nm, at 45 nm bandwidth and a 80 MHz repetition rate. The Verdi pulses are splitted in
two: a first beam is used to pump the Ti:Sapphire oscillator (Micra-18), the second one the
amplifier (RegA Coherent 9040). Short laser pulses are generated using a mode-locking system
in the Micra oscillator, while being continuously pump by he Verdi laser, with a 5W power. The
optical cavity of the oscillator is an active mode-locking system controlled by an acoustic-optic
modulator. Depending on the cavity length, only certain modes are allowed. Indeed, only
the ones forming standing waves in the cavity and having a frequency separation equal to
the inverse of cavity round-trip time are allowed. When many modes get macroscopically
populated in the gain medium, a soliton called pulse is generated.

The outcoming pulse from the oscillator further propagate to a SILHOUETTE pulse shaper
composed of liquid crystals. This measures and controls the spectral phase and amplitude of
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the laser pulses, helping to compensate eventual unwanted phase distortion after compres-
sion.

Fundamental beam w,
(6 W; @250 kHz; 780
nm (1.55 eV); 35fs)
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: mirror
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Figure 5.8: Ultrafast laser system.

As pictured on Fig. 5.9, the ultrafast laser pulse are amplified following a pathway including
stretching, amplification and finally compression. In order to enhance the energy per pulse
thus to prevent damage on the optical components as the gain medium in the amplifier, the
oscillator seeds sent to the stretcher where are temporally chirped to roughly 100ps. The
stretched pulses are then amplified in a regenerative amplifier (RegA-Coherent). An acoustic-
optic modulator injects some of the oscillator seeds in the cavity of the Regenerative amplifier.
Then, the induce stimulated emission of identical photon wavelength through a Ti:Sapphire
crystal, excited by the second split beam of 12W from the Verdi 18 laser. The same acoustic-
optic modulator later ejects the amplified pulsed into the compressor. A grating system similar
to the one used in the amplifier system is used to compress the pulses to 50 fs FWHM pulses.
The outcoming pulses have a 6 pJ pulse energy and a 250 KHz repetition rate.

Half of the outcoming pulse is split as the probe beam, the other half is used as pump pulse
to excite the sample. Depending on the properties we want to characterize in the sample
(valence band, electron relaxation in the conduction band..), the photon energy of the probe
and the pump pulses have to be optimized.
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Figure 5.9: Amplification process diagramm

Harmonic generation beam path

Pump and probe energy have to be tune in order to be relevant for a specific sample charac-
terization. Nonlinear optical processes are setup in this optical beamline to allow it, using
higher-harmonic generation as explained in Chapter 2.4.3 . FemtoARPES setup enables to
generate the 2th (3.15 eV), 3th(4.7 eV) and 4th (6.25 eV) harmonic of the fundamental laser
wavelength (1.55 eV) [216]. B-barium borate crystal (BBO) are used at each steps of harmonic
generation, as shown on Fig. 5.10.
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Figure 5.10: Generation of second, third and fourth harmonic from fundamental beam wg
and using BBO crystals. Mechanical delay line are used to shift delay time between pump and
probe pulses.

Ultra-high vacuum chamber and hemispherical analyzer

As tr-ARPES is a surface sensitive characterization technique, the environnement surrounding
the sample as its surface should necessarily be uncontaimined. For this purpose, the sample
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cleaving and the tr-ARPES experiments take place in a ultra-high-vacuum (UHV) chamber.
The samples are first loaded in a load-lock chamber (10~ mbar). Then, they are placed in the
preparation chamber (5.10~'°mbar) where they are cleaved manually with a metallic wooble
stick. The sample is then ready for characterization and is transfered to a transfer chamber
(1.1071% mbar) where it is fixed to a 5 axis cryogenic manipulator. The sample is them moved
to the photoemission chamber (5.10711 mbar), where the tr-ARPES measurement takes place.

5.4 Materials

The samples were obtained through collaborations with different research groups. A short
introduction to the sample fabrication methods is introduced in this sub-chapter.

5.4.1 MAPDbDI; single crystal

MAPbDI; single crystal were grown by Gaelle Trippé-Allard, from Emmanuelle Deleporte’s group
LuMIn of University Paris-Saclay/ENS Paris-Saclay (France). CH3NH3Pbl3 single crystal has
been grown by the inverse temperature crystallization method. Methylammonium iodide
(0.78 g, 5 mmol) and lead iodide (2.30 g, 5 mmol) were dissolved in gamma-butyrolactone (5
mL) at 60 ° C. It lead to a yellow solution (2 mL) which was placed in a vial and heated at 120°
C during few hours.

5.4.2 2D (BA)2(MA),_1Pb,I3,.; single crystals

2D perovskite single crystals where grown by Weihua Lin from Kaibo Zheng’s group from the
Technical University of Denmark (Denmark). The bulk single crystal of (BA)2(MA);,—1Pb 13,41
(n=1, 2, 3) were obtained by the temperature gradient growth method. Pbl, (99 %), methanamine
hydriodide (98 %, MAI), butylammonium iodide (98 %, BAI), hypophosphorous acid solu-
tion (50 % in water; 5 ml) and hydroiodic acid (57 % in water; 0.25 ml) were formulated as
the precursor solutions in 20 ml glass bottles. For n = 3, the Pbl,/MAI/BAI contents are 1.5
mmol/2.5 mmol/2.0 mmol, respectively. Then, precursor solution was sealed and stirred at
room temperature for 30 minutes. They were later heated at 80 °C until solutions become
completely clear. The bulk single crystals were grown from the clear solutions at a cooling rate
of 0.5 °C/day starting from 55 °C.

5.4.3 (4cat)PbBr; single crystal

The quadruple cation single crystals were synthesized in a nitrogen environment using inverse
temperature crystallization (ITC) approach at 107 °C. Precursor materials were dissolved in
Y-butyrolactone solvent and seed growth was then performed under isothermal conditions
[217].
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Thin films were prepared via spin coating under a nitrogen environment in mixed DMF/DMSO
solvent system followed by antisolvent quenching using toluene.
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Ultrafast lattice polarization response
in lead halide perovskites

This chapter focus on the experimental results obtained using several types of time-resolved
Kerr spectroscopy on LHPs. First, we use optical Kerr effect spectroscopy (OKE) and focus on
signals resembling coherent phonons but originating from nonlinear electronic polarization
and light propagation (Section.6.1). Then, we present a THz-induced Kerr effect spectroscopy
(TKE) to study the inorganic sublattice polarizability. With this technique, we first study simple
A-site cation LHPs such as MAPbBrs and CsPbBrs (Section.6.2), as well as more complex A-site
cation perovskite, so called (4cat)PbBrs, in order to analyze the importance of the choice of
the chemical composition of the cations in the coherence time of the phonons (Section.6.3).

6.1 Optical Kerr effect to decode the ultrafast polarization response

6.1.1 Motivation

As discussed in Section.3.4, the defect tolerance responsible for the excellent optoelectronic
properties of lead halide perovskites may be explained by the formation of large polarons.
Their highly anharmonic sublattice and associated dielectric responses have led to the large
polaron proposal in which the dynamically screened coulomb potential minimizes charge
carrier scattering with defects, other charges or LO phonons. Nevertheless, their formation
and the impact of organic cations on it remain a burning issue in the perovskites community.
Based on the room temperature results of Miyata et al discussed in Section.3.4, we focus our
interest in studying MAPbBr3 and CsPbBr3 with temperature-dependent OKE spectroscopy.
The aim was to see a coherent phonon response as a reaction to charge carrier injection
slightly below the bandgap (accounting for the binding energy of a large polaron). These
experiments can be performed with one excitation pulse (1D-OKE) or two (2D-OKE), the later
allowing to increase the accuracy of the measurements in terms of energy. One of the most
interesting features of this experiment is that it allows to energetically dissect broadband light
propagation and thus to obtain a superior excitation energy resolution.

89



Chapter 6 Ultrafast lattice polarization response in lead halide perovskites

Having joined the project along the way and for a limited time, I participated in results
interpretation as well as the experimental verifications of 1D-OKE at low temperature to
confirm 2D-OKE experiments, made by coworkers Sebastian Maehrlein, Prakritri Joshi, Feifan
Wang, Xiaoyang Zhu et al [133]. The simulations were performed by Lucas Huber.

6.1.2 Dispersive and anisotropic light propagation
Experimental results using 1D-OKE

Fig. 6.1.a shows the first 1D-OKE response obtained with CsPbBrj; single crystal at room tem-
perature. As previously discussed in the Miyata et al. paper, an oscillatory signal is observable.
Interestingly, the oscillation features frequency seem to evolve in function of the pump-probe
delay. Indeed, it is possible to dissequate the oscillatory signal in three frequency domain. The
Fourier transform of this spectrum in function of the pump-probe delay (Fig. 6.1.b) enables to
see clearly the frequency jump, around 5.3 THz before 1 ps, decreasing to 2 THz at 2.5 ps. This
sudden jump in frequency cannot be correlated to coherent phonon dynamics and relaxation,
and must therefore originate from another physical process.
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Figure 6.1: (a) Time-resolved single pulse (1D) OKE spectrum of single crystal CsPbBrs at
295K. Polarization dynamic includes three distinct regions (circled numbers). (b) Pseudocolor
representation from a moving-window Fourier analysis of the OKE signal of figure (a), unveiling
highly nonlinear frequency evolution. Pseudocolor was obtained from FT amplitude. Figures
extracted from [133].

Taking into account the preliminary results of this research, Kerr spectroscopy experiments
were reproduced on these same two crystals by studying their characteristics at different
temperatures, and thus in different phases.
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Experimental results using 2D-OKE
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Figure 6.2: Energy-time domain 2D-OKE signal of CsPbBr3 at 295K (a) and 92K (c), given by
the Fourier transform of the transient birefringence S(¢,7) with respect to the pump-pump
delay 7. The three distinct regions are identified by circled numbers. End of the region 1 (#;,-)
is identified with blue markers. Dashed lines in (c) fits #; — (left) and # — (right) to determine
the refractive index and group index. Correlation between excitation energy and modulation
frequency, derived from the energy domain 2D-OKE by Fourier transform with respect to
pump-probe delay ¢ is represented again for CsPbBr3 at 295K (b) and 92K (d). Frequency-
frequency correlation branches agree with the model (dashed lines): defined by FWM phase
matching (black) and higher(order side bands (gray). Above all plot take place integrated 2D
OKE signal and 1D OKE signal under identical experimental conditions, which show perfect
agreement [133].
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To decode the oscillatory features below and close to the bandgap, 2D-OKE was perform to ob-
tain precise excitation energy resolution, while maintaining a femtosecond time resolution, as
explained in the paper from Maehrlein et al [133]. The excitation energy-dependent transient
birefringence as a function of pump-probe delay ¢ from CsPbBrj; is presented in Fig. 6.2.a
and Fig. 6.2.c, respectively at T=295K and 92K. The energy-time domain 2D-OKE signal in
pseudocolor is obtained using the real part of Fourier transform of the signal, with respect
to the pump-pump delay time 7. At the top of each plot from Fig. 6.2, the excitation energy
integrated 2D-OKE is shown in red with the equivalent single pulse excitation experiment from
1D-OKE. They perfectly agree for all samples, which fully validates the consistency of using
2D-OKE technique and proves its absence of systematic artifacts. It allows us to treat each
horizontal line cut of constant energy E,, as a third order nonlinear polarization response as
a function of pump-probe delay. To obtain the OKE frequency spectrum, a second Fourier
transform was performed along the pump-probe axis and its absolute value, i.e amplitude, is
presented. It leads to 2D frequency maps representing the correlation between the excitation
energy and the modulation frequency, i.e the oscillatory features obtained with the OKE tech-
nique. As observed in 1D-OKE setup, a strong oscillatory feature is noticed. The oscillation
frequencies are again strongly dependent to the excitation energy, as oscillation frequencies
decrease while excitation energy is increasing, giving rise to an underlying fanlike structure
present at both temperatures. Indeed, the oscillatory features seem to live for a longer time
when the pump energy is increased. This feature can be understood as a strong dependence
of modulation frequency on excitation energy. The whole dynamics can be decomposed in
three domains, as discussed previously about the 1D-OKE. In region 1, oscillatory features are
visible until reaching the fanlike structure, generating a bumplike feature we call region 2. This
sudden stop is followed by long-lived low-frequency oscillation, belonging to region 3. Such
sudden change in oscillatory frequency is unphysical for coherent phonons or any coherent
particles relaxation, but is consistent with the dispersive propagation model developped in the
following parts. Fig. 6.2.c and Fig. 6.2.d shows the Fourier transform of the left side signal with
respect to the pump-probe delay t. The anticorrelation between the modulation frequency
and excitation energy is clear at both temperatures. Nevertheless, a dominant anticorrelation
branch is observable at 295K, while multiple branches with different slopes appear at 92K. The
2D-OKE traces integrated (red trace) are in good agreement with the 1D-OKE (gray and blue)
traces.

2D-OKE spectra of CsPbBrj crystal in the orthorhombic phase at 295K and 92K is represented
on Fig. 6.2. This orthorhombic phase is anisotropic and thus birefringent. The same 2D-OKE
experiments have been repeated on a MAPbBrj single crystal, at 295K in its non birefringent
cubic phase (Fig. 6.3.a) and 104K in it birefringent orthorhombic phase Pnma (Fig. 6.3.c). In
the cubic phase, MAPbBr3; presents the same constant signal and non-oscillatory signal. The
2D-OKE unveils an abrupt decay of the Kerr signal after few picosecond, i.e again dependent
on the excitation energy. The signal vanishes towards the bandgap around 2.1 eV due to an
increase of absorption and thus a decrease in penetration depth. The Fourier transform shows
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Figure 6.3: Energy-time domain (a) and energy-frequency domain (b) of the 2D-OKE signal
in cubic-phase MAPbBr3 at 295K, analogous to Fig. (c and d) same as (a) and (b), but in the
orthorhombic-phase MAPbBr3 at 104K. The clear similarity between orthorhombic MAPbBr3
and orthorhombic CsPbBr; unveils the structural phase and its birefringence properties as
the main source for high contrast between cubic-phase MAPbBr3; and CsPbBrs OKE at room
temperature [133].

a broad zero-frequency feature (Fig. 6.3.b). The 2D-OKE signal in the cubic non-birefringent
MAPDBr3 phase is different from the one obtained in the birefringent orthorhombic phase by
lowering the temperature (Fig. 6.3.c). Indeed, a strong oscillatory feature is observed at 104K,
similar to the responses obtained in the orthorhombic phase of CsPbBr3. As well, the three
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different time domain are present. The Fourier transform of the 2D-OKE with respect to the
pump-probe delay ¢ again reveals the anticorrelation between the modulation frequency and
excitation energy (Fig. 6.3.d). Two branches are apparent in the orthorhombic phase, with
frequency magnitude varying between 1 to 10 THz.
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Figure 6.4: (a,b) 2D-OKE signal of CsPbBrj single crystal and (c,d) its corresponding constant
excitation energy cuts, for 450 um and 240 um crystal thickness, respectively. (e) Thickness
dependence for 2.29 eV excitation energy for different thickness of CsPbBrj3 single crystal. The
duration of the main 2D-OKE feature scales linearly with the thickness, demonstrating the
role of propagation in the observed nonlinear polarization spectra. Extracted from [133].

Thickness-dependent 2D-OKE measurements

Thickness-dependent 2D-OKE spectroscopy was then performed on three CsPbBrs with
different thicknesses (75 pm, 240 pum, 450 um). The 2D-OKE spectra of the two thicker are
presented to Fig. 6.4.(a,b), as well as their corresponding constant energy cuts to visualize
the temporal width of the main oscillatory signal on Fig. 6.4.(c,d). Fig. 6.4.e represents the
feature width (i.e the duration of the first oscillatory region) for an energy cut of E., = 2.29 eV
for the three samples. Interestingly, we notice on Fig. 6.4.e that the oscillatory feature width is
dependent and proportional to the sample thickness. This is a first clue to the hypothesis that
the oscillatory feature observed is not due to a coherent phonon response but to a propagation
effect in the material, as the lifetime of coherent phonons should not be dependent on the
thickness.
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Propagation in LHPs

The previous results and observations force us to reconsider the idea that the observed oscilla-
tions are rather resulting from of complex light propagation in the samples. It is important
to clarify the crystallographic structure of the studied LHPs as a function of temperature
(Fig. 6.5.a) and the impact of the phase on the propagation of light in the material (Fig. 6.5.b,c).
As shown on (Fig. 6.5.a), CsPbBrj is orthorhombic in all studied temperature, i.e from room
temperature 300K to 80K. However, MAPbBrj; is in the cubic phase from 300K to 230K, then
transits into the tetragonal phase below 230K and until 135K, temperature at which it finally
reaches the orthorhombic phase. The particularity between cubic and orthorhombic phase
is that they differ in term of refractive index: indeed, the cubic phase is isotropic, which
means that the refractive index is not different depending of on the light’s polarization with
respect to the crystal axes. When probe and pump pulses co-propagate in the LHP sample
(Fig. 6.5.b), they undergo a walkoff, i.e a spatial and temporal distance between the two pulses
originating from refractive index dispersion. Moreover, the excitation pump pulse undergoes a
group velocity dispersion (GVD) when its energy is getting closer to the electronic bandgap Ej,
due to the high refractive index dispersion being non negligeable at used excitation energies.
The third-order nonlinear polarization Pz(\g,)L observed with 1D and 2D-OKE depends on the
nonlinear y® mixing term, taking into account these evolving interactions between pump
and probe pulse.

Pump-probe walkoff as well as pump pulse group velocity dispersion are also present in
the orthorhombic phase, but another process is derived from anisoptropy of this phase.
Orthorhombic structure has the particularity of being birefringence, which means that light
propagates anisotropically. In a birefringent medium, the refractive index is not unique and
depends on the direction of polarisation of the light wave. Therefore, the pump pulse can be
considered by two distinct components orthogonal EY and E }l,’ to each other, and moving at
different velocity due to the difference in refractive index between the orthogonal polarizations.
When pump and probe propagate, the static birefringence results in an oscillating cross-
polarized ¥ mixing term, causing third-order nonlinear polarization P\ oscillating features.
In order to clearly understand the propagation effect in LHPs and the observed oscillating
features and their modulation frequencies, a model has been developped and is explained
in the later subchapter. It takes into account the third-order nonlinear electric polarization
pB

NL’
macroscopic response of the material to an incident exciting field.

which serves as an in situ probe of the LHPs polarizability and also governs the ultrafast

6.1.3 Model

The abrupt decay at #; (i.e end of region 1) in the Kerr signal observed in the orthorhombic
phase of CsPbBr; and MAPbBr3; seems particularly unphysical for coherent phonons or other
collective modes, and might originate from light propagation. Co-workers developped a model
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Figure 6.5: (a) Temperature-dependence phase transition diagram in CsPbBr; and MaPbBrj.
Scheme of light propagation in the isotropic cubic (b) and in the anisotropic orthorhombic
phase [133] (c). In the cubic phase, the pump undergo pump-probe walkoff induced by
different wavelength refractive index, as well as group velocity dispersion (GVD), mainly in the
vicinity of the bandgap Eg. In orthorhombic phase, additional process appear: the anisotropy
and dispersion of light propagation are dominated by nonlinear y® mixing of perpendicular
pump field projection EY and E f,’ while interacting and propagating with respect to the probe
field £} [133].

where are considered an instantaneous electronic polarization (originated from hyperpolariz-
ability) and several propagating light fields in single crystal [218]. The influence of spectral
dispersion, the static birefringence and the nonlinear mixing are taken into account in the
third-order nonlinear susceptibility y'®. The propagation of all three interacting light fields
that mix through y® are traced to produce a new polarization component, PS)L:

t t./ t.”
PY (£,2) :eof_oodt’f_oodt”f_wdt”’xﬁj,mu, ¢t 1", BN (¢, B (t", 2 Ep, (1", 2) (6.1)

with PS)L the third-order nonlinear term of polarization, €g the vacuum permittivity, E" the
probe field component, E” the pump fields components, the collinear propagation along
z. The instantaneous Kerr response arising from the hyperpolarizability is modelled by
Xﬁglm(t, t',t",t'", z) which is set to a product of §-function in time, i.e instantaneous re-
sponse function, in order to separate the different interactions in the model. It leads to
)(S.?’]glm(t, 1t z) ~ )(S.slglmé(t— thé(t' —t')6(t" —t'") . Therefore, this term is assumed to
be constant, while the linear refractive index tensor rny(v) exhibits a strong dispersion near
the bandgap and static birefringence in the orthorhombic phase. It also includes properties
originated from the group velocity dispersion (GVD), such as the pump-probe walk-off from
group velocity mismatch as ng(vp) > ng(vp,) (group refractive indices) and the temporal

spread of the pump pulses.
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As discussed in the paper from Maehrlein et al [133], simulation reproduces absolutely well
the experimental 2D-OKE responses. It confirms that the abrupt decay of Kerr signal toward
the bandgap in region 1 is originating from the strong group velocity dispersion and walk-off
of each nonlinear polarization component from the pump and the probe pulses. The abrupt
bump-like feature in region 2 results from the interference of the pump pulse with itself at
the backside of the sample. In agreement with the modelled energy-time domain 2D-OKE
signal and the experimental frequency map, the model reproduces all the features previously
discussed. The frequency-frequency correlation branches observed experimentally in the
orthorhombic phase (Fig.6.2.d) are also clearly reproduced by the simulation. Interestingly,
these predicted branches fit perfectly with the experimental frequency-frequency correlation
branches, offering a clear consistency of the model.

Discussion

Using the four-wave mixing model, experimental 1D-OKE as well as 2D-OKE energy and
frequency correlations were reproduced, which enabled to establish polarization-dressed
light propagation in LHPs, originating from ¢&-like (i.e electronic material) response . The blue
markers Fig.6.2.a,c represent pump-probe delay #;— and is proportional to the thickness of
the crystal. We can define two important parameters, f1,— the latest overlap of the probe
pulse with the faster co-propagating pump-field at the sample backside, and #;, + counter
propagating (i.e reflected) pump pulse. The strong anticorrelations are caused by the hyper-
polarizability experienced by light propagation in highly dispersive and anisotropic region
near and below the bandgap. Polarization contributions from the inorganic lattice or the
cation reorientation would require slightly retarded response functions, depending on inertia
and resonance frequencies of the structural lattice dynamics as we will discuss in Section.6.2.
The interpretation of OKE signals as ultrafast dynamics dominated by orientational or lattice
contributions in hybrid LHPs should be carefully considered, particularly when the excitation
wavelength is close to the optical bandgap or when a thickness dependence is observed. The
discussed dominating hyperpolarizability in lead halide perovskites suggests the picture of
intense light fields traveling with nonlinear polarization clouds in the near-bandgap region.
This work enabled to obtain an unified origin of strong optical Kerr response observed in lead
halide perovskites and to maintain awareness on quick interpretation of oscillating features in
these materials. Finally, this work highlights how importantly anisotropic and dispersive light
propagation dressed with instantaneous 3”4 order nonlinear polarization and how much we
need to take it into account in our later THz-induced Kerr effect measurements.
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6.2 Terahertz Kerr effect and polarizibility in MAPbBr; and CsPbBr3

6.2.1 Motivation

This section focuses on the confirmation of the dynamic charge carrier screening by looking
at coherent phonon excitations using wavelength excitation resonant to lattice modes. One
way to study lattice dynamics is to excite it with THz wavelength (Section.4.2), as THz lattice
excitation is a powerful tool to study and control mechanisms in condensed matter, while
electronic degrees of freedom in their ground state (without free carriers). We therefore study
the ultrafast polarization response of the hybrid LHPs MAPbBr3; and CsPbBr; when exposed
to transient electric fields in the form of intense, single-cycle THz pulses. By probing the THz-
induced Kerr effect (TKE), we aim to probe the THz polarizability and ultrafast polarization
dynamics of the inorganic sublattice Pb-Br.

All the TKE experiments as well as data analysis were performed by myself with coworker Max
Frenzel at the Fritz Haber Institute of the Max Planck Society. The samples were synthesized by
Feifan Wang and Bo Xiang from Columbia university. The simulations were written by Lucas
Huber and adapted to our study case.

6.2.2 Experimental results

First, THz-induced Kerr effect spectroscopy was performed on MAPbBr3 and CsPbBr; single
crystals at room temperature, with a thickness of about 500 pm and 200 um respectively. The
TKE signals are presented on Fig. 6.6(a,d) and present the transient birefringence as function
of time, with time zero ¢ = 0 ps, being the peak field of the THz pulse. A first important
observation is that both LHPs (MAPbBr3 in blue, CsPbBrj in green) are strongly polarizable to
the THz electric field, shown by the high main peak at time zero. The THz electric field squared
is represented in light grey, showing an undeniable similarity with the THz signal on the first
picosecond. The main peak is originating from the instantaneous electronic polarizability a,
generated from the interaction between the Terahertz pump pulse and electron clouds. Pump
fluence-dependent experiments have been performed and the main peak scaled quadratically
with the maximum of the THz electric field, as shown on Fig. 6.6(b,e). As previously discussed
in Chapter.4, having the TKE peak scaling quadratically with the THz electric field is a evident
signature of a Kerr effect.

Nevertheless, both TKE signals are really different from one to another A-site cations: in the
case of MAPbBrs3, the main peak coming from the instantaneous electronic polarizability a,
is followed by an exponential decay, while in CsPbBr3, the exponential decay seems to be
mixed with longer-lived oscillatory features. MAPbBr3 and CsPbBrj3 are in the isotropic cubic
phase and anisotropic orthorhombic phase at ambient temperature, respectively. Moreover,
THz wavelengths are partly absorbed by MAPbBr3 and CsPbBr,, as the linear refractive index
undergoes important dispersion from 0.5 to 5 THz, leading to a decrease of the penetration
depth and increase of absorption. Fig. 6.7.a presents TKE signal at room temperature (300 K) in
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MAPDBTr3 single crystal with different thickness MAPbBr3 single crystals (132 um, 547 um and
972 um). For all considered thicknesses, the exponential decay tail have similar time constants.
The TKE main peak does not scale linearly with thickness as shown in the absorption model
box. This can be explained by the significant absorption in the THz region. Fig. 6.7.b presents
the calculated penetration depth and absorption coefficient as a function of frequency in
the THz range. Only low frequencies below 1 THz penetrate the considered single crystal
significantly.
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Figure 6.6: Strong THz-induced birefringence in MAPbBr3; and CsPbBr3 at room temperature.
(a) Room temperature TKE in MAPbBr3 and (d) CsPbBrj3 single crystals, respectively. (b) and
(e), THz fluence dependence of main peak amplitude with quadratic fit, demonstrating the
Kerr effect nature of the signals. (c) and (f), azimuth angle dependence of main peak showing
its 4-fold rotational symmetry.

The TKE signal in the anisotropic orthorhombic phase is more specific than in the cubic phase
and oscillatory features are observed in CsPbBr; shown on Fig. 6.6.d.

Azimuth angle dependence measurements have been performed in order to verify the expected
4-fold rotational symmetrical dependence for a cubic and orthorhombic crystal structure
from the y® tensor. As shown on Fig. 6.6(c,f), the 4-fold rotational symmetrical was well
respected. By considering the symmetry of the crystal structures and focusing only on the

99



Chapter 6

Ultrafast lattice polarization response in lead halide perovskites

H T T T T HTOOO 4500
1 -MAPbBr3 Quartz EOS squared 1

—— 4=972ym 900 4000
= d=547pm =
08 —— d=132um iz 0 3500 E
~ £ S
1 700 =
£ 2 3000 <
=06} £ £ 600 8
B X05 Q 2500 £
© 3 Absorption 9 500 g
£ Q model o 2000 ©
04 v © =
¥4 0 © 400 s
= L © =
0 500 1000 - 1500 &
d (um) & )
- o
0.2 200 1000 ¢

100 500

0
5 4 g d 4 . 0 0
-2 -1 0 1 2 3 4 5 0 1 2 3 4 5

Signal (normalised) Frequency (THz)

Figure 6.7: (a) MAPbBr3 single crystal TKE peak signal as a function of crystal thickness. The
tail has similar time constants for all considered thicknesses. The TKE main peak does not
scale linearly with thickness, which can be explained by the significant absorption in the THz
region. (b) Calculated penetration depth and absorption coefficient as a function of frequency
in the THz range. Only low frequencies below 1 THz penetrate the considered single crystal
significantly.

non-zero tensor elements, the TKE azimuthal angle dependence was fit to obtain the ratio of
diagonal to off-diagonal S of ¥® tensor elements, with:
dq;
P — (6.2)
do ffdiag

This ratio S is 1.59 in the hybrid material MAPbBr3; and S = 1 in the all-inorganic material
CsPbBrs. It has been proposed by Yaffe et al. [39] that highest and not uniform ratio in
MAPDbBr3; might be a signature of an additional isotropic disordered induced by MA* cation
rotation at room temperature, similar to the dynamic disorder observed in the low frequency
of Raman spectra (Fig. 3.9).

According to the Raman spectra previously discussed on Fig. 3.9, lowering the temperature
should allow to distinguish several Raman phonon modes. Temperature-dependence TKE
measurements were performed on MAPbBr3 samples at the same temperature range than
the Raman spectroscopy experiments from Guo et al, from 300K to 80K. The temperature
range enables to reach the three different crystallographic phases known for MAPbBr3: cubic
above 230K, tetragonal from 230K to 135K (including a tiny incommensurable tetragonal II
phase below 145K) and the orthorhombic phase below 135K. Furthermore, these temperature-
dependent TKE measurements were performed both on 500 um single crystal and 400nm
thinfilm on a 500 um BK?7 glass substrate. By lowering temperature, single crystal transient
birefringence presents more and more oscillatory features (Fig. 6.8.a). The tetragonal phase
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at 180K presents some few short-lived oscillatory features until 4 ps and might reflect cubic-
tetragonal structural change in the single crystal, while strong and long-lived oscillations are
observed in the orthorhombic phase at 80K. As discussed earlier, LHPs thick single crystal as
MAPDBr3 can undergo propagation effect and show oscillatory features originating not from
lattice vibrations but from dispersive light propagation and mixing PI(\?)L electric field in the
anisotropic orthorhombic phase. In order to rule out the propagation theory, the same experi-
ment was performed on thin film. Propagation effect is by definition thickness-dependent
and therefore should only produce short-lived oscillations in a thin film.
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Figure 6.8: TKE signal of respectively MAPbBr3 (a) single crystal and (b) thin film on glass
substrate, at room temperature, 180K and 80K. Oscillatory features at 80K appear clearly by
removing the exponential decay tail and zooming on it (c), in single crystal (blue) and thin film
(red). (d) Fourier Transform of the oscillatory features above. Frequency peaks correspond to
Raman-active phonon modes [135]. The thin film being polycrystalline, 1.1 THz peak might
be an anisotropic Ag mode. 4 THz peak is supposed to correspond to an LO phonon mode
but its origin still remains under debate as it does not appear in the single crystal.

Temperature-dependent TKE experiments are presented on Fig. 6.8.(b). A first observation
is the absence of the exponential tail at 300K, compared to single crystal. This might be due
to the thinner thickness of the thin film, reducing the propagation effect due to pump-probe
walk-off and absorption in the sample. As the TKE signal strength is dependent on the crystal
thickness, the signal in thin film is globally lower and more noisy. Nevertheless, oscillatory
features are one more time clearly visible in the orthorhombic phase at 80K. More interestingly,
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long-lived oscillations are observed until 12 ps, ruling out the possibility of the oscillatory
features to originate from propagating effect. Could it be originating from Raman coherent
phonon oscillation?

The lifetime of a phonon can be obtained from the FWHM of the Fourier transform peak. The
lower lifetimes at higher temperatures are mainly due to the anharmonic decay of optical
phonons into low-energy phonons [219, 220]. The increased phonon damping is observed
above approximately 30 K, together with a reduced phonon intensity. An anharmonicity of the
hybrid halide perovskite lattice is expected to play a considerable role in electron—-phonon in-
teractions [221, 121]. The anharmonicity manifests at room temperature, where optoelectronic
devices and solar cells are usually operating [132].
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Figure 6.9: (a) TKE at 80K for different THz pump fluences in MAPbBr3;. The amplitude of
the oscillations scale with the TKE peak. (b) The inset shows that the dominating oscillatory
amplitudes also scales with the square of the THz electric field, 1.1 THz for MAPbBr3. This
demonstrates that the oscillations correspond to nonlinearly excited Raman active phonons.

In order to analyze more qualitatively the oscillatory features, the TKE signal was substracted
from its biexponential decay from t; to remove the signal upcoming from the THz electric field,
as shown on Fig. 6.8.(c). The Fourier Transform of the resulting oscillatory signal is presented
on Fig. 6.8.(d). A clear mode appears in both single crystal and thin film at 1.1 THz (36.7 cm ™),
in agreement with Raman-active phonon modes observed in static Raman spectroscopy
[135]. This mode is supposed to be an isotropic A; mode, meaning according to the group
theory that the mode is non-degenerate ' and symmetric mode, i.e the same mode should be
observable regardless of sample orientation and the diagonal value of the Raman tensor are
supposed to be equal. The single crystal is crystallographically oriented by definition, while
the thinfilm have no particular crystallographic orientation due to the random orientation
of its grain boundaries. Nevertheless, the 1.1 THz mode is predominant in their both Fourier
Transform, reinforcing the idea the 1.1 THz mode is an isotropic mode, meaning independent
of the orientation. A fluence dependency of the TKE signal in MAPbBr3; at 80K and of the
Fourier transform of the 1.1 THz mode have been performed. The 1.1 THz peak signal scales

TAn energy level is degenerate if it corresponds to two or more different measurable states of a quantum system.
A non-generate level corresponds to only one quantum state.
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quadratically with the THz electric field as expected in Raman-active excitation (Fig. 6.9.a)
and the oscillations scale with the amplitude of the time-zero peak (Fig. 6.9.b). These two
elements are solid proofs that the 1.1 THz mode observed is a nonlinear excitation of Raman-
active phonon mode and that MAPbBr3; has a strong THz lattice polarizability. In opposite to
the TKE spectra at ambient temperature depending entirely on the instantaneous electronic
response a., the oscillatory features observed at 80K originate from both a. in the case of
the main peak at t = 0 ps and from the lattice polarizibility a;,;. The phonon lifetime has
been extracted for oscillatory signal at 180K, 140K and 80K (Fig. 6.10.(d)) using a Lorentzian
fitting method. The FWHM of the frequency peak studied is extracted from the Fourier

transform (intensity spectrum, i.e squared amplitude) and called 6v. Phonon lifetime 7 is

_1
216V

single crystal 7. and of the thinfilm 7, are 1.7 ps (+ 0.42) and 1.5 ps (& 0.52), respectively. The
shorter phonon lifetime in the case of thinfilm has been proposed to be caused by increased
crystalline disorder, associated with grain boundaries and strain [152]. Due to the increase of

then obtained with the formula 7 = . 1.1 THz Raman-active phonon mode lifetime of the

lattice anharmonicity and thermal-induced vibration at higher temperature, phonon lifetime
decreased and reached 0.3 ps (+ 0.05) and 0.27 ps (+ 0.05) at 140K and 180K, respectively.
Interestingly, the shift of the center frequency from 1.72 THz at 140K to 1.5 THz at 180K seems
similar to the frequency shift observed in static Raman spectroscopy [135] and might originate
from the lattice disorder at higher temperature.
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Figure 6.10: (a-c) Oscillatory features obtained after subtracting biexponential decay from the
initial TKE signal for MAPbBTr3 single crystal at 80K, 140K and 180K. (d-f) Phonon lifetime 7
deduced from linewidth at FWHM v (g-i).

According to several research papers [113, 148], 1.1 THz phonon mode in MAPbBrj is ascribed
to the Pb-Br-Pb bond, equivalent to the twisting of the octahedra as shown on Fig. 6.11.a.
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This octahedral twist corresponds to dynamic change of PbBrg octahedron rotation angle [29]
and should be associated to a TO phonon. This bonding is a major ingredient of the phase
transition as a soft mode [222, 223]. Nevertheless, the phonon frequency is really close to
the one responsible of the octahedral distortion, associated to longitudinal and transversal
phonon, as depicted on Fig. 6.11.b. 1.1 THz phonon mode also strongly agree with the bandgap
coupled mode observed in MAPbI3 by Kim et al [158], as discussed previously, leading this
octahedral twist mode to be a good candidate to explain dynamic screening in LHPs. The
lattice polarizability observed with TKE allows to assign the most polarizable Raman-active
mode 1.1 THz to an octahedral twisting mode of LO phonon.

Octahedral twisting Octahedral distortion
TO modes LO/TO modes

Figure 6.11: Schematic representations of the vibrational modes geometries experimentally
observed in MAPbBTr3 in the cubic phase: (a) Twisting mode of the octahedra and (b) octahedral
distortion. Adapted from [113].

Interesting peaks also appear on the oscillatory signal Fourier Transform, with lower amplitude.
In single crystal, a peak at 1.4 THz (46.7 cm™!) with 1.5 ps (+ 0.15) lifetime appears. It is also in
agreement with static Raman spectroscopy [135]. This peak is not clearly visible or inexistant
in the thin film Fourier Transform, suggesting it is rather an isotropic phonon mode. In the
thin film, another particularly broad peak is observed at 4.1 THz. This frequency could be in
agreement with a Raman mode that split at really lower temperature [134], but could also come
from some artefact in the first 2 ps of the temporal domain, such as Fabry-Pérot resonance.

The same experiment has been performed at 80K on MAPbBr3 with different orientation of the
crystal axis. Oscillatory features after substraction of the main TKE peak exponential decay as
well as its Fourier Transform are shown on Fig. 6.12, for the both crystal orientation 0 degree
and 45 degree with respect to the main crystal axis. 1.1 THz Raman-active mode is visible
in both axis configuration, providing an additional argument for considering this mode of
vibration as isotropic. Interestingly, the second peak present at 1.4 THz at 0 degree does not
seem present or easily observable in the 45 degree orientation, also confirming the anisotropy
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Figure 6.12: (a) Oscillatory signal after substraction of the biexponential tail and (b) Fourier
transform for 0 degree of rotation (blue) and 45 degree (orange).

of this phonon mode. Another mode is visible in the 45 degree configuration around 0.85 THz.
This would agree with one Raman mode observed in static Raman spectroscopy [135], but its
lower amplitude and the higher background do not allow to assert a strong presence of this
mode.

Helium measurement were performed on MAPbBr3 single crystal down to 5K as shown on
Fig.6.13. As expected, the phonon lifetime even increased by lowering the temperature.
Temperature-dependent time-resolved THz spectroscopy recently enabled to observe Pb-X-Pb
mode splitting in MAPbIj3 in the orthorhombic phase [148]. More precisely, the mode splitting
took place for the mode 1 THz, which is the equivalent of the 1.1 THz mode in MAPbBr3. The
splitting was clearly visible at 20K and resulted in two modes at 1 THz and 0.8 THz. Neverthe-
less, we observed only one main 1.1 THz mode at Helium temperature in MAPbBr; crystal
and absolutely no splitting of the main 1.1 THz mode. According to La-O-Vorakiat et al., the
mode was infrared-active, which could explain why it is not visible in our TKE experiments.
Indeed, this technique only enable to study Raman mode. IR modes can only be observed if
they couple in a way of later resulting in a Raman mode, for exemple via difference-frequency
excitation or sum-frequency excitation (SFE). Interestingly, some new peaks are visible at 1.5
and 3.1 THz, which could be some other Raman-active modes excited via THz-SFE.
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Figure 6.13: (a) TKE signal of MAPbBr3; at Helium temperature and (b) its Fourier transform.

6.2.3 Model and simulation

In order to confirm our theory that the observed oscillations are indeed due to coherent
phonons and not to light propagation, we again use the four-wave mixing simulation as
explained in Chapter.4 to simulate the propagation of light in an anisotropic and dispersive
medium, namely MAPbBr3; in orthorhombic anc cubic phases. In these simulations, the
temporal response y® was either defined by a electronic response model (Equ.6.3) only or
by the sum of electronic and phonon-lattice response model (Equ.6.4), expressed as follows
based on the Lorentz oscillator model:

Re(t, ¢, ", 1") = Rie0y6(t — )6 (1" — t")6 (" — ") (6.3)

Ry(t,, ", ") = Ripoy8(t — 1"8(1" — t"exp L= Dsin |/ w2, —I*(t=1) (6.4)

with w /27 the specific phonon frequency, % the phonon lifetime.

Our simulation takes fully into account THz pump electric field as it has been measured
experimentally, meaning that the amplitude and phase as a function of frequency are taken
into account. In the case of the probe electric field, we assumed a Fourier limited Gaussian
spectrum. Therefore, the simulated probe field is considered to have a center wavelength of
800 nm and a pulse duration of 20 fs. Materials properties were also include in the simulation,
such as the MAPbBTr; refractive index in the THz region obtained from Sendner and coworkers’
work [123]. As no refractive index in the THz region were accessible in the case of CsPbBr3, we
include in the simulation its known optical refractive index. As well as in the OKE simulation
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explained in Section 6.1 [133], we used the static birefringence model in the anisotropic
medium, resulting with different refractive index for the parallel and perpendicular electric
field axis to the propagation field. In the case of isotropic simulation in the cubic phase, there
is no static birefringence. As previously observed in OKE measurements (Section.6.1), the third
order of nonlinear polarization plﬂN Lis generated by four-wave mixing process of exciting
and probe pulse and is measured by the difference signal between the Kerr signal and the the

probe polarization in balanced condition.
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Figure 6.14: 4-wave mixing simulations versus experimental data in MAPbBr3. 300K temper-
ature: (a) Single crystal and (d) thin film experimental TKE versus simulation for (a) 500um
and (d) 0.4um thick model system neglecting static birefringence and assuming electronic
response only. 80K temperature: (b) Single crystal and (e) thin film TKE vs simulation for
model system with static birefringence and added phonon response. (c), (f) Fourier transform
of experimental data and simulation results from (b) and (e) showing good agreement.

Fig. 6.14 presents both experimental and simulation of the TKE signal at room temperature in
the cubic phase (a-d), in the orthorhombic phase at 80K (b-e) and its Fourier transform, for the
single crystal (blue) and the thinfilm (red). Firstly, in the case of the MAPbBTr3 single crystal, we
can notice that the simulation for a 500 pm crystal shows a longer exponential tail than the one
obtained experimentally. The diminution of the exponential decay constant in the experiments
is due to the THz absorption inside the sample. Nevertheless, the close simulation shape to
the experimental one is a good observation to confirm the dominating electronic polarizability
in MAPbBrj3 in the cubic phase. The exponential decay shape observed in both MAPbBr3 and
CsPbBrj single crystals shown on Fig. 6.6 is originating from the dispersive light propagation
dressed by the instantaneous Pﬁ)L(t), and more particularly is generated by the pump-probe
walkoff induced by the refractive index difference between the both pulse. The oscillatory
features observed in CsPbBr3 shown on Fig. 6.6.d are also originating from the dispersive light
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propagation in the sample, and particularly from the static birefringence caused by the two
distinct orthogonal pump components having different refractive indexes [133]. At ambient
temperature, we can conclude that LHPs are dominated by the electronic polarizability a, and
phonon dynamics are not observed. By lowering the temperature and adding birefringence
(Fig. 6.14.b), we observe that the oscillations resulting from light propagation appear around
1.4 THz. The simulated oscillatory signal is originating from electronic only contribution which
accounts for static birefringence. The oscillation features are caused by the co-propagating
pump and probe pulse. However, the Fourier transform (Fig. 6.14.c) provides some difference
between the simulated and the experimental signal: simulated main frequency peak (black)
has a frequency of about 1.4 THz, slightly shifted from the main experimental one located at
1.1 THz (See Annexis Fig. A.10). More importantly, the stimulated peak is particularly wider
than the simulated one. Therefore, it is hardly comparable to the long-lived real phonon
modes observed experimentally at 80K, which tends to indicate that despite the fact the both
main frequency peak are quite close, the propagation effect might not explain the oscillation
observed at 80K and lattice polarizibility might be dominating.

As previously proposed, we compare now the experimental TKE signal with the simulated
third order nonlinear polarization term together in the case of a thin film. The TKE signal at
room temperature seems quite similar for the both experimental and simulation taking only
into account the electronic response model (Fig. 6.14).d, despite the fact short-lived oscillatory
features seem more pronounced in the simulation. Moreover, the simulation follows without
tail-like shape, strengthening the idea that the exponential tail observed in single crystal
originates from the light propagation through the sample and is dependent of the thickness.
The difference between the propagation simulation and the experimental signal is obvious at
80K, where the experimental phonon oscillation are visible until 10 ps while the propagation
oscillatory features only survived 2 ps. The most interesting observation might come from
the Fourier transform (Fig. 6.14.f). The simulated Fourier transform does not show any main
and clear frequency peak, in opposition to the experiment. Therefore, static birefringence
should not be responsible of sharp frequency peak as shown by the black curve, which is a
good agreement with the 1.1 THz mode observed experimentally to be a real Raman phonon
mode originating from the lattice polarizibility and not due to light propagation.

Simulation assuming electronic and phonon contributions to describe more precisely the
time and frequency domain experimental signals for the thin films are displayed in purple on
Fig. 6.14.e and Fig. 6.14.f, with % =1.1 THz. The simulation fits really well the experimental
results, This is further evidence that we observe both electronic and lattice polarisability due
to the 1.1 THz phonon mode.

We now turn our interest to another A-site cation lead halide perovskites, the fully inorganic
CsPbBr3. We performed temperature-dependent TKE experiments on a 800 um thick single
crystal. Although the TKE signal at 80K has several similarities in terms of features and does
not qualitatively change, it also presents important and long-lived oscillatory features that
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Figure 6.15: CsPbBrj3 single crystal (a) TKE signal at different temperature, (b) Fourier trans-
form and (c) simulation.

do not appear in the room temperature spectra (Fig. 6.15.a). The Fourier transform of the
signal show a clear evidence of two frequency mode appearance, at 0.9 THz and 1.3 THz
respectively (Fig. 6.15.b). The extracted lifetime from the Lorentzian fitis 7, 37y; = 3 ps (= 1).
These frequency modes are in good agreement with static Raman spectroscopy [135] and they
also scale quadratically with the THz electric field, conforting the idea these modes are non-
linear Raman-excited ones (Fig. 6.15.c, e). The simulation of the dispersive and birefringent
orthorhombic phase at 80K is represented with the experimental TKE signal on Fig. 6.15.d.
The electronic response simulation do not fit perfectly well with the experimental TKE signal,
but the both are assumed to be particularly complex.

6.2.4 Discussion
Photonic or phononic excitation pathway ?

THz-induced Kerr measurements enabled to follow for the first time time-resolved dynamics of
Raman-active mode in MAPbBr3 and CsPbBrs perovskites, consistent with the ones observed
in static Raman spectra. [39, 135, 136, 224, 225]. In the case of MAPbBr3, the Raman-active
mode corresponds to the single 1.1 THz dominating phonon mode resulting from the Pb-Br-Pb
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bond angles originating from the octahedral twisting [113]. This mode is an anisotropic and
symmetric Ag and is present in both single crystal and polycrystalline thinfilm. On the other
hand, two dominating Raman-active phonon modes are observed at 0.9 THz and 1.3 THz in
CsPbBr, single crystal, also in agreement with static Raman spectra.

The Raman-active origin of the coherent phonon modes has been proven by the quadratic
relationship of phonon amplitude Q(#) with the THz electric field. The nonlinear excitation of
the mode is consistent with Raman-type probing via TKE. Nevertheless, the specific excitation
pathway of these Raman-active mode excitation is not entirely solved. Two main excitation
pathway could explain our observation: the phononic and the photonic process, as discussed
in Section.2.4. The phononic pathway would require significant phonon anharmonicity,
whereas a direct coupling of two THz fields to the Raman tensor in the photonic pathway
would require strong THz polarizability. To know which of the difference- or sum frequency
(DFG/SFG) excitation pathway could be responsible of the Raman-active phonon modes
excitation in the case of the photonic pathway, we simulate a SFG/DFG force spectrum
knowing the THz pump field. Fig. 6.16.a describes the strength of the LiNbO3 spectrum to
excite modes at a particular frequency using either SFG or DFG. We can see thatat 1.1 THz both
SFG and DFG seem equally likely. In the case of the phononic pathway shown in Fig. 6.16.b,
there is also comparable probability for this paths to drive the 1.1 THz mode. So far, it is not
possible to rule out a precise excitation mechanism for any of the four possible nonlinear
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Figure 6.16: (a) Difference and sum frequency excitation for photonic pathway force spectrum
(b) Possible phononic pathway driven by the polarization of IR-active phonons.

Octahedral tilting: a signature of polaron formation?

We previously discussed the clear phonon mode observed in MAPbBr; and CsPbBr3 as the
most polarizable lattice mode. Several works proposed that the 4 THz mode was related to a
possible Frohlich phonon, which could lead to charge screening [123, 119, 152, 226, 151]. This
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higher frequency phonon modes is not observed in our TKE experiments. Furthermore, the
later discussed sum frequency-force spectrum shows that THz pump pulse might not have
enough spectral strength to excite higher frequencies, which could be a clue to understand
why the 4 THz mode does not appear on our TKE.

The equivalent of the 1.1 THz TKE mode observed in MAPbBr3 was found to transiently modu-
late the electronic bandgap in MAPbI3 by Kim et al [158]. Moreover, this mode has a frequency
and corresponding half-cycle time of = 0.5 ps, which is consistent with estimates for the
polaron formation time in LHPs [160]. It is therefore a likely candidate for the phonon mode
contributing to polaron formation and dynamic screening. The very similar polaron formation
dynamics observed by Bretschneider et al. [160] for the three different LHPs also points out
the critical role of the inorganic sublattice for polaron formation, rather than the A-site cations.

As discussed later in Chapter.7, freely moving A-site cations have a contribution for static
but not dynamic screening. It seems the molecular reorientation coming from A-site cation
dynamics do not contribute to the polarization in our TKE experiments. According to our
simulation, the exponential tail-like feature is only originating from instantaneous electronic
polarization and dispersive light propagation. Moreover, the THz pump frequency should not
be able to excite the vibrational mode of the A-site cation, located in way higher frequency
region (800 cm™!), while rotational resonances are located as much lower frequencies (< 100
GHz) [113]. Despite the fact TKE spectroscopy enables the observation of inorganic lattice
vibration, the diversity of signals obtained between MAPbBr3 and CsPbBrj is a signature of
the cation’s role to moderate the degree of polarizability. This signature was also observable in
the diverse Raman spectra observed for different A-cations [135, 136].

LHPs phase transition previously described are similar to the one in well studied oxide per-
ovskites, such as SrTiOs. The phase transition takes place when antiferrodistortive distortions
appear, originating from the octahedra rotation [222, 227, 228, 229]. The twisting of the oc-
tahedra leads to a slight modification of the Pb-Br-Pb angle. During the cubic to tetragonal
phase transition, only 1 tilt appears, while 3 microscopic ordered-tilts are possibles during
the tetragonal to orthorhombic phase transition [223, 230]. These twisting modes are the
soft modes which govern the structural phase transition in LHPs. Recently, Raman spectra
of double-perovskite Cs»AgBiBrg showed particularly well this implication of the twisting
soft modes [231]. The soft phonon mode of the cubic to tetragonal transition is highly more
displacive than the ones in the tetragonal to orthorhombic transition, as for MAPbBr3, and
lead to rotation of octahedra. The softening of the 1 THz twist mode in Raman spectra of
MAPDI; (equivalent to the 1.1 THz mode in MAPbBr3) has been studied in several research
works, suggesting it should be the soft mode responsible for the phase transition [223, 232, 40].
In comparison, the tetragonal to orthorhombic phase transition is a primarily order-disorder
type of phase transition, originating from MA cations and Pb-X framework coupling [223, 233].
The main factors influencing the rotation angle of the octahedral tilt are the A-site cation via
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the steric effects ! [234, 235, 236, 237], as well as the hydrogen bonding between the Pb-X
framework and the A-cation, when the later is organic [238, 239, 240]. These octahedral tilting
motions contribute significantly to dynamic disorder in LHPs and present the strongest polar-
ization response to quick varying electric field on sub-picosecond timescales [39], indicating
its likely contribution to dynamic carrier screening and polaron formation. Therefore, the
formation of a large polaron may be linked to a transient phase instability.

6.3 THz Kerr Effect : APbBr3, with A-site a quadruple cation

The previous subchapter discussed the most polarizable Raman-active phonon modes in
MAPDbBr3 and CsPbBrs3;, using THz-induced Kerr spectroscopy technique to identify them
and to follow their coherent dynamics. This section focuses on compositional engineering
of the A-site cation, investigating the coherent Raman-active phonon dynamics in FAPbBr3,
(MAg.2,FAg g)PbBr3 and the quadruple cation lead halide (GAg ¢15,Cs0.046,MAq.152,FAg 787) PbBrs
perovskite, Inown as (4cat)PbBr3 in our discussion.

6.3.1 Motivation

Previously, we studied conventional and simple A-cation LHP like MAPbBr3 and CsPbBrs.
Compositional engineering explored different chemical compositions of the A-site cation.
Adding a small amount of Cs in the A-cation composition was found to enhance the stability
of the material [94]. Moreover, the A-site cation influences the exciton binding energy, which
has been reported to be lower with Cs-containing mixed compounds than in simple MAPbI3
[241, 242]. More precisely, the exciton binding energy with Cs and mixed (I,Br) is even lower
than for pure MAPbBr; and MAPbBr3 at room temperature. Being able to tune the exciton
binding energy is an important tool, knowing that large exciton binding energy is a problem
for solar cell application, since smaller exciton binding energies are beneficial for the charge
separation and therefore the charge extraction in the device. This emphasizes the excellent
suitability of multiple-cation mixed-halide perovskites for photovoltaics [38]. Simple A-site
cation perovskite generally have poor photostability and thermal stability. Highly crystalline
and compositionally photostable material with mixed-cation lead mixed-halide perovskite
show better performance when used as absorber for tandem solar cells [31]. In general, cation
engineering contributed to power-conversion efficiency enhancement in photovoltaic solar
cell [24]. A study of the crystallographic structure of the complex mixed A-site cation seems
important, knowing that suppression of phase transitions is crucial to maintain a stable perfor-
mance for many application. Indeed, phase transitions change the crystal structure and thus
affects the electronic structure. It is possible to observe phase transition via photolumines-
cence, optical spectroscopy and electronic bandgap change [241]. Temperature-dependent
bandgap energy of Cs incorporation and (Br,I) halide mix did not show any phase-transition

TSteric effects originates from spatial arrangement of atoms and are nonbonding interactions influencing the
shape and reactivity of ions and molecules.
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related jumps or kinks compared as pure MAPbIs or MAPDbBr3 case [241]. This is a first in-
dication of the suppression of the phase transition in these multiple-cation mixed-halide
perovskites. The above arguments reinforce the idea that there is a need to deeply study and
develop complex mixed A-cations lead halide perovskites in order to produce highly stable,
defect tolerant and efficient absorber material for solar energy application.

As discussed in the previous section, it is still debated that carriers scattering in LHPs is domi-
nated by solvation model, i.e between charge carriers and optical phonon modes. Moreover,
LHPs are known to have high lattice anharmonicity, particularly at room temperature. This
phonon scattering is believed to be the key fundamental factor in establishing the intrinsic
limit of the charge carriers mobility. More specifically, it has been recently suggested that
this limit is set by the lower-energy LO modes (3-20 meV). The observed presence of such
modes in different A-site cation compounds [119] seems to be the reason for the relatively low
mobilities compared to classical inorganic semiconductors like Si and GaAs. This work aims
to understand the influence of A-site cation composition on the instantaneous electronic a,
and lattice polarizibility a;,, as a response to a single-cycle THz electric field, by investigating
numerous conventional and simple then complex A-site cation LHPs with time-resolved TKE.
We are interested in investigating how A-site cation compositional engineering influence
Pb-Br sublattice polarizability and dominating coherent phonon response. First, in the case
of complex (4cat)PbBr3, we aim to characterize its temperature-dependent crystallographic
structure, as well as its optoelectronic properties and charge carrier dynamics.

6.3.2 Lattice polarizibility dependence to A-site cation chemical composition

The samples were synthesized by our collaborators at the University of Cologne, who also per-
formed the additional characterizations (see Annexis.A.1) mentioned later in the discussion.

THz-induced Kerr spectroscopy method was performed on 350 nm thick thin film on BK7 glass
substrate with different A-site cation composition at 80K, to observe the coherent Raman-
active phonon response. The temporal dynamics are normalised and shown on Fig. 6.17.a,
with a focus on the instantaneous electronic polarizibility a, happening in the first 0 to 2 ps,
and the lattice polarizibility until 6 ps. (4cat)PbBr;, MAPbBr3, (MA,FA)PbBr; and FAPbBr3
shown all short instantaneous electronic polarizibility ., in contrast with the CsPbBr3 thin-
film which shown a longer exponential tail during approximately 2 ps. In all the thin films,
small amplitude oscillatory features appear from 1 to 2 ps, with a frequency of 4 THz. These
oscillations are reproductible in all thin film and do not originate from the BK7 substrate, as
the later has really low signal compare to the TKE signal generate from perovskite as shown on
Fig. 6.18.b. Furthermore, the BK7 signal does not change significantly from room temperature
to 80K, which further confirms the latter points (Fig. 6.18.a).
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Figure 6.17: (a) TKE signal for different A-site cation lead bromide thin films. All are 350 nm
thick. (b) Oscillatory features at 80K appear clearly by removing the exponential decay tail and
zooming on it. (c) Fourier Transform of the oscillatory features above.

(4cat)PbBrs, MAPbBr3; and CsPbBrs show oscillatory features after 2 ps and lasting at least until
6 ps, in opposition to (MA,FA)PbBr; and FAPbBr3, which show absolutely no signal after 2 ps.
The oscillations are shown on Fig. 6.17.b, with a temporal focus on the long-lived oscillations
from 13 ps to 31 ps, and its Fourier transform is shown below in Fig. 6.17.c. MAPbBr3; and
CsPbBr; signals are comparable to what was described in the first work we performed on both
single crystal and thin films, with Raman-active phonons modes respectively at 1.1 THz for
MAPDBr3, with an additional small peak visible around 1.4 THz, and 0.9 THz for CsPbBr3 (not
shown on this Fourier transform). It is clear that at 80K, TKE signal and phonon modes as well
as phonon lifetimes highly depend on the A-site cation chemical composition. Furthermore,
dominating inorganic lattice mode in (4cat)PbBr3 remains the same as in MAPbBrs3, despite
distortion and increased lattice disorder. Very interestingly, (4cat)PbBrs and MAPbBr3; have a
main polarizable mode at 1.1 THz, with different lifetime 7 (4cap) = 2.4 ps (£ 0.37) and 7(vma) =
1.45 ps (£ 0.54).

Itis particularly interesting as in comparison to other A-site cation containing Formamidinium
(FA), (4cat)PbBrs; is the only one showing long-lived oscillatory features. FAPbBr3 is highly
anharmonic and only broad and extremely short-lived phonon oscillation should be observed,
according to static Raman spectra at 80K [136]. Its TKE signal does not allow to even observe
the Raman-mode frequency we might observed in FA. The extremely short-lived inorganic
lattice modes in FA coumpounds may be connected to a different dynamics of the FA cation
and its coupling to the perovskite sublattice, by comparison to the MA cation [132]. According
to nuclear magnetic resonance (NMR) measurements [243], the broader nature of the optical
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Figure 6.18: (a) THz induced Kerr signal in 500um BK7 glass substrate, at 300K (grey) and 80K
(black). (b) Comparison of THz induced Kerr signal at 80K between BK7 substrate (black)
and (4cat)PbBrs 351 nm thick thinfilm (blue). BK7 does not affect the quadruple cation LHPs
signal.

modes of FA-based compounds, compared to their MA-based counterparts, may be attributed
to the fact that the FA reorientation in FA-containing materials is faster than that of MA in
the MA-based perovskite, despite the fact that FA is larger than MA. This has an impact on
the charge carriers lifetime in these compounds. In addition, the acoustic phonon density
of states is located at lower energy in FA-based compounds as compared to the MA based
[132], thus leading to enhanced scattering between acoustic and optical phonons and related
increased anharmonicity [244]. The lack of dispersion of the lowest LO-phonon frequency
mode in MA-based LHPs is not related to cation (molecular) but pure lattice vibration, in
contrast to FA-based LHPs, where broader phonon modes are observed and involve molecular
vibration. The origin of broader phonon peaks can be either due to a larger damping or
related to moderately dispersive phonons in FA-based halide perovskites [132]. In FAPbBrs3,
phonon damping and reduced phonon amplitude make it difficult to properly assign the exact
contribution of each phonon mode to the overall spectra at higher temperatures [132].

In our THz-induced Kerr signals (Fig. 6.17.a), both (MA,FA)PbBr3 and pure FAPbBr; do show
extremely short-lived lifetime but interestingly (4cat)PbBrs with (4cat) being composed of an
78% of FA shows really long-lived phonon modes with the same frequency as pure MAPbBr3
coumpound. 1.1 THz mode is highly dominating the sublattice vibration in (4cat)PbBrs, as in
MAPDBTr3, despite the fact there is only a few percentage of MA in the A-site. As the 1.1 THz
mode is pretty clear for MAPbBr3 (4cat)PbBrs composed of A = (GAy 15,Cs0.046,MAg.152,FAg.787),
but absolutely not existing for the (MAy »,FAq g)PbBrs, we should consider the role of GA and
Cs in the reinforcement of the MA cation signature. According to our latest knowledge, the
coupling between GA* cation has not been investigated and solved so far. Our observation
allows to suggest a hypothesis: as the 1.1 THz mode observed in MAPbBr3 and (4cat)PbBrj is
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linked for sure to the Pb-Br bonding, the current chemical composition of Formamidinium,
Guanidiniuum and Cesium may lead to a stabilization of the overwhole lattice behavior as in
MAPDBEr3, despite the diverse cation size. Therefore, the MA* cation would be the only one
to still interact with the sublattice. Due to the weaker overall cationic disorder induced by
the quadruple cation composition, the most polarizable vibration mode could appear more
intense.

(4cat)PbBr;
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Figure 6.19: (a) Normalised temperature-dependent THz-induced Kerr signal in quadruple
cation lead bromide perovskite (4cat)PbBrs thin film (350nm), its (b) oscillatory features and
(c) Fourier transform from 10 ps. 1.1 THz phonon mode appears more clearly while decreasing
temperature. Phonon lifetime 7 evolution is written on the plot.

6.3.3 Intriguing most polarizable Raman-active mode

The dynamics of (4cat)PbBrj is further studied by looking at the evolution of the THz-induced
birefringence as a function of temperature. We repeated the same protocole of temperature-
dependent THz-induced Kerr spectroscopy experiments (Section.6.2) from room temperature
to 5K, as it is necessary to cool down to the lowest temperature in order to reduce phonon
damping and to be able to observe sharp optical phonon features. Fig. 6.19.a shows the
normalized temperature-dependent electronic polarizibility a.. The first 2 ps are quasi-
equivalent, while some oscillatory feature get more and more proeminent at lower temperature.
The oscillatory signal after the substraction of the biexponential decay is represented in
Fig. 6.19.b, while its Fourier transform is shown on Fig. 6.19.c. Clear 1.1 THz oscillatory
features appear at 80K and get even stronger by lowering the temperature. It is explained
by the fact two-photon photon absorption has to be avoid by decreasing the probe power,
therefore lowering the final detected transient birefringence signal. Nevertheless, the Fourier
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Transform show a clear narrowing of the 1.1 THz peak by approching 5K, making no doubt of
the existence of this mode. The smaller the temperature is, the higher the phonon lifetime is,
as we obtained using Lorentzian fitting from the Fourier transform, with rgox = 2.4 ps (+ 0.37)
and 75k = 3.2 ps (£ 0.29), respectively.
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Figure 6.20: Normalised and not normalised TKE at 80K for different THz pump fluences in
(4cat)PbBr3 350nm thin film. The amplitude of the oscillations scale with the TKE peak. The
inset shows that the dominating oscillatory amplitudes also scales with the square of the THz
electric field, 1.1 THz for MAPbBr3;. This demonstrates that the oscillations correspond to
nonlinearly excited Raman active phonons.

In order to confirm the Raman-active origin of the observed 1.1 THz mode in (4cat)PbBrs,
fluence-dependent measurement where performed at 80K. Fig. 6.20.a and Fig. 6.20.b show
that the main peak originating from the instantaneous polarizibility and the 1.1 THz phonon
modes scale with the oscillation and that the signal scale quadratically with the incoming THz
electric field.

The 1.1 THz mode is not the only visible mode in the (4cat)PbBrs. The previous discussion
focussed on the extremely long-lived frequency, visible even after 14 ps on Fig. 6.19.c, while
Fig. 6.21.a focuses on the one observed after 1.5 ps. When Fourier transform are performed
from 1.1 ps after the main instantaneous electronic response peak, four relatively short-lived
modes also appear from 80K that are not observed in other A-cations lead bromide perovskite:
at73 cm™! (2.2 THz), 86 cm™! (2.6 THz), 103 cm™! (3.1THz) and 110 cm™! (3.3 THz). They get
even more observable and their lifetime seems to increase while the temperature decrease.
A fifth mode might even exist at 56 cm™! (1.7 THz), but is less obvious than the four others.
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Figure 6.21: Temperature-dependent Fourier Transform of the (4cat)PbBr; TKE oscillatory
signal after ¢ = 1.1 ps. In addition to the sharp phonon mode at 1.1 THz, several other shorter-
lived frequency peaks are observed (black dots). Their frequencies get clearer by lowering
down the temperature. A cutoff = 1.12 ps was used, i.e Fourier transform is performed on all
temporal signal after £ = 1.12 ps.

Unfortunately, fluence dependence was not possible on these modes to investigate their
excitation pathway.

As the specific (GAg.015,Cs0.046,MAg.152,FAg.787) PbBrs has been only studied once in the littera-
ture [245], no static Raman spectroscopy has been performed on it yet. One of our next re-
search step is to realize a temperature-dependent static Raman spectroscopy on a (4cat)PbBrs
single crystal, to verify the existence of these short-lived Raman-active phonon modes in this
material.

In order to ensure that these four new modes originate from the material and not from a
propagation effect or another artefact, thickness-dependence TKE experiments have been
performed. All the (4cat)PbBr; perovskites layer were deposited on the same 500 um-thick BK7
glass substrate and the following thickness were studied: 260 nm and 351 nm. There transient
birefringence signal as a function of the pump-probe delay are represented in Fig. 6.22.a and
their Fourier transform are shown on Fig. 6.22.b and .c. For the 260 and 351 nm-thick sample,
the temporal TKE signals slightly different, but their Fourier transform and main frequency
peak are similar after 12.68 ps, indicating the mode is only material-related (Fig.6.22.c). The
Fourier transform of the 260nm and 350nm thick thin film after 1.1 ps (Fig. 6.22.b) show that
the four other modes at 2.2 THz, 2.6 THz, 3.1THz and 3.3 THz are observable independently
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of the thinfilm thickness, adding a strong proof to the hypothesis these modes are related to
the A-site cation chemical composition and not from an external artefact. According to the
FWMH of the four newly observable phonon modes, they should be shorter-lived than the
main 1.1 THz mode.

All these observations open the discussion about the possible link between the coexistence of
the four relatively-short lived modes, the long lifetime of the 1.1 THz in (4cat)PbBr; and the
1.1 THz mode similarity with MAPbBr3 at T < 80K. The complexity of this A-site cation could
explain the presence of these short-lived phonon modes, but their exact mode nature still
require investigation. The size of the mixed cations and the nature of the halogen (Bromide in
our case) are additional features known to strongly influence the softness of the lattice [246].
They also have a direct impact on the damping of the optical modes. Therefore, this suggests
that the coupling between acoustic and optical phonons may play a role in the harmonicity of
the lattice, besides nonlinear coupling between optical phonons [132, 159].
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Figure 6.22: Thickness dependence of the (4cat)PbBr; thin film: (a) Transient birefringence
and Fourier transform after to different cutoff in the ¢ direction (b) at 1.1 ps and at (c) 12.68 ps.
In both thinfilm, short-lived oscillations with closed frequency are observed.

6.4 Summary and discussion

This chapter has discussed the many applications of the Kerr effect in the field of hybrid
perovskite characterisation. In Section 6.1, optical Kerr effect alerted us to the need to take
into account dispersive light propagation in anisotropic media, especially in the orthorhombic
phase of perovskites, and not to confuse them with coherent phonon dynamics. Terahertz
induced Kerr effect allowed to follow nonlinear coherent excitation of the 1.1 THz main
polarizable and Raman-active mode in MAPbBrs and (4cat)PbBrs perovskites, as described in
Section 6.2. These modes are possible candidates to explain the dynamic charge screening
in lead halide perovskite. This finding highlights the role of the inorganic lattice for dynamic
carrier screening and the related mechanism of charge carrier protection. Comparison with
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the vibrational modes obtained for other A-site cations lead bromide perovskites has shown
the role of the cation-inorganic sublattice interaction on the dominant vibrational modes,
even though polaronic stabilization of a charge carrier comes mainly from the latter and
particularly from PbX;3 polarization. Four-wave-mixing simulations showed how crucial it is to
account for anisotropic and dispersive light propagation in the interpretation of the measured
TKE signals. Interestingly, the complex (4cat)PbBr; also has a most polarizable phonon mode
at 1.1 THz, thus opening the question concerning the usefulness of having a cationic disorder
and its impact concerning the lattice vibration. Crystallographic measurements have shown
that (4cat)PbBrj is still potentially in the cubic phase at 80K while the highest polarizable
lattice modes obtained are similar to those observed in MAPbBr3. Optoelectronic as well as
SEM measurements have confirmed the better structural and optoelectronic properties of
(4cat)PbBrs compared to simple A-site cation LHPs, which may be a key to understanding the
previous TKE resultes. The next step would be to exctract the Urbach energy of the different A-
site cation thin film to understand if the decreasing static disorder with an increasing number
of cations might indicate an improved structural order, as proposed by Zeiske et al [247]. As
THz-induced Kerr effect technique is extremely promising for studying phonon modes with
a frequency close to Terahertz, further investigations on 2D perovskites are also a next step
to better understand the interplay between the inorganic structure and the organic spacer
cation.

120



gd Femto- to picosecond electron dynam-
ics in lead halide perovskites

This section presents the experimental results obtained using the 2PPE or tr-ARPES techniques
presented in Chapter.5. The impact of static defect screening in MAPbI3 is studied through the
tetragonal to orthorhombic phase transition in Section.7.1. Then, the first experimental results
concerning a possible Rashba splitting in 2D (BA)-MAPI; are presented in Section.7.2. Finally,
we discuss in Section.7.3 the passivation of the recombination centers increase the lifetime of
charge carriers in quadruple A-site cation (GAg,15,Cs0.046,MAg.152,FAg.787) Pb(I0.815B1¢.185) and
the impact of solar cell properties.

The 2PPE and tr-ARPES experiments were performed by myself and co-workers on the Fem-
toARPES set up of the Ecole Polytechnique, as well as the analysis of ultrafast time-resolved phe-
nomena. The other techniques were performed by collaborators from University of Cologne
or Synchrotron Soleil.

7.1 Tetragonal to orthorhombic phase in 3D MAPDbI; perovskites

7.1.1 Motivation

Metal halide perovskites are highly studied during the last decade because of their excellent
performance in photovoltaic devices and optoelectronic applications. As for any other semi-
conductor, the transport and photovoltaic properties of these compounds can be influenced by
disorder and impurities. However, the excellent tolerance to defect scattering in metal halide
perovskites is the subject of considerable debate [248, 249, 250]: the high charge-collection
efficiencies and open-circuit voltage in the lead halide perovskites solar cells suggest that both
the carrier recombination rate and trapping rates are particularly low [245]. Besides, the solar
cell active layer is nearly always a polycrystalline thin film, having grain boundaries which
could create a large amount of trapping centers. Some research works linked the exceptional
electronic properties of metal halide perovskites to the polarizability of the nuclear lattice [110,
251]. Permittivity measurements of the tetragonal phase of MAPbI3 have shown that collective
reorientations of organic cations result in a dielectric constant, attaining values larger than 120
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below 1 GHz [110, 149]. Furthermore, trapping centers generate a massive dipole relaxation
which has no analogous property in conventional semiconductors: any carrier approaching a
charged defect will not be affected, unless coming closer than two unit cells [110]. The defect
tolerance originating from the large dielectric screening prevails in MAPbI3 tetragonal phase,
where the orientation of organic dipoles can be very easily switched. It is the opposite of
the orthorhombic phase, where the organic moiety freezes in an ordered structure, leading
to a sudden drop of the dielectric function from 120 to 30. [110, 149] This should lead to a
visible impact on the dynamics of photocarriers, originating from charged traps and polar
interfaces of the grain boundaries. This evidence has so far remained elusive. In this section,
we investigate if the organic cations MA™ are capable of efficiently screen charged defects or
polar interfaces. For this purpose, a study of MAPb I3 surface and surface-to-bulk electronic
band bending is proposed.

7.1.2 Organic cation and screening in MAPbI3
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Figure 7.1: (a) Phase transition and space group of MAPbI; at different temperature in Kelvin.
(b) Photoluminescence spectrum of MAPbIj3 in the orthorhombic phase at 130K, from [252].
An electronic bangap of Eg = 1.66 eV is extracted from it.

This work treats particularly about the electron dynamics in lead halide perovskite single
crystal with different chemical composition of the inorganic cage, more specifically iodide
ions instead of bromide ions in the halide position X3 (Fig. 7.1.a). As MAPbBr3, CH3NH3Pbls,
also written MAPbI3 or MAP], is one of the most intensively studied perovskite during the last
decade by the scientific community and is still considered as a reference chemical composition
in the field. MAPI phase transitions differs slightly from the MAPbBr3 one (Fig. 7.1.a). Despite
certain debate about the exact space group for each temperature and according to several
group studies [113, 108], we will consider in this section that MAPI is in the cubic phase
Pm—3m above 330K, in the tetragonal phase I4/mcm from 330K to 160K, and finally in the
orthorhombic phase Pnma below 160K. Chen et al observed an abrupt phase tetragonal-
to-orthorhombic phase transition in MAPbI3 at around 160K using temperature-dependent
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photoluminescence and an electronic bandgap of 1.66 eV in the orthorhombic transition at
130K [252]. Single crystals of MAPI grown by inverse crystallization method were used for
these experiments, as explained in Chapter 5.4.

7.1.3 One and two-photon photoemission experimental details

In order to access the energy of the electronic states and ultrafast dynamics of the excited
carriers in tetragonal and orthorhombic phase, one photon and two photon photoemission
techniques have been performed in this work. The principle of photoemission and two photon
photoemission (2PPE) has been already detailed in characterisation techniques (Chapter.5).
The photoemission measurements discussed in this section have been performed with the
FemtoARPES setup, using a combination of direct and two photon photoemission. The fourth
harmonic (6.3 eV) have been used to characterize the valence band photoelectron. Then, the
second (3.15 eV) and the third harmonic (4.7 eV) has been used to transiently populate and
subsequently probe the photoelectron dynamics in the conduction band. In this experiments,
the pump beam is absorbed in a penetration depth of about 50 nm and generates an electron
density of 5x10'® cm 3.

7.1.4 Conduction band dynamics at the phase transition

First, a precise analysis of the core levels and the valence bands have been performed in the
tetragonal phase at 180K and in the orthorhombic phase at 120K, using hard X-ray photo-
electron spectroscopy (HAXPES). The HAXPES spectra displayed both core levels and valence
band at different temperature on Fig. 7.2. A shift towards lower energy is observed when the
perovskites is in the lower symmetry phase, meaning the orthorhombic phase. This suggests
we are observing a band offset so called type II, when both VB and CB lower their energy with
respect to the tetragonal structure. The similar core levels were observed in previous XPS
studies [253].These spectra are accurate indicators of the composition and chemical bonds
present on the surface of the MAPI3, as the total accumulation time was performed in a very
short amount of time corresponding to few minutes, in order to limit the degradation of the
sample by the 3 keV photons. The lack of any other appreciable change in the spectral shape
at the two temperatures indicates that the electronic density of states and atomic valences are
almost unaffected by the structural transition.

Photoelectron intensity map of the MAPbI; surface is shown on Fig. 7.3 and was collected at a
pump probe delay of 1.5 ps as a function of temperature. The kinetic energy position of the
chemical potential is obtained from the Fermi level of a copper reference that is in Ohmic
contact with the sample !. The y axis represents the energy considering the chemical potential
to be at zero. Fig. 7.3.a represents the conduction band minimum (CBM) and the secondary
electrons replica (SER), originating from electron energy loss due to inelastic scattering and

IOhmic contact is a metal-semiconductor contact with a very low contact resistance. It is said to be ohmic
when the current I is proportional to the voltage V with a proportionality factor 1 / Rc.
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Figure 7.2: HAXPES spectra of MAPbI;3 (a) core levels and (b) valence band in the tetragonal
phase at 180K and in the orthorhombic phase at 120K. A rigid shift decrease of the valence
band energy is observed by lowering the temperature.

corresponding to electrons having zero kinetic energy [252]. The intensity map has been
acquired using a probe photon energy of 4.7 eV, using the third harmonic of the fundamental
beam (pump-on minus pump-off signal is displayed to reduce background noise). In the
tetragonal phase, a signal at roughly around 0.4 eV above the chemical potential is observed. It
originates from electrons that have relaxed near the conduction band minimum. After cooling
the sample temperature down to 159K and thus reaching the tetragonal-to-orthorhombic
phase transition, the signal becomes brighter. The brightest signal is now at -0.1 eV. The
lowering of the conduction band minimun observed means that the positively charge surface
termination are less screened in the orthorhombic phase than in the tetragonal one. Fur-
thermore, the major increase of the photocurrent intensity in the lowest symmetry phase is
the signature of electron accumulation due to a local electrostatic potential. This takes place
because organic cations freeze out and the dielectric polarizability drops by a factor four when
the structure enters in the orthorhombic phase.

The photoelectron intensity map of the valence band and the valence band maximum (VBM)
is displayed in Fig. 7.3.b. The valence band maximum is identified by the threshold where
the photocurrent intensity drops below the noise level, and is represented as a dashed white
line. Below 159K and thus after the tetragonal-to-orthorhombic phase transition, the valence
band maximum shifts by -0.2 eV. This observation is in agreement with the HAXPES measure-
ments discussed in Fig. 7.2. The experimentally estimated electronic bandgaps are 1.58 eV
and 1.67 eV, respectively in the tetragonal and the orthorhombic phase, and are identified
by the white arrows. These values are comparable to the electronic bandgap observed in the
temperature dependent photoluminescence experiments displayed on Fig. 7.3.c. The blue
shift of the electronic bandgap in the orthorhombic phase is explained by the tilting of Pbl;
octahedra and the freezing of the organic cation in the orthorhombic ordered structure [106,
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53]. Notice that our data confirm the presence of a type II band offset. A mixed phase of
MAPDbI; would favor the separation of charge carriers, because of the electrons accumulation
in the orthorhombic structure and holes accumulation in the tetragonal one. This would
imply that in photoexcited MAPbI3 being in the orthorhombic phase but still having tetragonal
inclusions, a photoluminescence peak due to the recombination of electron-holes trapped at
the domain boundary between tetragonal and orthorhombic inclusions could be observed.

The measured energy distance between CBM and SER is ¢ = 0.4 eV in our crystal. This value
can depend on the stoichiometry and can shrink down to 0.1 eV in surfaces with the deficiency
of organic cations [252]. We can later extract the energy separation between the vacuum level
and the VBM, also known as ionization energy (IE). The value IE = 5.9 eV is obtained by adding
the band gap (1.6 eV) and subtracting ¢ to the probe photon energy (4.7 eV). According to
Emara et al. the obtained IE of approximately 6 eV indicates that our sample has nominal
stoichiometry [254].
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Figure 7.3: Photoelectron intensity map of MAPbI3 single crystal collected at a pump probe
delay of 1.5 ps.(a) Conduction band minimun (CBM) and secondary electron replica (SER) and
(b) valence band minimum are observed, as function of temperature. (c) Photoluminescence
intensity map as function of temperature.

Then, we investigated the carrier dynamics when changing the temperature across the phase
transition, using 2PPE. Previous studies of MAPDbI; tetragonal phase have demonstrated
that collective reorientations of organic cations lead to a dielectric constant attaining values
larger than € = 120 below GHz [110, 149]. This high value of the dielectric constant is due
to the molecular dipole of the cation which are not freezed in this crystallographic phase. It
ensures that charged surface terminations are efficiently screened by the polarization of the
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dynamically disordered organic cations. Since a local electrostatic potential cannot build up,
the band stay flat near the surface interface. Later, the photoexcited electrons cool down in
order of 0.25 ps by dissipating their excess energy by electron-phonon scattering (Fig. 7.4).
The electrons are fully thermalized in the conduction band after 500 fs. The carriers finally
recombine with holes in a typical recombination time of 1.2 ns.
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Figure 7.4: (a) Photoelectron intensity map of MAPbI; acquired in the tetragonal phase at
180K. (b) Photoelectron intensity integrated in an energy interval of 0.1 eV around the CBM
as a function of the pump probe delay, always at 180K. The two process of cooling and
recombination are indicated on the plot with their lifetime. (c) Sketch of carrier relaxation at
the surface of the tetragonal phase.

The same experiment has been performed, this time at 140K in the orthorhombic phase. In
the lower crystal symmetry, the build up and the relaxation of the electronic signal is different
(Fig. 7.5) compared to the previously discussed one in the tetragonal phase. Indeed, the
photoelectron intensity gets particularly bright after 1 ps. This is due to a drift of photoexicted
electrons towards the surface, induced by local electric fields. The presence of built-in fields
near to the surface of the orthorombic phase is due to the organic cations locked in a specific
orientation inside the inorganic Pb-I cage, therefore freezing the orientational degrees of
freedom of their dipoles. Thus, the screening efficiency of the cations is compromised and
the dielectric constant drops to € = 30. The positively charged terminations of the cations
now induce a surface potential, responsible of the conduction and valence band bending
downward, with respect to the bulk reference. The surface can be seen as a series of capacitors,
with the positively charged part being the MA™ oriented cations and the negatively charged
part the Pb-I octahedra. The polarisation difference between the MA cations and the negative
Pb-I octahedra generates a local potential difference, also called polar catastrophy. This
potential cascade does not continue infinitely and ends in the bulk, which naturally tends to
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stabilise. Indeed, MA™ cations, although still frozen in the inorganic Pb-I cage, have a tendency
to countereact the polar catastrophe when the internal field becomes too large.

Afterwards, the accumulated electrons get trapped by interstital defects and vacancies usually
present on ionic surfaces. This localization explains the decay of the 2PPE intensity on a time
scale of 60 ps, which is visible in Fig. 7.5. Indeed, strongly localized states induce a signal
equally distributed at all wavevectors and below the CBM, most of which escapes from our
detection window. After 200 ps, the CBM intensity follows the nanosecond decay that has
been also reported for the tetragonal phase. Because the latter is a slow process, we evince that
surface traps do not act as recombination centers but are neutralized once filled by electrons.
The drift decay time has been obtained from a single exponential fit, and the trapping thus
recombination time from a biexponential fit.
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Figure 7.5: (a) Photoelectron intensity map of MAPbI3 acquired in the orthogonal phase at
140K. (b) Photoelectron intensity integrated in an energy interval of 0.1 eV around the CBM as
a function of the pump probe delay, always at 140K. The two process of drift and trapping are
indicated on the plot with their lifetime. (c) Sketch of carrier relaxation at the surface of the
orthorhombic phase.

Finally, two-photon photoemission experiments, coupled with hard X-ray photoelectron
spectroscopy allowed novel insights on the defect tolerance in MAPbI3 single crystal. The
specific electron dynamics in tetragonal and orthorhombic phase provided information about
the large polarizability of organic cations above 160K. This explains the modest impact that
defects and grain boundaries have on perovskites performances. Characterizing the MAPbI;
single cyrstal’s surface is a first approach to understand what is going on in the bulk, which can
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be summarized by light carriers generated in the Pbls bands and strong screening of charged
defects by MA* cations, ultimately favorising charge carriers mobility.

7.2 Conduction and valence band dispersion in n-layered 2D per-
ovskites

7.2.1 Motivation

The objective of this experimental project is to observe for the first time the conduction
band dispersion of a 2D LHPs using the time-resolved ARPES technique. This observation is
particularly difficult due to the possible degradation of 2D perovskites under the laser beam
and to the damage caused by thermal diffusion in the material. The second aim of this work is
to observe the relaxation dynamics in the conduction band of 2D and report the presence (or
not) of a Rashba splitting.

Although some theoretical and experimental works via transient absorption spectroscopy
have proposed the existence of dynamic Rashba splitting in perovskites (see Chapter.3), the
conduction band of 2D perovskites and the potential Rashba splitting has never been directly
observed via time-resolved ARPES. We provide here preliminary experimental results on this
subject.

7.2.2 Conduction band dispersion using tr-ARPES

Time-resolved ARPES spectroscopy was performed on (BA)-MAPbIj3 single crystal sample, with
n=3. The material details are presented in Chapter.5.4. Knowing that the types of perovskite
lead halide used were very delicate, especially to the low-energy electron diffraction (LEED)
technique, it was impossible to orient the crystal in the desired high symmetry direction. In
order to minimize the deterioration of the sample, the experiment was performed at 130K.
This experiment allowed us to generate the first proof of concept proving the ability to directly
observe the conduction band in 2D LHPs.

Fig. 7.6 shows the conduction band minimum in a random crystal orientation of the reciprocal
space at ¢ = 50 fs. Bright features represent the electron intensity as a function of kinetic energy
E;. and the wave vector k. One side of the conduction branch seems much more intense
than the other one, probably due to the matrix element effects of the photoemission process.
Indeed the observed states are strongly emitting when the electric field of the probing photons
have an out of plane component. Due to the geometry of the experiment and the rotation
of the sample, this takes place only for the data corresponding to positive wavevector. The
blue fit represents the dispersion we could expect with a Rashba coupling in this material. The
latter was generated using Equation 2.6. An effective mass of m; rr= 0.13 mp and a Rashba
coupling a =< 0.7 eV/Angstrom were exctracted from it. It is the first time where the effective
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Figure 7.6: Electron intensity map (bright features) as a function of kinetic energy Ey and the
wave vector k and fit of a potential Rashba splitting (blue).

mass m,, rr is directly exctracted from an experimental observation of the conduction band
in 2D lead halide perovskite. The experimental Rashba value a gives an upper limit of the
Rashba coupling we could observe in this sample, which should be the same, smaller or even
not existent. This value is in the same order of magnitude of the one observed from transient
spectroscopies by Zhai et al (1.6 eV/Angstrom) [184].

This proof of concept is a first step in our study of Rashba splitting in 2D lead halide perovskite
crystal. The next steps are to extend this work to different time scales, to evaluate the presence
or not of a conduction band evolution. We also plan to orient the crystal properly to study the
global minimum of the conduction band and to try this experiment on different number of
layers n.

7.3 Towards high efficiency and time stable photovoltaic absorbers

The previous chapters discussed in particular the fundamental microscopic properties of vari-
ous types of perovskite lead halides. This part will focus on macroscopic physical properties,
such as charge recombination at grain boundaries or lifetime of hot carriers, with a more ap-
plicative view on photovoltaic cells. We will focus particularly on complex 4-cation APb(Br,I)3
perovskites with A = (MA,FA,GA,Cs), in order to discuss their improved performance compared
to single A-site cation perovskites. In addition, time-resolved spectroscopy techniques are
also used, notably to understand the relaxation of electrons within the conduction band. This
work was carried out in very close collaboration with the team of Prof. Sanjay Mathur from the
University of Cologne (Germany) and was printed as a peer-reviewed publication [245].
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7.3.1 Motivation

As introduced in Chapter.3, LHPs have been attracting the attention of the scientific commu-
nity for more than a decade because of their extremely interesting optoelectronic properties,
especially for photovoltaic applications. In the context of a photovoltaic cell, LHPs thin films
are used as absorber semiconductor materials, capable of generating free charges (electrons
and holes) from a certain energy from the electromagnetic spectrum of sunlight. Nevertheless,
LHPs still face many problems, such as externally induced stability issues that are highly
problematic for large-scale commercial applications. It is still an ongoing debate wheter the
introduction of multiple cations to the A-site cation of the perovskite structure can alter the
charge carrier dynamics. Moreover, the effect of trap passivating properties of Guanidinium
cations are still not perfectly understood [88, 89]. This research work presents an innovative
design in the domain by realising a quadruple cation organic-inorganic mixed lead halide
perovskite. The exact chemical composition of the thin film active layer and single crystal
is (GAy.015,CS0.046,MAg.152,FAg 787)Pb(Ig 815Brg.185). The aim of this work is to characterize the
innovative quadruple cations lead halide perovskites in order to integrate it in solar cells.
Novel analysis of the carrier kinetics ranging from femto- to microseconds are applied on the
quadruple cation mixed lead halide perovskites.

7.3.2 Chemical composition approach

The chemical composition has been studied to address the stability problem of perovskite lead
halides and each of the A-cations covers a functional role in the active layer. The choice of X-
site halogens is also extremely important and delicate. We choose a ratio of 81.5% of bromide
Br~ and 18.5% of iodide I” in order to optimize the optical band gap while preserving the
cubic structure. Indeed, the relative concentration of A-site cation and X-site halogen anions
plays a primary role on the crystal structure, on the solar cell endurance and performance.
Therefore, the quadruple cation perovskite was designed to achieve the highest possible
structural stability with an effective Goldschmidt tolerance factor z, ¢ = 0.968.

The stoichiometry was verified after synthesis by performing 'H nuclear magnetic resonance
(NMR) spectroscopy. Fig. 7.7.(a) shows unambiguously identified FA*, MA™ and GA™* cations
through the chemical shift of protons. The quantification of the individual components by
peak integration indicated an excellent matching with the intended composition.

The phase purity as well as the crystallinity was also ivestigated, using X-ray diffractometry
(XRD). Single crystal were first characterized (Fig. 7.7.(b)). The single crystal powder signal was
compatible with a Pm3m cubic structure with a lattice parameter a=6.22 Angstrom. No signa-
ture of the underisable §-phase was observed. XRD was then performed on the polycrystalline
(4cat)Pb(I,Br)3 thin films (Fig. 7.7.(c)). The signal is nearly identical to the one observed in
single crystal powder with the only notable difference being an extra diffraction peak around
12.65° ascribed to excess Pbl, inclusion excess. According to litterature, enrichment with Pbl,
could hinder the accumulation of organic species at the grain boundaries, favor an optimal
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Figure 7.7: (a) Proton nuclear magnetic resonance (lH NMR) spectra of single crys-
tals dissolved in DMSO-dg showing chemical shifts of the hydrogen signal character-
istic for each of the organic cations. (b) Powder X-ray diffraction pattern (PXRD) of

(GA0.015,C80.046:MAg.152,FA¢ 787) Pb(In.815Br0.185) ground single crystals. (c) XRD of the
(GA.015,Cs0.046,MAg.152,FA¢.787) Pb (I 815Bro.185) thin film. The extra Bragg peak visible around
12.65° is due to excess Pbl; (5%).

embedding of the grains and improve charge carriers transport [255].

7.3.3 Solar cell device characterization

A mesoporous n-i-p single junction solar cell device was made using the quadruple cation
lead halide perovskite as absorber material. The cross-sectional SEM of the mesoporous
n-i-p device is shown on Fig. 7.8.a. The compact TiO, layer was prepared using aerosol spray
pyrolysis on a fluorine doped tin oxide (FTO= substrate. The mesporous TiO, layer has been
deposited by spin coating and treated with Li-TSFI, according to Saliba and Giordano et al.
method [94, 256], in order to modulate the electronic conductivity and reduce the nonradiative
recombination centers related to oxygen vacancies [257]. The (4cat)Pb(I,Br); perovskite thin
film was deposited on the mesoporous TiO,. Finally, the perovskite thin film was capped
by spiro-OMeTAD layer and a thermally evaporated gold cathode. In this n-i-p device, TiO,
acts as the electron-selective transport layer (ETM) while the spiro-OMeTAD acts like an hole
transport layer (HTM), meaning it extracts and transports the holes toward the gold contact.
The compacity, the homogeneous filling and the good contact quality observed on the cross
sectional SEM are indications of the high quality of the film.

J-V measurement was later performed on the (4cat)Pb(I,Br)s n-i-p architecture. The J-V curve
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Figure 7.8: (a) Cross sectional SEM image of a photovoltaic n-i-p device with 500 nm of trans-
parent electrode FTO, 400 nm of electron transport layer Li(TFSI), mp-TiO, + perovskite,
530 nm of active perovskite layer (GAg.015,CS0.046,MAg.152,FAg.787)Pb(Ig.815Br0.185), and 280 nm
of the hole transport layer Spiro-OMeTAD. (b) JV curve of the device showing short circuit
current density of 23.6 mA/cm?, open circuit voltage of 1.18 V, and an average power con-
version efficiency (PCE) of 20.5%. (c) External quantum efficiency (EQE) as a function of the
incident photon energy. (d) Maximum power point (MPP) tracking during the first hour under
illumination AM1.5G 100 mW/cm?.

shown on Fig. 7.8.b enabled to extract the power conversion efficiency (PCE) of the solar cell,
which was 20.96% in the forward direction and 20.12% in the reverse direction. J-V hysterisis
is remarkably low compared to other solar cells fabricated with the same transport layers [258]
or closed chemical composition of the absorber [259, 87, 260]. This may be due to several
factors: (i) guanidinium enhances grain size and passivates under-coordinated iodide species
between adjacent crystalline grains thanks to its hydrogen bonding; (ii) guanidinium and
the excess Pbl, tend to minimize the halide ions migration at the interface with other layers
[86]; Lithium incorpoation in the mesoporous TiO, reduces oxygen vacancies. Furthermore,
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smooth roughness of the thin film observed with AFM measurements and presented in the
Supplementary Information of the paper [245] probably enable good charge extraction.

External quantum efficiency (EQE) measurement was performed in order to know the ratio
of the number of electronic charges collected to the number of photons incident on the
photoreactive solar cell (Fig. 7.8.c). The EQE of the device is larger than 80% of the entire
range covered by visible light spectrum. This confirms that most of the photogenerated charge
carriers can be collected before recombination despite the relatively high thickness of the
perovskite active layer (= 1 um). This can be explained by good carrier transport properties
and was confirmed by a diffusion coefficient of 0.05 cm?s—1 of the thin film, measured via
noninvasive transient grating method (Supplementary Information of [245]).

Finally, the power density output of the device has been characterized (Fig. 7.8.d). An illumi-
nation of 1 sun was employed for the characterization on a 0.16 cm? device. A stable power
output of 19.5 mW/cm? (equivalent to a PCE of 20.5 %) was observed. This photocurrent power
output stabilized within few seconds and remained constant throughout the entire duration of
the measurement and the stability is comparable to the best current single junction perovskite
solar cells.

These device characterization showed that, by optimizing the charge extraction at the electron-
selective interface, a photoconversion efficiency above 20% and negligible hysteresis could be
achieved. Due to the optimal mixing of different cations, the photovoltaic cells displayed a
good operational stability.

7.3.4 Low degree of disorder and efficient passivation through optical characteri-
zation

This subsection focus on several optical characterizations on the quadruple cation lead halide
perovskite thin film only (not related to the n-i-p device anymore). The film was first charac-
terized using photothermal deflection spectroscopy (PDS). As shown by the PDS spectrum on
Fig. 7.9.a, a sharp increase of the band gap coefficient at the bandgap value Eg = 1.62 eV in
close agreement with former studies [259, 87]. By fitting the exponential rise of the absorption
coefficient observed near the bandgap we obtain an Urbach energy AE,, = 18.5 meV. In typical
and single cation MAPbI3 perovskite, the Urbach energy value is usually around 13-15 meV
[105], indicating an increased degree of disorder in our quadruple cation lead halide perovskite
sample.

Steady-state photoluminescence (PL) was also performed and the PL peak is shown on
Fig. 7.9.b. A sharp emission peak line is observed at the bandgap energy Eg = 1.62 eV. The PL
peak shape indicates a low rate of non-radiative carrier recombination, which is of consider-
able interest for photovoltaic applications.

Fig. 7.9.b shows the temporal evolution of the photoluminescence intensity, also called time-
resolved photoluminescence (TR-PL), and measured at the bandgap value after the photoex-
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Figure 7.9: (a) Photothermal deflection spectroscopy (PDS) measurement (black line) of the
absorption coefficient as a function of the incident photon energy. The spectrum indicates
a gap energy Eg = 1.62 eV and an Urbach energy AE, = 18 meV. The red area represents the
photoluminescence intensity measured at room temperature as a function of emitted photon
energy. (b) Time-resolved photoluminescence, acquired at a photon energy 1.62 eV and at
room temperature as a function of delay time from the photoexcitation.

citation pulse with a density of 10!2-10'® cm™2. The curve was fitted using a step function
multiplied with a single exponential decay function, with a decay time of 7p; = 3.2 ps. This
lifetime is comparable to the relaxation time previously reported for halide thin films incor-
porating Guanidinium in the A-site cation [243]. Nonetheless, it is one order of magnitude
higher than the one observed in lead halide perovskite with no Guanidinium. The remarkable
increase of 7 p; by using Guanidinium confirms the efficient passivation of the non radiative
recombination centers at the grain boundaries of our the quadruple cation mixed halide
perovskite.

The suitable bandgap value of Eg = 1.62 eV, the high absorption coefficient «, the relatively low
Urbach energy AE, and the long 7p; are favorable parameters in order to provide efficient
harvesting of the solar energy.

7.3.5 Ultrafast dynamics in (4cat)PbBr; perovskites

This subsection focuses on the ultrafast dynamics in quadruple cations mixed halide per-
ovskites. Initial dynamics of charge carriers after ultrafast photoexcitation has been character-
ized by two pump-probe experiments: two-photon photoemission (2PPE) and time-resolved
transient absorption (TR-TA).

2PPE has been performed in order to observe the temporal evolution of the electronic excited
state in terms of kinetic energy Ej. For this aims, quadruple cations mixed halide perovskite
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single crystals were cleaved and measured in ultravacuum. Experiment have been performed
at 180K to avoid any alteration of the surface composition by possible sublimation of halide
or organic cations. The freshly cleaved cyrstal surface was then photoexcited with a pump
(fluence of 8 uJ/cm?) centered at 3 eV. The population of photoelectrons was probed with a
subsequent probe pulse centered at 4.5 eV. Pump-on minus pump-off photoelectron intensity
as a function of kinetic energy and pump-probe delay is represented on Fig. 7.10.a. The kinetic
energy Ey is referred to (4cat)Pb(I,Br)s surface’s vacuum level but should be increased by 0.4
eV if referred to the spectrometer vacuum level. At zero delay ¢ = 0 ps, primary electrons
absorbing the pump photons are excited from the valence band to the conduction band. Then,
their excess energy relaxes until reaching the conduction band minimum (CBM), located at Ej
= 0.8 eV. The characteristic time scale of the electronic cooling is 0.25 ps, which matches the
formerly measured value in MAPDI3 [252]. Such fast relaxation of the photoexcited electrons is
ascribed to highly dissipative collisions between electrons with large excess energy and the
group of organic cations (such as -NHj, -CH, -NH;)r , -CH3). The latter are much lighter than
the inorganic cage vibrate with very high frequency after being impacted by photoelectron and
can easily dissipate the excess energy of electrons. The efficient carrier cooling as well as the
negligible effect that any phonon bottleneck has at low fluence hinder any viable application
of this kind of halide perovskite for the realization of hot carrier solar cells I'. Besides the
primary photoelectrons visible when Ej > 0.8 eV, an additional signal is detected at 0 eV < Ej. <
0.8 eV. This signal originates from secondary electron replica (SER) to photoelectrons facing
inelastic scattering events while propagating from the sample out in the vacuum regions.
SER can be considered as a measurement artifact and brings no information about energy of
excited states in perovskites.

Ultrafast electron relaxation was then characterized using TR-TA at room temperature on thin
films. The latter have been pumped by a femtosecond pulse centered at 2.5 eV and probed
using a white light continuum. Fig. 7.10.b shows that slightly after time zero, photoinduced
band filling (PBF) reduces the absorption around 1.68 eV due to Pauli blocking [52], which
prevents fermions, and thus electrons, to simultaneously be in the same quantum state. In
addition to this observed bleaching effect, a transient increase of the optical absorption occurs
at 1.62 eV at early delay time. The dynamical screening of electron-electron interaction in
the photoexcited state of the conduction band lead to this band gap renormalization (BGR).
The evidence that BGR dynamics of Fig. 7.10.b and the electronic cooling on Fig. 7.10.a match
particularly well is a signature that BGR takes place while electrons and holes are in a highly
nonthermal state, which is somehow expected. Indeed, because it is drived by changes in
dielectric function, BGR is largest when the nonequilibrium electronic distribution opens a
large amount of intraband scattering channels. This condition is no longer verifier after 0.5 ps
as the carriers have already fully thermalized.

IElectron-hole pairs generated in solar cells lose energy by cooling down from their initial energetic (so called
"hot") position to the band edges by optical phonon emission. Hot carrier solar cells aim to minimize this loss by
extracting carriers at elevated energies in a narrow time range, which requires a substantial delay in carrier cooling
in the absorber material [261].
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Figure 7.10: (a) Two photon photoemission spectroscopy (2PPE) measured on a quadruple
cation mixed halide perovskite single crystal. The pump-on minus pump-off signals of primary
electrons in the conduction band minimum (CBM) and secondary electrons replica (SER) are
marked. (b) Differential absorption of a supercontinuum spectrum (TR-PL) measured on a
quadruple cation mixed halide perovskite thin film as a function of pumpprobe delay. . (c)
Differential absorption decay extracted at 1.68 eV after a pump pulse centered at 2.5 eV and
with different fluence values. The traces have been acquired for an excitation density spanning
from 3.7 x 101® to 7.5 x 107 cm3. Red curves are the experimental data and blue curves are fits
obtained via a recombination model. (d) Renormalized traces of the time-resolved transient
absorption spectra acquired at a pump probe delay of 0.1 ps, for increasing photoexcitation
density, marked with red arrow. (e) Broadening of transient absorption peak (red dots) is
plotted against the photoexcitation density p?/3.

On the longer time scale (i.e after 0.5 ps), electronic dynamics are ruled by a reduction of
PBF because of carrier recombination. Fig. 7.10.c represents the decay of PBF for different
excitation density F in the range of 3.7x10'6 cm™3 < F < 7.5x10'” cm~3. The entire fluence
data set can be fit using the standard rate equation:

—‘;—szazw bN? (7.1

with the trap recombination rate a = 3x10° s~! and the radiative coefficient b = 1.2x107"
cm3.s7!, the later being not corrected for photon recycling process [262]. This radiative
recomination rate a is slightly higher than the one obtained in other halide perovskite [263].
Recombination rate is 5 orders of magnitude lower than the one predicted by Langevin model

1l 153], Some authors ascribed the high efficiency of these solar cells to a slightly indirect band

M\ fodel describing how a system evolves when subjected to a combination of deterministic and fluctuating
forces.
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gap originating from dynamical effect [139]. Due to the presence of heavy atoms of Lead and
thermal fluctuation, organic cation rotation might indeed induce a momentum mismatch
between the band edges, called Rashba splitting [187, 264]. Nevertheless, recent calculations
suggest that the indirect nature of the band gap only decrease radiative recombination rate a
by less than a factor of 2 [265]. It is important to highlight that the radiative coefficient found
in quadruple cation mixed halide perovskite is as high as the traditional semiconductor with
direct band gap GaAs [266]. Moreover, the long carrier lifetime observed in Fig. 7.9.b as well as
the high EQE show that radiative recombination has no impact on the overall performance of
the solar cell device.

The normalized transient absorption measured just after photoexcitation at different pump
fluences are represented on Fig. 7.10.d. When the photoexcitation density increases, a blue
shift and broadening of the PBF peak is observed. This dynamical Burstein-Moss effect [52]
is a consequence of the excited distribution of electrons in the conduction band and holes
in the valence band. As represented on Fig. 2.2, Burstein-Moss effect can be described by an
effective filling level leading to Pauli blocking of the optical transitions in the energy interval
AEg from the band value, with:

2
B N)?3 (7.2)
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where m?, is the reduced effective mass and N is the photoexcitation density.

Finally, Fig. 7.10.e shows the experimental broadening of PBF as function of the excitation
density to the power of 2/3. In the low fluence regime, the curve is non linear and correlated
to trap filling mechanism. At elevated fluence, the curve trend is linear and is ascribed to
dominant radiative recombination. This linear dependence observed in a wide fluence range
is highly consistent with Burstein-Moss model. Reduced effective mass m}, = 0.14 my is
extracted from the linear slope. my is the bare mass of the electron. The value of reduced
effective mass is consistent with the one reported in MAPbI3 ( 0.1 my - 0.3 myp) and other
perovskite. This relatively small value of reduced effective mass in addition to long carrier
lifetime and modest diffusion rate are in agreement with calculations suggesting a moderate
dressing of carrier by lattice polarization [153, 136].

In conclusion, we showed that both hot carrier cooling and bandgap renormalization (i.e
optical gap reduction induced by photocarriers) occur on the subpicosecond time scale. The
radiative recombination in (4cat)Pb(I,Br); is higher than the one measured in classical MAPbI3
but has no role on solar cell performance because of good carrier transport properties. Using
Guanidinium in A-site cation enables to passivate the recombination centers at the grain
boundaries and increase charge carriers lifetime drastically up to the microsecond timescale.
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7.4 Summary and discussion

This chapter has allowed us to demonstrate the effectiveness of time-resolved photoemission
for the evaluation of the physical properties of hybrid perovskites. In a first time, 2PPE was
employed to show that the temperature dependent crystallographic structure affects the
polarizabilty of the organic A-site cation MA* since they can have the possibility to easily
change orientation (tetragonal phase) or could be completely freezed (orthorhombic phase).
The study of the accumulation of electrons on the surface of a MAPI; single crystal has shown
that organic cations are responsible for a static screening of charges, inducing defect tolerance
in this material.

Then, the observation of the conduction band of the 2D (BA)-MAPI3 using tr-ARPES showed
that this first proof of concept could later lead to the direct observation or not of a Rashba
splitting.

Finally, time-resolved photoemission coupled with optoelectronic characterization and device
design has allowed us to understand the important benefits of using the A-site cation Guani-
dinium in quadruple cation lead halide perovskites and to observe the band gap renormaliza-
tion as well as the Burstein Moss filling in this extremely promising material for photovoltaic
application.
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Conclusion and perspectives

LHPs ultrafast dynamics have been characterized through different time-resolved techniques
in order to understand the influence of A-site cation as well as lead-halide sublattice dynamics
on the general charge carriers properties. The research I have conducted made use of time-
resolved Kerr spectroscopy (OKE and TKE), as well as time and angle-resolved two-photon
photoemission spectroscopy (2PPE and tr-ARPES), to investigate the ultrafast dynamics of
lattice modes and electrons.

8.1 Optical and THz-induced Kerr effect spectroscopy

Time-resolved nonlinear Kerr effect was implemented with different excitation wavelengths.
First, optical Kerr effect (OKE) applied on MAPbBr3; and CsPbBrs perovskites outlined the
importance to consider instantaneous electronic polarization response in the propagation
of light field, in contrast to earlier interpretation. Experimental observation mixed with
a four-wave mixing model proved that OKE signal observed were most likely not due to
coherent phonons, liquid-like reorientation or polaron formation as claimed by previous work.
Nevertheless, it highlighted the importance of distinguish the often-neglected anisotropic light
propagation from underlying coherent quasiparticles responses (such as coherent phonons).

Thz-induced Kerr spectroscopy (TKE) was then applied to conventional A-site lead bromide
perovskite APbBr3; and to complex quadruple A-site cation lead bromide material. The intense
THz field enabled the excitation of coherent optical phonons in the LHPs inorganic sublattice
Pb-Br and probe the ultrafast lattice response via transient birefringence fluctuation. In
agreement with previous optical Kerr effect studies, four-wave mixing simulation proved how
crucial it is to account for dispersion and optical anisotropy to interpret time-resolved signals
in these materials. At room temperature, TKE response was dominated by instantaneous
electronic polarizability. On the contrary, lattice polarizibility governed by coherent phonon
was predominant at nitrogen temperature (< 80K). The dominating polarizable Raman-active
phonon mode was observed at 1.1 THz in MAPbBr3 and at 0.9 THz and 1.3 THz in CsPbBrs.
These modes are suitable candidates for explaining dynamical screening, wich has been
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suggested as a charge carrier protection mechanism in LHPs. Indeed, they govern the dynamic
lattice response to a sub-picosecond transient electric, which can be regard as an intermediate
between local electron-hole fields during electron-hole separation and localization. The
THz strong field experiments demonstrate the potential to obtain direct coherent phonon
control over LHPs properties via nonlinear excitation of highly polarizable modes, which were
also found to be strongly coupled to the electronic bandgap. The same experimental TKE
spectroscopy was applied to complex quadruple A-site cation lead bromide material, with
A=(GAy 015,Cs0.046.MAg.152,FAg.787). Interestingly, the highest polarizable mode in this complex
A-site cation has the same frequency as the one in MAPbBr3 (1.1 THz). This is not trivial, since
the quadruple A-site cation blend contains mostly Formamidinium, which is known to lack
Raman-active phonon mode that are highly polarizable. Besides, phonon lifetimes were even
higher in the four cations compound than in MAPbBr3;. Further investigations of the Urbach
energies as well as Raman spectroscopy are planned to understand the whole picture of the
our experimental observation, , which may be required to decode the (4cat)PbBr; perovskites
extended functionalities.

8.2 Time and angle-resolved two photon photoemission spectroscopy

Time- as well as angle-resolved spectroscopy was used to understand the role of A-site cations
in electron cooling in the conduction band as well as surface ionic terminations. Two-photon
photoemission was first used to characterize the transition across tetragonal to orthorhombic
phase of the MAPDI; single crystal surface. The observed band offset and drift of the excited
electrons highlighted the important role of organic cation MA™ on the static screening of
local electrostatic fields. These important results explain the modest impact that defects and
grain boundaries have on solar cell performance. They highlight the existence of a slow static
screening, which is complementary to the dynamics screening of the polaron picture studied
with TKE.

Angle-resolved two-photoemission was then performed in order to experimentally investigate
the presence of Rashba spin-orbit splitting in 2D-LHPs. The previous experimental and
theoretical works of the community have not yet allowed to decide on the presence or not of
this phenomenon. An experimental test on 2D perovskites, which are more likely to show this
phenomenon due to their inversion symmetry breaking, has allowed to observe for the first
time the conduction band dispersion of a 2D perovskites. A proof of concept of the observation
of the conduction band in 2D perovskites is an important result for the community. It is also a
preliminary starting point to study the time-resolved variation of the charge carriers in the
conduction band and to quantify Rashba splitting. The peculiar interplay of spin and orbital
degrees of freedom in LHPs seems promising for spintronic applications [267, 268].

Finally, femto- to microsecond dynamics of excited electrons were characterized in quadruple
A-site LHPs using two-photon photoemission. The relatively small value of the reduced mass
obtained, the long carrier lifetime and modest diffusion rate were in good agreement with
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ab initio calculations [152], suggesting a moderate dressing of charge carriers in quadruple
A-site cation perovskite, originating from Pb-X lattice polarization. A mesoscopic n-i-p single
junction solar cell was created by collaborators from Cologne University by making use of the
quadruple cations perovskite as absorber material and proved high efficiency (>20%) as well
as excellent operational stability. These interesting results were attributed to the addition of
Guanidinium cations which helps to passivate recombination centers at the grain boundaries
and increases charge carriers lifetime from nanosecond up to microsecond timescale.

8.3
and next investigations

Towards a clearer understanding of charge screening in LHPs

Clearer picture of charge screening in LHPs

Dynamic charge
screening

o #
@ -2

Study dynamic lattice
polarizability of the Pb-X;
sublattice

Support charge screening
picture by the lattice

Static charge
screening

4 .

= s

MA* cation screens local
electrostatic fields

Explains reduced impact
of defects and grain
boundaries

Rashba splitting

Proof of concept: conduction band
observation in 2D-LHPs

A-site cation composition

2

7 Complex A-site cation can drastically increase phonon

lifetimes and device performance (stability, efficiency)

Figure 8.1: Global overview of the studied systems and dynamics.

Two photon photoemission spectroscopy as well as Kerr experiments indicate that the excep-
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tional properties of LHPs are linked to the incorporation of highly polarizable organic cations
with highly inorganic structure. The lead-halide sublattice hosts slightly heavier carriers (in
case of polarons) and it generates a dynamic charge carrier screening via the formation of
polaron-like particle, while A-site cation gives rise to static screening which favor mobility by
reducing the defect-related trapping rate. The broad overview of ultrafast dynamics in this
work can be also extented to the study of 2D-LHPs.
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A.1 Supplementary measurements on (4cat)PbBr;

This part includes additional results related to Section.6.3 about (4cat)PbBr3 studies with THz-
induced Kerr effect. The measurements were performed by Niusha Heshmati from University
of Cologne and the interpretation were done by both of us.

A.1.1 Crystallographic analysis with X-Ray diffraction (XRD)

Thinfilms at room temperature

(100) (200)
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Figure A.1: Room temperature XRD pattern for each different thin films.

The crystallographic structure of both thin films and single crystals were analyzed using X-Ray
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diffraction (XRD), in order to know precisely the structure and the phase of each sample, at
ambient temperature but also at lower temperature for the (4cat)PbBrs (Fig.A.1). This tech-
nique is particularly interesting to know the purity of the phase. The XRD pattern of the 350nm
thick MAPbBr3 sample demonstrates pure perovskite cubic crystal with a characteristic cubic
structure finger print Pm3m, and sharp high intensity peaks in planes (100) at almost 260=15°
and (200) at 20=30° [269]. Therefore, the (h00) peaks dominate the final diffraction pattern
of the MAPbBr; thin films which is compatible with the SEM results that monocrystalline
microplates cover surface [270]. FAPbBrz samples also show cubic perovskite peaks, but there
is a new peak at 26 = 12.3° in both thickness results. Regarding the calculated tolerence factor
(1.01), we can consider this peak is ascribed to hexagonal non-perovskite structures when
the Goldschmidt tolerance factor ¢ > 1 [271]. The CsPbBr3 sample shows different diffraction
pattern with preferred orientation of (101) at 2©=15.2° and (202) at 2©=30.7° representing 3D
CsPbBrj structure, suggesting the formation of a crystalline perovskite phase and consistent
with reported values [272][273]. (MA,FA)PbBr3 keeps the cubic structure and, such as the
MAPbBr3 sample, microcubes appear with high intensity peaks. In the case of (4cat)PbBr3
samples, we could not detect peaks of the §-phase compounds (explained in Subsection.3.1.2).
The quadruple cation structure has less crystallinity in comparison to single cation ones, as
shown by the lower peak intensity.

Temperature-dependence XRD measurements on single crystal

We then evaluated the fundamental properties of (4cat)PbBrs single crystal by utilizing
temperature-dependent XRD from 80K to 300K, as shown on Fig. A.2. A clear intense or-
ange, splinter of a cube-like single crystal with approximate dimensions 0.060 mm x 0.100 mm
x 0.190 mm, was used for the XRD crystallographic analysis.

1.8
u Temperature (K) Crystalline phase H
300 (full measurement) Cubic
230 Tetragonal P (still 50% cubic) 5'0— 1.7 ./ /.7
165 Tetragonal P (still 50% cubic) 5 ‘><‘ /:\'
c
155 Tetragonal P (still 40% cubic) § rd /\/
8 W
135 Tetragonal P(still 40% cubic) £ e
S
110 Orthorhombic P (still 40% cubic) =2
—e—b)
80 (full measurement) Orthorhombic P (still 34% cubic) - =g
1.

50 100 150 200 250 300
Temperature (K)

Figure A.2: (a) Crystalline phase as function of the temperature of the (4cat)PbBr; single crystal.
(b) Temperature-dependence of the lattice constants a, b and c.

Photoactive perovskite cubic phase is needed for high efficiency and stability of hybrid (i.e
organic and inorganic) halide-based optoelectric perovskite devices [274]. Indeed, achieving
the highly symmetric cubic phase for perovskites at room temperatures or lower can reduce
the costs of energy for making a device which needs heating in order to cross the tetragonal to
cubic phase transition [275]. The results at 300K is compatible with a P —43m cubic structure
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and lattice parameter a = 11.72 A and Volume = 1612.5 A3. At 230K tetragonal (C2mm) unit cell
with cell constants of @ = 11.7008(5) A, ¢ = 11.6583(6) A, volume = 1596.1(2) A® was detected.
Cubic-to-tetragonal structural phase transition which lowers the lattice symmetry have been
highly studied, as discussed in Section. 3.4.3. Phonons are the most important factor for
stabilizing the cubic phase at higher temperatures, and tetragonal to cubic phase transition is
driven by low-energy phonon modes related to the inorganic lattice [276]. The phase transition
could be displacive type including the softening of a zone-center or zone-edge mode and it will
be followed by distortion of the lattice condensation in the lower symmetry tetragonal phase.
At the wave vector that the phonon softening happens a superlattice Bragg reflection will
appear in reciprocal space and it would be a sign of symmetry change in the crystal [277][278].
At 300K, a =b =c and the software considers the cubic structure as cubic. By cooling down
we can see a slight change of a, b and ¢ which is less than 0.1 A. The software considers any
a= b # c as tetragonal, but because of too small difference the phase can still have a probability
to be cubic. This means that although precise phase determination is tetragonal, but because
of too small changes in lattice constant, there is still 50% of probability for this structure to be
considered as cubic. Indeed, by cooling down the sample, tetragonal structure remains and the
probability of having a cubic structure reduces. At 80K orthorhombic (Pmmm) unit cell with
constants of a = 11.6519(13) A, b =11.6744(14) A, ¢ = 11.6091(13) A, are achieved. As shown in
Fig.A.2.b, lattice constants changed less than 0.1A during the whole measurement, leading
to conclude that lattice constant was the same and that only a small shrinking happened by
reducing the temperature. Furthermore, there is still 34% of probability being in the cubic
structure at 80K according to the simulation (Fig.A.2.a). As a conclusion, the total phase
change is compatible with reported measurements for fully bromide perovskites [252][279],
but interestingly the cubic phase of the quadruple cation lead bromide perovskite was almost
preserved until 80K.

A.1.2 Optoelectronic characteristics

To investigate the effect of A-site cation engineering on absorption and radiative recombina-
tion of charge carriers’ behavior, UV-VIS absorption spectra and PL emission of the samples
were measured. Fig.A.3 depicts the static absorptance spectrums at room temperature and
the corresponding Tauc plots for certain samples in Fig.A.4. As shown in Fig.A.3, all the layers
exhibit a characteristic absorption edge around 530 nm, with a broad absorption of light
which infers the formation of perovskite layer on the substrate [280]. According to the results
highest absorbance belongs to MAPbBr3 with 350nm thickness with considerable difference
in comparison to other samples. We can attribute these results to crystallinity of the layer
that has direct influence on absorbance of the layer[280][281]. MAPbBr3 sample is the only
one that had high intensity peaks attributed to cubic structure of perovskite and XRD results
similar to single crystal sample, therefore it has high absorbance and the remaining layers
also are compatible with XRD results and with improved the crystallinity of the layer the
absorbance improved too. Also, the optical bandgap of the samples were calculated from
Tauc plots. The Tauc method is based on assumption that the energy-dependent absorption
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Figure A.3: Aborption spectra of several thin films.

coefficient (a), which is proportional to the incident photon energy (hv) and optical density,
can be determined by the following equation.

(- hv)7 = B(hv — Ey) (A1)

In this equation v is the photon’s frequency, h is the Planck constant, B is a constant, and Eg
is the band gap energy. The factor y is related to the nature of the material and electronic
transition is equal to 1/2 or 2 for the direct and indirect transition band gaps, respectively
[282]. Therefore, extrapolating a straight-line portion of the plot of the quantity (a- hv)i versus
photon energy bring to the optical bandgap E, [283]. The obtained values for the optical band
gap Eg are in agreement with the maximum absorption, shown in Fig. A.6. FAPbBr3 have the
lowest Eg while MAPbBr3 with the shortest wavelength have the highest Eg. Furthermore, the
tolerance factor ¢ of MAPbBr3 is 0.92 while the rest of analyzed perovskite samples is close to
1, indicating a higher symmetry of the crystal structure, as well as less tilted PbBrg octahedral
cage, leading to a lower band gap Eg. This confirms previous results demonstrate that there is
a opposite relation between ¢ and band gap E; of the LHPs, as well as higher tolerance factor
(ranging #=0.8-1.0) leads to lower bandgap [85].

Photoluminescence

Photoluminescence (PL) results can shed a light on important properties such as materials
quality, impurity, and defect detection [284]. Furthermore, bandgap measurement and ex-
planation of recombination process is possible according to PL results. The energetic values
of photoluminescence photons in a semiconductor are usually somewhat smaller than the
actual band gap of the material. Indeed, once excited into the conduction band, electrons can
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Figure A.4: Absorption measurements and Tauc parameter extraction (dashed line) in different
thickness thinfilm of (a) MAPbBr3 and (b) (4cat)PbBrs.

relax into shallow defect states right below the conduction band and from there recombine
with holes in the valence band, emitting photons with a smaller energy than the bandgap.
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Figure A.5: Photoluminescence measurements at room temperature for different thinfilms.

Photoluminescence spectra are shown in Fig. A.5. With mixed cation structure the intensity
of all PL peaks increased considerably, and the highest possible amount was achieved with
350nm thick (4cat)PbBr3 sample. Intensified PL peak for (4cat)PbBrs sample can be explained
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by suppression of the non-radiative recombination an reduction the density of traping this
perovskite layer.

Sample properties UV-Vis results PL results
Perovskite Thickness | Amax | Absonset | Eg e Eg
[nm] [nm] [nm] [eV] | [nm] | [eV]
MAPDBr3; 350 505 531 238 | 547 | 2.27
MAPbBr; 500 505 539 2.38 | 5475 | 2.26
FAPbBr; 350 511 538 235 | 657.5 | 2.22
FAPbBr; 500 513 536 235 | 554 | 2.24

MA, 2FAo sPbBrs 350 510 535 236 | 556 | 2.23
MA, 2FA, sPbBr; 500 510 535 2.36 | 556.5 | 2.23
4-catPbBr; 350 508 530 237 | 555 | 2.23
4-catPbBr; 500 508 530 237 | 553 | 2.24

Figure A.6: Summary of the optoelectronic properties obtain for different thin films at room
temperature.

Scanning electron microscopy (SEM)

Earlier studies have shown the importance of the film morphology and surface coverage
of perovskite absorbing layer in order to get better performance [285]. To investigate the
surface structure, thin films with 350 nm and 500 nm thick photoactive layer were analyzed
through scanning electron microscopy (SEM). Fig.A.7 shows the fabricated samples under
different magnification. Both (4cat)PbBr; samples show a uniform and relatively smooth
surface with a grain size of approximately 200 nm without major defects. The surface of 350
nm thick MAPbBr3 shows the presence of monocrystaline microplates between 5 - 10 um with
a cubic structure. Microplates structures are interesting for evaluating the crystal properties
as photonic microcavities. It has been demonstrated that oriented grains of perovskite layer
in photovoltaic devices can increase the photocurrent and final device performance [286].
Observing the contrast within the SEM pictures indicates a rough surface with potential defects
between the grains. In the case of 500 nm thick MAPbBr3, a smooth and uniform structure
with small grains appeared but still similar to the 350 nm one. Besides, presence of bumps are
clear. This size reduction infers that the nucleation density is high and leads to formation of a
large number of small crystals. CsPbBrs shows rather a poor surface coverage, in agreement
with reported results [272].
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Figure A.7: Scanning electron microscopy of the different thinfilms used in TKE experiments.

A.2 Supplementary experimental techniques

This section describes the experimental information concerning the secondary characteriza-
tion techniques used to obtain certain experimental results and performed by collaborators.

A.2.1 Hard X-ray photoelectron spectroscopy (HAXPES)

Hard X-ray photoelectron spectroscopy (HAXPES) has been performed at the GALAXIES
beamline of SOLEIL synchrotron [287]. HAXPES is a powerful technique to characterize the
electronic properties of materials. The beamline is optimized to operate in the 2.3 - 12 keV
energy range with high resolution and micro beam. The resolution is AE from 100 meV to 1
eV at 8 keV. The spot size is 20 (V) x 80 (H) pm? in standard mode and the flux is 1.5x10'2 ph/s
in the standard focalisation. The HAXPES techniques used a high resolution electron analyzer
of 30 meV at 12 keV.

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic
technique based on the photoelectric effect. It allows to identify the elements existing within
a material or covering its surface, as well as their chemical state, the electronic structure and
density of the electronic states in the material. XPS is a powerful measurement technique
because it not only shows what elements are present, but also what other elements they are
bonded to. The advantage of using hard X-ray is that deeper core level can be excited compared
to soft x-ray, due to the high incident energy of hard x-ray. Using the emitted electrons’ kinetic
energies measured by the detector and knowing the X-ray energy, the electron binding energy
of the emitted electrons are determined with the photoelectric effect equation. It is then
possible to reconstruct the valence band and the core levels of the studied sample.
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A.2.2 2D-OKE spectroscopy

A Fourier-transform-based laser spectroscopy technique, two-dimensional optical Kerr effect
(2D-OKE) spectroscopy has been developped to investigate the light propagation and nonlin-
ear polarization responses with a femtosecond timescale. One of the most interesting features
of this experiment is that it allows to energetically dissect broadband light propagation and
thus to obtain a superior excitation energy resolution. To implement the 2D-OKE, a phase-
stable co-propagating double pump-pulse sequence was setup. The Fourier transform with
respect to T provides a precise and unprecedented pump-energy resolution of few millielec-
tronvolt. This is particularly interesting for our experiments near electronic resonances, where
highly dispersive linear and nonlinear optical responses are expected.

800 nm
prob?

Figure A.8: Experimental scheme of 2D-OKE spectroscopy. Two phase-controlled and co-
propagating pump pulses induce a nonlinear polarization response in the lead halide per-
ovskite sample, while interacting with a time-delayed probe pulse. Nonlinear polarization
response is traced via transient birefringence S(¢, 7) as a function of pump-pump delay r and
prump-probe delay ¢. S(¢,7) monitors anisotropy and dispersion of light propagation, which
is dominated by nonlinear y®.

The figure Fig. A.8 illustrates time-resolved probing allowed by optical Kerr effect spectroscopy.
This technique probes light propagation through dispersive crystal with birefringence charac-
terized by an anisotropic refractive index An0(v), as in the case in the orthorhombic phase
of MAPbBr; and CsPbBr3. The pump pulse navigates through the crystal and, in the case
of an anisotropic material, decomposes into two orthogonal fields : a fast and a slow one,
with different propagation velocities. The two orthogonal pump polarizations and the time-
delayed probe pulse nonlinearly mix to produce a third-order nonlinear polarization. This
contribution, obtained by a four-wave mixing process, is the origin of the observe OKE dy-
namics. The high dispersion near the bandgap is reflected in the pump-probe walk-off due to
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velocity mismatching and in the temporal spread of the pump pulses due to the group velocity
dispersion (GVD).

A.2.3 X-Ray Diffraction XRD on thinfilms

Measurements were performed by Niusha Heshmati with other collaborators from the Univer-
sity of Cologne.

Thin films

The polycrystal structure analysis was investigated by X-ray diffractometer, which monitor
the crystallinity, crystal structure, phase purity and the preferred crystal growth orientation.
The XRD measurements in the Institute of Inorganic Chemistry at University of Cologne were
done in a STOE-STADI MP diffractometer from STOE with Cu Ka (A = 1.5406 A) operated at 40
kV and 40 mA in reflection mode for thin films.

(4cat)PbBr; single crystal

Single crystal XRD was done in the Institute of Inorganic Chemistry at University of Cologne
in a SC XRD Bruker D8 Venture with Mo radiation (1 = 0.71073 A).

A.2.4 Scanning Electron Microscopy (SEM)

Surface morphology and quality was evaluated with scanning electron microscope, which
scans the materials surface with high energetic incident electron beam in an evacuated
chamber. SEM images have been acquired with a Strata DualBeam 235 from FEI, using a 50 pA
aperture during milling.

A.2.5 Time-resolved transient absorption (TR-TA)

Time-resolved transient absorption spectroscopy (TR-TA) is also based on the principle of
pump-probe measurements. In our experiment, the sample is excited with a 2.5 eV pump
pulse, followed by a white light continuum probe pulse with a variable time delay [26]. The
dependence of the measured absorbance gives information on the temporal evolution of the
system after excitation, such as excited-state populations evolution. For example, a change of
the absorption could be explained by band gap renormalization.

A.2.6 Scannning electron microscopy (SEM)

Surface morphological studies were operated with a scanning electron microscopy (SEM). By
focusing a beam of electrons on the sample surface, the electrons interact with the atoms of
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the material leading to the emission of both secondary electrons and backscattered electrons.
The first ones are emitted by atoms excited by the beam of electrons and give information
about the surface topography by detecting their intensity in function of their position. The
second ones gives information about the chemical composition of the sample.

A.2.7 Photothermal deflection spectroscopy

Photothermal deflection spectroscopy (PDS) is a highly sensitive technique for measuring
the optical absorption characteristics of thin film samples by monitoring the change of the
refractive index due to heating of a medium by a pump light source. The photothermal
deflection measured is proportional to the absorption coefficient of a given material. A
curve representing the normalized absorbance in function of the photon energy (eV) is then
plotted. An exponential drop is normally observed at the energy band gap value. The fit of
the linear part of the slope, called Urbach tail, allows to obtain the so-called Urbach energy
E,, indicating the degree of electronic disorder in the material. The smaller Eu is, the lower
electronic disorder there is [288].

A.2.8 Current-voltage measurements (J-V)

Current-voltage (J-V) measurements under simulated sunlight condition allow the experi-
mental evaluation of the solar cell parameters. J-V curves are measured by applying a forward-
or reverse bias and by measuring the current response of the solar cell. In our experiments,
current has been measured at different external voltage and at a temperature of 25 °C.

Plotting of the J-V curve lead to find the open-circuit voltage V¢ and the short-circuit current
Jsc. The curve also allow to obtain the filling factor (FF) value, which is the area spanned
by the products Jjp.Vyp divided by the product Jsc.Voc , with Jyp the maximum power
current point and Vjsp the maximum power voltage point. Knowing the incident solar power
P, the efficiency of the solar cell, also called power conversion efficiency (PCE), is obtained.
The PCE is defined in percentage.

A.2.9 External quantum efficiency (EQE)

The spectral response of a solar cell device is measured by recording the wavelength dependent
current response, the external quantum efficiency (EQE). The EQE is defined as the ratio of
generated and collected charge carriers to the incident photons on the solar cell device emitted
by the light source. The higher EQE percentage is and the most photons are converted into
charge. Indeed, efficient solar cells always have high EQE value.
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Figure A.9: J-V curve sketch, including fill factor (FF) and power conversion efficiency (PCE).

A.3 Supplementary TKE simulations
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Figure A.10: Four-wave-mixing simulation for orthorhombic LHPs phase, assuming an in-
stantaneous electronic hyperpolarizability response only. For 0 degree azimuthal angle and
for all thicknesses larger than 200 um, we can see the appearance of a short-lived oscillatory
signal of around 1.4 THz in (1,2). These oscillations arise due to static birefringence, but are
too short-lived to explain our experimental observation at 80K.
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