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Abstract

This thesis investigates the photoinduced charge carrier dynamics of TiO2 nanoparticles and
CsPbX3 (X = CI, Br) nanocrystals, by means of ultrafast x-ray absorption spectroscopy
(XAS) and transient absorption spectroscopy (TAS).

TiO2 is among the most promising transition metal oxides for applications such as
photocatalysis and photovoltaics. In the latter, TiO2 has been used over the years in dye-
sensitized solar cells (DSSCs) as electron transport material. CsPbX3 belongs to the class of
lead halide perovskites and is currently one of the most investigated materials for solar energy
applications, due to the high conversion efficiencies and ease of preparation. These materials
are commonly used in solar cells with an all-solid-state DSSC architecture as light absorbers.

Solar energy conversion is governed by the generation of charge carriers, their subsequent
evolution as excitons or free charge carriers, and eventually their localization. Ultrafast
spectroscopy can gain insights into the evolution of charge carriers by following their
dynamics in real time. For this reason, ultrafast XAS was the main technique used in this
work, as it combines elemental and structural sensitivity to study the fate of charge carriers
and their evolution under operating conditions.

The early stages of electron localization in TiO. anatase nanoparticles upon photoexcitation
at 3.5 eV, are investigated by fs-XAS at the Ti K-edge using the synchrotron slicing
technique. The results show that localization of electrons at Ti atoms occurs in <300 fs,
forming Ti* centres, in or near the unit cell where the electron is excited. Moreover, electron
localization is due to its trapping at pentacoordinated sites, mostly present in the surface shell
region.

Similar conclusions are drawn for another polymorph of TiO., rutile, from ps-XAS at the
Ti K-edge. Here electrons are trapped next to oxygen vacancies at 100 ps after
photoexcitation. Electrons in rutile though, show a weaker tendency to localization than in
anatase and this could explain the differences in photocatalytic performances between these
two polymorphs.

In the second part of this thesis, the ultrafast charge carrier dynamics of CsPb(CIBr)3
nanocrystals is investigated using fs-TAS in the visible region (~1.8-3.1 eV) upon
photoexcitation at 3.1 eV. This material represents an ideal system to study the ultrafast
physics of lead halide perovskite in general, because ultrafast TA studies suggest that the
charge carrier dynamics are similar to the organic-inorganic materials but do not suffer from
the same stability issues. Here, the ultrafast transition from free charge carriers to excitons is
observed in a fluence dependent study, which sheds light on the interpretation of a long lived
spectral feature rising from a transient electroabsorption effect.



Finally, the charge carrier dynamics of CsPbXs (X = ClI, Br) is investigated using ps-XAS at
the Br K-edge, the Pb Ls-edge and Cs L>-edge upon photoexcitation at 3.5 eV. The Br K-
edge transients at 100 ps delay show evidence for a full electron charge being withdrawn
from the Br atoms, i.e. the hole is localized due to formation of a small polaron. The transients
at the Pb Ls-edge point to the opposite, i.e. the electrons are fully delocalized as conduction
band electrons and there is no hint of trapping. Lastly, the Cs L.-edge shows no transient
signal, in agreement with predictions based on the partial density of states in the material.

KEYWORDS: Ultrafast spectroscopy, time-resolved x-ray absorption spectroscopy,
transient absorption spectroscopy, Titanium dioxide, Lead halide perovskites, photovoltaics,
photocatalysis



Sommario

Questa tesi investiga le dinamiche fotoindotte dei portatori di carica in nanoparticelle di TiO>
e nanocristalli di CsPbXs (X = CI, Br), usando spettroscopia di assorbimento a raggi x
ultraveloce e spettroscopia di assorbimento transiente.

TiO2 é tra i piu promettenti ossidi dei metalli di transizione per applicazioni come la
fotocatalisi e il fotovoltaico. Per cio che riguada il fotovoltaico, TiO- é stato usato negli anni
nelle dye sensitized solar cells (DSSCs) come materiale atto al trasporto degli elettroni.
CsPbX3 appartiene alla classe delle perovskiti a base di Piombo ed alogenuri ed € oggi tra i
materiali piu studiati per le applicazioni nel campo dell’energia solare, a causa delle alte
efficienze di conversione e della facilita di preparazione. Questi materiali sono comunemente
usati nelle celle solari con una architettura DSSC totalmente allo stato solido come assorbitori
di luce.

La conversione dell’energia solare € governata dalla generazione dei portatori di carica, la
loro evoluzione come eccitoni o cariche libere, ed infine la loro localizzazione. La
spettroscopia ultraveloce pud acquisire conoscenze nell’evoluzione dei portatori di carica
osservandoli in tempo reale. Per questa ragione, la spettroscopia ultraveloce di assorbimento
araggi x e la principale tecnica usata in questo lavoro, poiché combina sensibilita strutturale
ed elementare per studiare il destino dei portatori di carica e la loro evoluzione in condizioni
operative.

| primi momenti della localizzazione dell’elettrone nelle nanoparticelle di anatasio TiO> in
seguito a fotoeccitazione a 3.5 eV, sono stati investigati usando spettroscopia a raggi x al
femtosecondo alla soglia K del Ti mediante la tecnica di sincrotrone dello slicing. I risultati
mostrano che la localizzazione degli elettroni agli atomi di Ti avviene in < 300fs, formando
centri di Ti®*, nelle vicinanze della cella unitaria dove I’elettrone & stato eccitato. Inoltre, la
localizzazione dell’elettrone é dovuta all’intrappolamento su siti pentacoordinati, presenti per
la maggior parte nello strato superficiale del materiale.

Conclusioni simili sono trovate per un altro polimorfo del TiOy, il rutilo, dalla spettroscopia
di assorbimento a raggi x al picosecondo sulla soglia K del Ti. Qui gli elettroni sono
intrappolati in prossimita delle vacanze di ossigeno dopo 100 ps dall’eccitazione. Gli elettroni
nel rutilo perd, mostrano una tendenza minore alla localizzazione rispetto all’anatasio e
questo potrebbe spiegare le differenze nelle prestazioni fotocatalitiche tra questi due
polimorfi.

Nella seconda parte di questa tesi, la dinamica ultraveloce dei portatori di carica per i
nanocristalli di CsPb(CIBr)s é investigata usando spettroscopia di assorbimento transiente al
femtosecondo nel visibile (~1.8-3.1 eV) in seguito a fotoeccitazione a 3.1 eV. Questo
materiale rappresenta un sistema ideale per studiare la fisica ultraveloce delle perovskiti a
base di Piombo ed alogenuri in generale, poiché studi ultraveloci di assorbimento transiente



suggeriscono che la dinamica dei portatori di carica sia simile ai materiali organici-inorganici
ma non soffre degli stessi problemi di stabilita. Qui, la transizione tra cariche libere ed
eccitoni € osservata in uno studio dipendente dalla fluenza, che chiarisce I’interpretazione di
un segnale a lunga durata originato da un effetto di electroabsorption transiente.

Infine, la dinamica dei portatori di carica in CsPbX3 (X = CI, Br) é investigata usando
spettroscopia di assorbimento a raggi x al picosecondo alle soglie K del Br, Lz del Pb e L»
del Cs dopo fotoeccitazione a 3.5 eV. | transienti alla soglia K del Br a 100 ps di ritardo
suggeriscono che un’intera carica di elettrone sia strappata dagli atomi di Br, i.e. la buca ¢
localizzata a causa della formazione di un piccolo polarone. | transienti alla soglia Lz del Pb
indicano I’opposto, i.e. gli elettroni sono completamente delocalizzati come elettroni in
banda di conduzione e non c’e un segnale indicativo dell’intrappolamento. In ultimo, la soglia
del L> del Cs non mostra un segnale transiente, in accordo con le previsioni basate sulla
densita parziale degli stati nel materiale.

PAROLE CHIAVE: Spettroscopia ultraveloce, spettroscopia a raggi x risolta nel tempo,
spettroscopia di assorbimento transiente, biossido di Titanio, perovskiti a base di Piombo ed
alogenuri, fotovoltaico, fotocatalisi
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1 Introduction

The environmental concerns and increasing demand for energy, together with the constant
progress in renewable energy technologies, open new opportunities for the use of renewable
energy resources.! Solar energy is one of the few renewables with the scalability and the
technological maturity to meet the global demand for electricity.

Among the solar power technologies, photovoltaics (PV) are the most deployed and provided
0.87 % of the world’s electricity in 2013.2 PV have a unique scalability, being capable of
supplying from milliwatts to megawatts using a replicated modular technology. Crystalline
Si is the dominant commercial technology, with about 90% of the global production capacity
(35% single-crystalline and 55% multicrystalline). It is the most mature PV technology
because its evolution profited significantly from the production processes developed by
micro-chip companies. The record cell efficiencies are 25.6% and 20.8%, for single-
crystalline and multicrystalline respectively.?

Among the emerging PV technologies, dye-sensitized solar cells (DSSCs) represented a new
paradigm of a device working at a molecular scale. DSSCs have lower production costs
(payback time <1 year) and interesting design opportunities (e.g. transparency).* They
became popular in 1991, after a publication by O’Regan and Gréaetzel,® which revolutionized
the field of dye-sensitized photoelectrochemical cells using a mesopourus TiO> electrode
with a high surface to volume ratio. In the early DSSC research, Ruthenium-complex dyes
were developed (e.g. N719, N3, N749) and they remain among the most promising metal-
complex sensitizers (record efficiency of ~11% using a Ru-based dye).* In the case of the
hole conductor, an important achievement was the development of a solid state material®
instead of the standard liquid electrolyte based on the I"/13” redox couple.

It is from these all-solid state dye-sensitized cells that lead halide perovskite solar cells
evolved becoming nowadays one of the most important emerging PV technology. Starting
from a 3.8% efficiency in 2009’ they have achieved over 20% of certified efficiency
recently.® Although the most efficient cells have a DSSC architecture with TiO; as electron
acceptor, the material showed efficient ambipolar charge carriers transport.® Their low
processing temperature (150 °C) and high conversion efficiencies make them ideal
candidates for low-cost solar cells. In order to rationalize the outstanding efficiencies and
unraveling the physics behind this class of semiconductors, several time-resolved studies
have been performed in the last years.’®! Despite the interest in the charge carrier dynamics
of lead halide perovskite, still several questions remain open about their fate. Solar energy
conversion is governed by the generation of charge carriers (electrons and holes), their
subsequent evolution as excitons or free charge carriers, and eventually their localization
either as self-trapped excitons, polarons or simply at defects. These steps, that are crucial for
the device performance, take place on a femto- to picosecond time scale. For this reason,
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ultrafast XAS is the main technique used in this work, because it combines uniquely
elemental and structural sensitivity to study the fate of charge carriers and their evolution
under operating conditions (i.e. room temperatures and ambient pressure).

In the following pages, fully inorganic Cesium-based perovskites (CsPbXz3) are investigated.
They represent an ideal system to study the general ultrafast physics of lead halide perovskite
because they show similar spectral features as the aforementioned organic-inorganic
materials (e.g. CHsNH3PbBrs) in time-resolved studies!*!2 but do not suffer from the same
stability problems.®® Moreover, TiO: is investigated, which is not only the most common
electron acceptor in dye-sensitized and perovskite solar cells but also among the most
promising metal-oxide photocatalysts.!* The fate of the charge carriers is a significant
problem for both applications.

Chapter 2 contains the basic concepts of semiconductor physics. Chapter 3 consists of a brief
description of the experimental methods, meaning a general introduction of the time-resolved
technique used and synthesis and characterization of the samples. In Chapter 4 and 7 a brief
review of the literature introduces TiO2 and lead halide perovskites, respectively. Each of the
following chapters contain a brief introduction as well, dealing solely with specific issues
regarding the results of the experimental work and therefore focused on the charge carrier
dynamics.

Chapter 5 discusses the early stages of electron localization in TiO, anatase nanoparticles
upon photoexcitation at 3.5 eV, using fs-XAS at the Ti K-edge.® The synchrotron study uses
the slicing technique and is the first demonstration of femtosecond X-ray absorption
spectroscopy applied to nanoparticles. This demonstration of the fs hard X-ray absorption
capabilities opens the way to a detailed description of the charge carrier dynamics in
transition metal oxides with higher time resolution and flux, which is now achievable at free
electron lasers. Chapter 6 describes studies on the electron localization in rutile, another
polymorph of TiO>. Rutile has a different structure and optical properties than anatase and
overall presents a lower activity in photocatalytic applications.'® Using picosecond X-ray
absorption spectroscopy at the Ti K-edge, the aim is to probe the electron delivered to the
conduction band and to identify trapping sites in rutile TiO> nanoparticles, similarly to a
previous study on anatase TiOz.%

Chapter 8 examines the ultrafast nature of the elementary excitation in CsPb(CIBr)3
nanocrystals using broadband fs-TAS in the visible region (~1.8-3.1eV) upon
photoexcitation at 3.1 eV. In chapter 9 the charge carrier dynamics of CsPbXs (X = Cl, Br)
IS investigated for the first time using ps-XAS at the Br K-edge, the Pb Lsz-edge and Cs Lo-
edge upon photoexcitation at 3.5 eV. The results of this investigation bears important
consequences for the understanding of the charge transport in perovskites. Finally, chapter
10 contains the general conclusions for this work and an outlook.



2 Basic concepts

2.1 General aspects of semiconductor physics

A semiconductor is a solid characterized by an electronic band structure with a forbidden gap
that separates two band of states, respectively called valence band (VB) and conduction band
(CB). The basics of the theory for describing the electronic structure of a semiconductor were
derived by Felix Bloch, who in 1928 defined the spatial dependence of the potential
experienced by an outer electron in a crystal. In general, in a perfectly periodic lattice, a band
electron should have an infinite mean free path. In real solids though, because the free path
of an electron terminates when it encounters an interruption of the perfect periodicity, defects
and phonons result in a finite mean free path.®

The bandgap is defined as the difference in energy between the highest point of the valence
band (valence band edge) and the lowest point of the conduction band (conduction band
edge).?° This energy barrier can be overcome via an external excitation and this results in
promoting an electron from the VB to the CB and therefore a hole is left behind in the VB.
In the case of wide bandgap semiconductors, such as the ones presented in this work,
electromagnetic radiation and electric fields are the most common source of excitation.

Semiconductors can be divided in two categories, based on their electronic band structure
across the band gap position. When the location of the VB edge coincides with the CB edge
in the reciprocal space (i.e. k-space) they are called direct bandgap semiconductors (Figure
2.1). If the two band edges are separated by a substantial wavevector ke, they are called
indirect bandgap semiconductors (Figure 2.1). This difference has significant effects on the
optical absorption. Indeed, photons have a negligible momentum and therefore their
absorption process is represented by a vertical transition in Figure 2.1. Thus, in order to have
an indirect transition there is the need of both a photon and a phonon which provides the
momentum to cross the separation in k-space. This makes the transition less probable and
indirect bandgap semiconductors are hence characterized by smaller extinction coefficients.
In this work, TiO, anatase and rutile have an indirect bandgap?* while CsPbX3 (X=Br, Cl)
are, instead, direct bandgap semiconductors?>% (as the hybrid organic/inorganic perovskites
are).24,25

Generally, when working with semiconducting nanoparticles as in this thesis, it should be
considered that, under certain conditions, the electronic properties can be tuned by the
particle dimensions. A fundamental parameter which has to be considered in order to
understand the physics at the nanoscale is the exciton Bohr radius ag, which indicates the
spatial extension of the exciton wavefunction. Indeed, if the nanocrystal size becomes smaller
than or comparable to as, the spatial confinement of the electron-hole pair can modify the
electronic energy states. This quantum-confinement effect results in size dependent
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properties: the bandgap energy increases with the decrease of the particle size and the
continuum of transition, typical of a band structure, start to become discrete as in an atomic
system.?® In this work, the semiconducting nanoparticles studied should be treated more as
bulk semiconductors because ag is smaller than the crystallite size (i.e. ag of 7 and 5 nm for
CsPbBrs and CsPbCls??, with a particle size of 12 nm, and of 1.5 nm for TiO,?” with a particle
size of tens of nm).

Figure 2.1 - Schematic representation of direct and indirect bandgap transition in a semiconductor. On the left, the CB edge
and VB edge occurs at the same value of k and therefore a direct optical transition is allowed. On the right, an indirect
transition which involves a photon and a phonon (where Q is its frequency) is required to compensate the difference in
momentum between the two band edges. Taken from ref.?0.

In the following sections the different possible states in which charge carriers can exist in a
semiconductor will be described. In general, they can be either delocalized in the bands (free
carriers), or localized in electronic states lying within the gap. Localization can arise from
different sources (e.g. defects, amorphicity, electron-phonon coupling, Coulomb interaction)
which will be discussed in details.

2.1.1 Free charge carriers and excitons

Electron and holes in a semiconductor can exist as free charge carriers, which are delocalized
in the bands similarly to a metal, or as interacting pairs which forms a quasi-particle called
exciton.

In the case of free charge carriers in a mild charge carrier density regime, the electron and
hole are scattered only infrequently by other electrons and holes as a consequence of the Pauli
exclusion principle. The system can therefore be defined as a Fermi gas and the Drude model
can be used to describe it.° Indeed, the Drude theory, developed at the beginning of the last
century, can be used to simply describe the electrical and optical properties of free carriers in
metals and semiconductors.
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In general, free carrier absorption is characterized by a monotonic and often structureless
spectrum which can be reproduced by the simple expression:

a < AP

where a is the absorption coefficient, A is the photon wavelength and p is a coefficient which
can range from 1.5 to 3.5.282° From the classical Drude theory, the oscillation of an electron
in a metal which is driven by a periodic electric field leads to an attenuation which is
proportional to A2.28 Considering on the other hand what is described in literature as “the
quantum description” of the free carrier absorption in semiconductors,® the exponent p can
acquire values of:

= 1.5 when collisions with the lattice result in scattering by acoustic phonons.
= 2.5 when there is scattering by optical phonons.
= 3 or 3.5 when the scattering is caused by ionized impurities.

Generally, because the optical response of free charge carriers decreases as a power function
with the probing energy,3® the most successful spectroscopic regions to study delocalized
carriers are the infrared and the terahertz.3!32

An electrostatically bound electron-hole pair is called exciton. An exciton can be seen as a
quantum of electronic excitation energy that travels in the periodic lattice of a crystal
transporting energy but not charge, because it is electrically neutral.®® Figure 2.2 shows a
schematic representation of the exciton states in a simplified band diagram for a direct
semiconductor.

”
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Figure 2.2 - Schematic representation of the electronic levels related to an exciton in a direct bandgap semiconductor. Taken
from ref. .
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The existence of bound states is due to the attraction of electron and hole by the Coulomb
potential energy —e?/er where r is the distance between them and ¢ the dielectric constant.
This dielectric constant plays a very important role in the exciton properties, as it determines
the screening of the potential energy and therefore, the strength of the electron-hole
interaction. This strength is characterized by the exciton binding energy, which can vary from
a few meV to ~ 1 eV. Excitons can be divided in two groups, depending on their spatial
localization: Frenkel and Wannier-Mott excitons.?

Frenkel excitons, described for the first time in 1931, are characterized by electron and hole
tightly bound and localized. Indeed, the exciton binding energy is in the order of 0.1 to 1 eV
and the exciton radius is often comparable or smaller than the lattice constant. They are
typically found in materials with small dielectric constants such as alkali halide crystals or
organic molecular crystals.?® Wannier-Mott excitons instead, first described in 1936,% have
a large radius in comparison to the lattice constant, covering tens to hundreds of atomic sites
and have exciton binding energies of a few tens of meV. There is yet another type of exciton,
called charge-transfer (CT) exciton which has a spatial extension in between a Frenkel and a
Wannier-Mott exciton. Differently from those two though, it is characterized by a permanent
dipole moment. Indeed, typical excitons have a symmetric charge distribution for electrons
and holes, which occupy the same spatial region. In presence of an interface, the
Coulombically bound electron and hole can be located in different spatial regions.® This is
often the case for organic semiconductor surfaces, where the low dielectric constants ensure
the formation of a bound electron-hole pair across the interface, a CT exciton.® Therefore
understanding of CT excitons is fundamental for the development of excitonic solar cells. In
general, the energy of an exciton is modified by the vibrational motion of atoms in solid, and
by increasing the temperature, broadening can be observed in the optical absorption spectra
due to exciton-phonon scattering.® For this reason, Mott-Wannier excitons are often too
broad to be clearly observed at room temperature. Therefore, particularly when aiming at
optical studies of the higher hydrogenic energy levels of an exciton, the experiments are
usually performed at cryogenic temperatures.

At low charge carrier densities, excitons can be considered as non-interacting bosons which
are in equilibrium with free electrons and holes. An increase of charge carrier density though,
can trigger interactions between the excitons which can form exciton-exciton pairs called
biexcitons.?® If an exciton could be seen in analogy with a hydrogen atom, the bound state of
two excitons can be seen as a hydrogen molecule and can be excited by two photon
absorption. In 1958, Lampert considered for the first time the possibility of observing a state
due to an interaction between two excitons.®” A few years later, a new emission line in the
luminescence of Si was interpreted as biexciton fingerprint in the material.>" Indeed,
photoluminescence is among the most effective techniques to observe this state. The binding
energy of a biexciton is expressed as:

Eb = 2Ex-Exx
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where Ey is the biexciton binding energy, Ex and Exx correspond to the energy of a single and
biexciton, respectively. Therefore, when a biexciton is annihilated forming an exciton and a
photon, the photoluminescence of the emitted photon is on the low energy side of the exciton
peak. Recently, the emission due to biexciton recombination in CsPbBr3 has been observed
using time resolved photoluminescence.®

2.1.2 Defects and disorder

Real crystalline solids, besides the surface which clearly terminates the periodicity of the
lattice, are characterized by the presence of bulk defects. Indeed, within a crystalline particle
there is a finite concentration of point defects and dislocations. While point defects extend
only for a few atomic spacings, dislocations can extend for millions of atomic spacings. In
general, defects can act as trap states, forming electronic levels within the gap of the
semiconductor and promoting charge carrier localization. This is clearly detrimental for
applications where high charge carrier mobility is critical, such as photovoltaics.

Point defects can originate from extrinsic impurities or can simply be native point defects.
Extrinsic impurities are often unwanted byproducts of the crystal growth and chemical
synthesis, and can modify the electrical, magnetic and optical properties of a semiconductor.
Interestingly, the difference between a dopant and an extrinsic point defect is based on the
resulting properties that the impurity will assign to the material. In fact, often extrinsic
impurities are added during the synthetic procedure to affect and control the equilibrium
concentration of native defects.*®

Vacancies are the simplest native point defect which consist of the absence of an atom from
a regular atomic site (Figure 2.3). When they are formed in an ionic compound,
electroneutrality has to be satisfied and therefore excess electrons can be left in the volume
space of the vacant site. This can affect the optical properties of the solid with the formation
of so-called color centers. In the case of a simultaneous presence of vacancies for the various
atomic species in the right proportion, the electroneutrality can be preserved automatically.
This is called Schottky disorder and it has been hypothesized for hybrid organic-inorganic
lead halide perovskite through quantum mechanical calculation.®

Interstitial atoms are another type of native point defect, where an atom is fitted into the
crystal wherever it can find space through a distortion of the lattice (Figure 2.3). When an
interstitial atom and a vacancy of the same kind are within the lattice, the electroneutrality is
ensured and this is called a Frenkel defect.*®

As mentioned above, the surface of a crystal is a natural place to find defects due to the
truncation of the lattice and the presence of dangling bonds. In this work, it is of a particular
importance because crystalline nanomaterials, characterized by a high surface to volume
ratio, are studied. Moreover, near the surface of nanomaterials an amorphous region can be
present, where crystalline order is lost.*® Disorder itself can be a source of charge carrier
localization through Anderson localization. Indeed, as recognized by Anderson in 1958,* in
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Figure 2.3 - Schematic of point defects (above) and dislocations (below) in a solid. The edge dislocation is highlighted by
a closed loop, typical of Burgers vector representation. Taken from ref.*2,

the case of amorphous materials where the charge carrier scattering becomes very strong, a
localized wavefunction appears within the gap of the semiconductor, even if there is a strong
overlap between wavefunctions of neighbouring states.**** Therefore, the surface is
intrinsically the most common center for carrier localization, due to concomitant presence of
a high density of defects and disorder.

2.1.3 Self-trapping: polaron and self-trapped exciton

Localization is a phenomenon which can simply arise by the presence of defects which
introduce pre-existing states within the gap that are populated by electrons and holes, as seen
in the previous section. After the population of these states, an additional structural
rearrangement caused by the shift of electronic density can further stabilize the localized
state. From 1933 onwards, Landau advanced the idea that charge carriers added to an
insulator could be self-trapped,* due to a displacing of the equilibrium positions of the
surrounding atoms (Figure 2.4).% Basically, in this case of localization, charge carriers in a
polar lattice are stabilized by a structural rearrangement due to their presence via an intrinsic
process. Indeed, when the Coulomb coupling between charge carriers and lattice ions is
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strong, the charge carriers are always surrounded by a cloud of optical phonons, which
consists physically of an electron pulling nearby positive ions towards it and pushing nearby
negative ions away.*® The corresponding process is also possible for holes. Therefore, the
effective mass of this quasi-particle is always larger than the mass of the originating electron
or hole, since it has to drag the lattice distortion when it moves, suffering a larger inertia.*®
Depending on the intensity of the electron-phonon coupling, the atomic displacement can
result either in a quasi-particle called large polaron (weak coupling) or small polaron (strong
coupling). Large polarons (also called Frohlich polarons) are self-trapped carriers which
extend over several sites. Their mobility is limited by scattering with phonons and therefore
decreases with rising temperature (i.e. as the density of phonons increases). Small polarons
instead, are carriers confined at a single site and they move by thermal hopping, a phonon-
assisted quantum-mechanical tunneling, from one localized state to another.*** Their
mobility increases as the temperature raises. In some cases, large and small polarons can co-
exist separately in the same material, as in general self-trapped and free charge carriers.*’
Moreover, the potential well of a lattice defect can have an additive effect on the electron-
phonon coupling in the localization processes.*® It can lead, for example, to a collapse of a
large polaron into a small one in the vicinity of the defect site. The theory, developed by
Shinozuka and Toyozawa in 1979,%8 for which the electron-phonon coupling and the effects
arising from weak external potentials due to defects are considered to be additive, results in
the localization of an electronic excitation even when one of these mechanisms is in itself not
sufficient to induce it.

In this work, for both TiO2 and lead halide perovskites there is a tendency to form
polarons***° due to a significant electron-phonon coupling (details in chapters 4.5 and 7.3,
respectively).

i

e
°

Figure 2.4 - A self-trapped electron on a cation (hatched area) in a lattice, where anions are large circles and cations small
circles. The surrounding ions are shifted from their equilibrium positions (open large and small circles) in a new
configuration (filled large and small circles) which produces a potential well for that carrier. Taken from ref.*>.
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Similarly to what was presented in the case of biexcitons, polarons can also coalesce into
pairs forming bipolarons provided high enough charge carrier density. Indeed, the electron-
phonon interaction promotes this state because the energy depth of the self-trapping potential
well doubles when it is occupied by two carriers.*® On the other side, Coulomb repulsion
opposes this merging of identical charges and therefore, the final outcome, depends on the
strength of these two competing effects.

Also excitons can be affected by the presence of the electron-phonon coupling in a solid
which leads to the formation of self-trapped excitons. In a first analysis, the self-trapped
exciton can be seen as an analog to a polaron for an electron or a hole, but the forces that
influence the formation of a self-trapped exciton, starting from a free exciton, are often
different. For example, in case of alkali halides, the hole can self-trap in the crystal due to
short range (molecular bonding) and long-range (dielectric polarization) interaction, which
are cooperatively contributing to the self-trapping mechanism. By contrast, since the exciton
is a neutral particle, the long-range polarization has no effects on the self-trapping process,
leading to a different result.>! Moreover, the Coulomb interaction between an electron and a
hole is always attractive. For what concerns the phonon mediated interaction, it will be
attractive if the electron and hole equally expand (or contract) the lattice; but it will be
repulsive in the opposite case owing to the competition between Coulomb and charge carrier
phonon interaction.>? In anatase TiO; the formation of self-trapped excitons has been found
and investigated using time resolved luminescence spectroscopy.>?

2.2 Many-body and electric field effects on semiconductor physics

The physics of semiconductors including their absorption spectra can be strongly affected by
many-body effects, which arise from the interaction of carriers, or more simply by external
perturbations. As seen before, the Coulomb potential is attractive for charge carriers in
different bands (interband interaction) but is repulsive for carriers in the same band (intraband
interaction). The resulting effects from these opposite interactions are called many-body
effects, since the Coulomb interaction always involves more than one carrier.>* Previously,
the effects of a significant charge carrier density, which can lead to the formation of
biexcitons and bipolarons, were discussed. Together with the formation of these quasi-
particles, charge carrier interaction leads to the renormalization of the exciton binding energy
and of the bandgap, as it will be discussed in the next two sections. Finally, the impact of an
external electric field will be discussed, particularly for what concerns the absorption
spectrum of a semiconductor. These phenomena are of exceptional importance for
understanding the physics of semiconductors upon optical excitation with ultrashort pulses,
because in this case high transient charge carrier densities or electric fields can be easily
generated.

10
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2.2.1 Exciton screening and Mott-transition

In presence of a significant carrier density, the exciton-exciton and exciton-carrier scattering
screens the Coulomb interaction between electron and hole pairs. Interestingly, it has been
shown that free charge carriers are about 50 times more efficient in the screening process
than excitons.® In both cases, this many-body effect results in the reduction of the exciton
binding energy. This can be easily observed in the optical absorption spectrum of the
semiconductor, because it results in a blue-shift of the exciton absorption resonance. This
modulation of the optical absorption spectrum was reported in two-dimensional
organic/inorganic lead iodide perovskite quantum wells®® and more recently in
polycrystalline films of CHsNH3sPblz and CH3sNH3PbBrs.>’

It exists a specific carrier density (that varies depending on the material properties), which
leads to a complete screening of the electron-hole interaction and this results in the formation
of a Fermi liquid. A Fermi liquid is described by Laudau’s theory and in contrast to a Fermi
gas, which represents a system of noninteracting fermions, it allows for interactions.?® The
transition from excitons to this electron-hole plasma in a solid is known as Mott transition.®
The critical carrier density in an excitonic material at which the Mott transition takes place
is characterized by an average distance between excitons similar to the exciton Bohr radius,
as showed in Figure 2.5. In this condition, the exciton wavefunctions overlap and lead to a
complete screening of electron and hole interactions. This effect has been experimentally
studied in metal oxides wide bandgap semiconductors such as ZnO,® but not yet observed in
lead halide perovskite materials.°

(a) (+)hole (-)electron

>
r>>a Bohr

= a Bohr

Figure 2.5 - Schematic of a Wannier exciton with Bohr radius asonr (a). An exciton gas below the Mott density, with the
average distance between excitations much larger than the Bohr radius (b). An exciton system above the Mott density (c).
Taken from ref.%8.
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2.2.2 Bandgap renormalization

As seen above, the band structure and optical properties of a semiconductor with a significant
carrier density strongly differ from those resulting from non-interacting electron-hole pairs,
due to many-body effects. One of the most important many-body effects derives from the
interaction of free charge carriers among each other and it is a density-dependent
renormalization of the fundamental bandgap of the semiconductor. The renormalization is
mainly due to exchange interaction — a quantum mechanical effect that occurs between
identical particles and leads for fermions to the Pauli repulsion — and to simple Coulomb
repulsion. In fact, Pauli principle prevents two electrons or holes with identical spin from
occupying the same spatial position (exchange energy), whereas the Coulombic repulsion
maximizes the distance between like charges in space. In presence of high charge carrier
densities, the system minimizes its total energy through a reduction of the bandgap energy.°
Since this renormalization is a result of a change in the potential felt by electrons and holes,
it influences all the electronic states simultaneously and independently of their energy.*® This
correction of the bandgap energy in the system is known as bandgap renormalization (BGR)
and results in an increasing absorption in the spectral region below the lowest exciton
resonance.®°

In this regard, it is interesting to notice that when carrier interactions are “switched on”, there
are two competing effects in the optical absorption spectrum of a semiconductor: a redshift
of the optical absorption due to the electronic gap shrinkage that derives from BGR, and a
blueshift due to exciton binding energy reduction which derives from screening.® Whether
or not these two effects compensate each other depends on the material, dimensionality and
the charge carrier density. The experimental study of Reynolds et al.®* on ZnO and GaN
crystals clearly demonstrates this. In case of ZnO there is a clear predominance of BGR at
all the carrier densities explored, hence a redshift of the optical absorption. In GaN, on the
other side, there is an almost perfect compensation of the two effects, with a little
predominance of a blueshift due to screening in the lower carrier density regime and a redshift
due to BGR at the higher carrier density regime. In case of CH3NH3sPbls films, a short-lived
redshift (~ 1 ps) of the absorption spectra upon bandgap photoexcitation has been attributed
to BGR.®? The signal is short-lived due to the fact that the charge carriers have to interact to
produce this effect, therefore their concentration has to be significantly high and the BGR
vanishes in a few ps after photoexcitation because of charge carrier recombination.

2.2.3 Electroabsorption effects

Semiconductors absorption edges are broadened and shifted in energy when a static electric
field is applied. The broadening clearly indicates a decrease of the exciton lifetime due to the
field ionization while the shift is a Stark effect on the exciton ground state. Interestingly,

12
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when the static electric field exerts a local force stronger than those which bind electrons and
holes, the exciton is ionized and the carriers free to move in their bands.®?

The discovery of Johannes Stark on the splitting of the atomic spectral lines in the presence
of an applied static electric field, rewarded with the Nobel prize in 1919, set the beginning of
a new type of spectroscopy. Indeed, not only atoms, but also molecules, solids and biological
systems present modulation in their absorption spectra when a static external electric field is
applied.®* The spectroscopic technique which investigates the effects of a static electric field
on an absorption spectrum is called electroabsorption spectroscopy and provides information
regarding changes in the system’s dipole moment, polarizability and transition moment. The
technique is used in molecules to study charge transfer processes and in semiconductors to
provide insight into the excitonic transition of the sample, allowing to retrieve the exciton
binding energy.

In 1958 Franz and Keldysh developed a quantitative theory to describe the effect of a uniform
electric field applied on a direct band-to-band optical transition in a semiconductor.%® Their
primary prediction was that upon a static electric field perturbation the optical absorption
edge of a semiconductor would broaden and shift to lower energies. This hypothesis was
confirmed experimentally a few years later. Franz-Keldysh theory though, does not include
correlation effects and therefore can only be used in the electroabsorption interpretation of
semiconductors where upon absorption of a photon are generated uncorrelated free charge
carriers. In 1966 it was recognized that excitonic interactions have a prominent role on the
electroabsorption spectra and eventually the Stark effect theory for semiconductors was
developed.®® The field-invariant line shape and quadratic amplitude scaling of the
electroabsorption signal characterize a third-order nonlinear response which is typical of both
theories, the excitonic quadratic Stark effect and the one-electron Franz-Keldysh theory.%® A
way to distinguish these two mechanism and therefore the presence of exciton or free charge
carriers in the material, is to consider if the electroabsorption signal resembles the second or
the third order derivative of the unperturbed complex dieletric function which can be
measured through ellipsometry. In the former case the electroabsorption can be attributed to
a Stark effect, in the latter case to a Franz-Keldysh effect.

Moreover, upon bandgap photoexcitation, semiconductors can display a transient
electroabsorption due to the electric field of the generated free charge carriers or excitons, as
the one observed in the femtosecond transient absorption measurements on CHzNHsPbls thin
films® and discussed in chapter 8. Here, the results interpretation by Trinh et al.>® of a
transient electroabsorption is supported by the fact that the same spectral shape was recently
observed in the electroabsorption spectroscopy measurements of CHsNH3Pbls.?® For the
authors, this photoinduced effect derives from the electric field of hot charge carriers which
is proportional to their excess energy and therefore, while hot carriers cool down, the intensity
of this signal decreases as well.
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2.3 Relaxation processes in semiconductors

In this thesis, the physics of semiconducting materials which are placed out of the
thermodynamic equilibrium Dby illumination is investigated. Electron-hole pairs are
radiatively generated using ultrashort laser pulses (see chapter 3 for details) and a
recombination mechanism will bring the system back to equilibrium. Between these two
states, semiconductors undergo several stages of relaxation. In the first moment after
photoexcitation (< 100 fs), the distribution of the excitation is non-thermal, i.e. it cannot be
characterized by Boltzmann statistics.®” The investigation of this time scales provides
information on the carrier-carrier scattering which will bring the system to a hot, thermalized
distribution. Thereby electrons and holes will reach the lattice temperature in picoseconds
through the carrier-phonon interaction.®® Finally, the charge carriers will recombine. In the
following sections three recombination mechanisms are presented: radiative, Schockley-
Read-Hall and Auger recombination. The last section is devoted to an important phenomenon
in the intraband relaxation processes called phonon bottleneck.

2.3.1 Radiative recombination

Radiative recombination can be seen as the opposite process of optical absorption. For this
reason, as for the absorption transition, it is more efficient in direct bandgap semiconductor
than in indirect ones. The probability of radiative emission for electron hole pairs is given by
the square of the overlap integral:

P o< [(Penle - pl0O)]?

where (¥, | represents the exciton wavefuntion, e - p the dipole operator and |0) the ground
state.?

Under suitable conditions, the spontaneous radiative recombination is replaced by the
presence of stimulated radiative recombination, which can be used for lasing application.®
This is the case of lead halide perovskites, which showed to be promising semiconductors
for this type of application.®%™

2.3.2 Relaxation through defects: Shockley-Read-Hall recombination

Recombination in indirect semiconductors is dominated by a two steps process, which is
mediated by trapping. The presence of a trap level within the gap facilitates the recombination
process splitting it into two parts.”* Recombination through defect states in direct bandgap
semiconductors can instead hardly be a dominant process, because it cannot compete with
the more efficient radiative recombination. The statistics which describes the trap assisted
recombination has been developed by W. Shockley, W. T. Read and R. N. Hall,”>"® and
therefore these processes takes their names.
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The presence of an intermediate state in the recombination process can lead to radiative or
nonradiative recombination in the last step, but the nonradiative one is the most common
owing to the energy transfer to phonons. Indeed, to have radiative recombination from the
intermediate state, this should have similar properties to those of VB and CB, meaning it
should be delocalized; to achieve delocalization, the defects cannot be placed randomly in
the lattice but should possess an ordered periodic structure.” This is usually not the case so
nonradiative recombination dominates.

2.3.3 Auger recombination

Auger recombination is a three particle interaction process in which an electron and hole
recombine, donating the energy to a spectator charge (another electron or hole, see Figure
2.6), therefore it is nonradiative. As for radiative recombination, this process is more common
for direct bandgap semiconductors because the event must occur in a way which
simultaneously conserves energy and momentum;*® the mutual conservation of energy and
momentum is clearly less likely for indirect bandgap semiconductors because of their
electronic structure. This process becomes significant only in presence of high charge carrier
densities due to the higher probability of a three body interaction. The rate of the Auger
process ka is characterized by the following relations, depending on which particle is the
spectator in the process:

Ka o< np? or Kka o n?p

where pand nare respectively the concentration of holes and electrons.”>

/o 2

Figure 2.6 - Schematic of Auger recombination in a semiconductor. In this nonradiative transition an electron-hole pair
transfers energy to a spectator charge, which can be either an electron (left two pictures) or a hole (right two picture).
Readapted from ref.%,
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2.3.4 Phonon bottleneck

A hot charge carrier distribution, which is undergoing intraband relaxation for cooling to the
band edges, dissipates the excess energy through coupling with optical phonons which
eventually transfer energy into the acoustic phonons. Usually in quantum confined
semiconducting nanostructures, the discretization of the electronic levels requires an
interaction with multiple phonons at a time for an intraband transition which respects energy
conservation. This process, that slows down the relaxation because it is very unlikely, is
known as phonon bottleneck.®’

On the other hand, in bulk semiconductors can also be observed a phonon bottleneck. In this
case the slow down charge carrier cooling is due to an inefficient coupling between optical
and acoustic phonons. This inefficient coupling can arise from a phononic bandgap which
occurs when there is a large mass ratio between anions and cations in the investigated
sample.” Moreover, ferroelectricity in a material can also produce a large splitting of phonon
energies.’’ This creates a hot optical phonon population that takes a significant time to reach
equilibrium, indeed the excess hot phonon population increases the phonon reabsorption and
reduces the net thermalization rate.”” Moreover, should be considered that at high charge
carrier density the decrease of the cooling process can also be due to Coulomb screening,
which screens the carrier-optical phonon interaction and decelerates the rate of phonon
emission. Recently, phonon bottleneck arising in bulk hybrid organic inorganic lead halide
perovskites has been observed upon photoexcitation in fs-transient absorption
measurements.’’
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3 Experimental methods

3.1 Femtosecond transient absorption spectroscopy

Optical spectroscopy is a powerful tool for investigating the electronic properties of
semiconductors and insulators. Thanks to the advent of picosecond and femtosecond laser
systems in the 1960s, it can provide insights into aspects such as charge carrier dynamics
upon photoexcitation.®® In particular, femtosecond transient absorption spectroscopy (fs-
TAS) allows to study non-equilibrium phenomena in semiconductors. It uses a pump-probe
scheme where a single laser pulse is split into two, a pump and a probe, and during a
measurement the time delay between these two is changed in order to record transient spectra
at different time delays after photoexcitation. Using this approach is possible to measure
changes in transmission over time upon sample photoexcitation. Figure 3.1 shows the
processes which can be observed in a transient absorption spectrum, though it cannot grasp
the complexity behind the origin of the different transient feature, i.e. ground state bleach
(GSB), excited state absorption (ESA) and stimulated emission (SE), in condensed matter.
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Figure 3.1 - Schematic representation of the three processes (i.e. ground state bleach, stimulated emission and excited state
absorption) which modulate the transient absorption spectra of a pump probe measurement. Readapted from ref.”,

In a solid indeed, many-body effects which result, for example, in a change of the energy
band structure (e.g. band-gap renormalization or a change in the exciton binding energy) or
a broadening of the energy levels, can easily take place. All these effects, as showed chapter
8, strongly depend on the photoexcited charge carrier density and the nature of the system
being investigated (e.g. excitons vs free charge carriers).®
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3.1.1 Technical details

The measurements of fs-TAS in chapter 8 have been performed using a femtosecond
pump/continuum-probe setup with 1 kHz repetition rate. In this system, a continuous wave
Nd:YVO;s laser (Millenia Vs, Spectra Physics) is used to pump a Ti:Al.O3 oscillator
(Tsunami, Spectra Physics) which is mode-locked and produces pulses at 1.55 eV that are
used to seed a regenerative amplifier (Spitfire, Spectra Physics). The system provides pulses
at 1 kHz with a duration of about 100 fs and pulse energy of 0.65 mJ.”

Figure 3.2 shows a scheme of the optical pump-probe setup from the amplifier output to the
detector. The samples are excited with a pump of 3.1 eV, which is obtained through frequency
doubling inside a 0.5 mm thick B-BBO crystal. A neutral density filter to control the pump
fluence is placed before the frequency doubling, in order to reduce the chirping of the pump
pulses and retain the highest possible time resolution. The pump beam is phase chopped by
a phase-locked mechanical chopper which operates at half of the system repetition rate. The
probe is a broad white light continuum, which covers all the visible region (from about 3.1
to 1.8 eV) and it is produced by focusing the 1.55 eV beam into a CaF, window. In order to
avoid damaging of the crystal, just a small portion of the main beam is used (about 1 mW)
and the crystal is constantly moved. Finally, the difference spectrum is recorded in a single-
shot detection scheme?® which consists of a photodiode array that is read out by a fast analog-
to-digital converter (ADC) for each probe pulse.

Delay line
Detection
A -~ . B
Flowing
sample
Pump SHG
|
= il
Neutral Chopper
density
filter

Figure 3.2 - Schematic representation of the femtosecond transient absorption setup from the output of the amplifier to the
detection system. WL represents the CaF2 window for the probe whitelight generation and SHG, the second harmonic
generation B-BBO crystal for the 3.1 eV pump.
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The instrument response function (IRF) of the setup is about 100 fs. The suspended sample
is recirculated using a peristaltic pump in a quartz flow cell (500 pm thick) at room
temperature to refresh the sample between the consecutive pump pulses in order to reduce
any laser induced damaging.

3.2 X-ray absorption spectroscopy

Synchrotrons provide an intense source of tunable x-rays, making them ideal for performing
x-ray spectroscopy measurements.®® Over the years, these large x-ray sources continuously
improved in performances with a promising outlook in time resolved techniques, which
brought recently to the design of free electron lasers (FELs).8! In general, synchrotron storage
rings produce high energy photons by deviating the path of relativistic electrons using strong
magnetic fields. This forced motion results in energy dissipation from the charged particles
which manifests itself as emission of electromagnetic radiation. In order to apply this
magnetic field there are mainly three different devices which are the main discriminating
factor for the different generations of synchrotrons: bending magnets, wigglers and
undulators. The bending magnet is the first synchrotron light source in historical terms,
indeed this device applies the necessary centripetal force to keep the electrons in a circular
orbit. However, this double function of keeping electrons in the trajectory and emitting light
limits their flexibility. Indeed, they generate a broad spectrum of x-rays and the maximum x-
ray flux depends on the magnetic field strength and electron energy in the storage ring.2% In
Figure 3.3a there is an example of bending magnet radiation at the Swiss Light Source (SLS).
Bending magnets can not only generate x-ray photons but also infrared and vacuum
ultraviolet radiation.828 A wiggler is composed of a periodic series of magnets which are
inserted in the straight sections of the storage ring. Here each “wiggle” is equivalent to a
bending magnet, emits independently from the other wiggles but provides more flexibility in
tuning the emission parameters. When the emission becomes spectrally narrow, meaning
almost monochromatic, for reason related to the wiggling parameters, the wiggler becomes
an undulator.3* In Figure 3.3b the spectrum of an undulator at the SLS. In general, undulators
produce the highest spectral brilliance in x-ray beamlines. For XAS measurements, a
fundamental step following the production of high intensity x-ray is to monochromatize the
radiation. In hard x-ray beamlines monochromators are based on crystals which can provide
a bandwidth of AE/E 0.01-0.03 % that is on the order of an eV, in this energy region.&
Finally, the x-ray beam needs to be focused onto the sample, particularly for time resolved
experiments where the x-ray beam is the probe and needs to be smaller than the laser pump
beam. This is done using reflective achromatic x-ray optics called Kirkpatrick-Baez
mirrors.®
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Figure 3.3 - Calculated emitted x-ray radiation from a bending magnet and a superbending magnet (a) at the Swiss Light
Source in Paul Scherrer Institute. The superbending magnet is used in the SuperXAS beamline. Below, the x-ray spectrum
calculated for the minigap undulator at the microXAS beamline (b) of the Swiss Light Source. The grey bar shows a gap in
which x-ray are not generated. Taken from ref .,

3.2.1 X-ray matter interaction

X-ray absorption spectroscopy allows to study the variations of the absorption coefficient,
mostly in a range of energy between 1 to 40 keV. The absorption coefficient within this
energy range is mainly affected by photoelectric absorption, meaning an absorption which
excites or ionizes specific atoms. In general, when the energy of the x-rays increases the
absorption coefficient decreases, but there are discontinuities in this trend called absorption
edges. The absorption edges are given by the transition or extraction of core electrons from
an atom. Because the binding energy of electrons increases monotonically with the atomic
number, absorption edges are specifics for a particular atomic species.®* The transitions from
the different atomic core energy levels are designated with the following letters for historical
reasons.

Edge: My My M My M Lm Ln L |K
Core level: | 3ds, 3ds2 3ps2 3pi2 3s 2p32 2p12 28 | 1s
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Upon absorption of x-rays the atom can be excited, if the transition is between a core and an
unoccupied valence state, or ionized if the transition is between the core and the continuum.
In the latter case, the kinetic energy of the emitted photoelectron depends on the excess
energy of the absorbed photon with respect to the ionization threshold. In general, the
absorption edge is divided in three main energy regions:

e Pre-edge region: This region is just few eV below the edge position and represents
transitions to bound localized states. These transitions are mainly dipole allowed and,
because in this region the hybridization of the electronic levels is strongly affected by
local geometries, elements in the same valence state can presents large differences.®*

e X-ray absorption near edge structure (XANES) region: This region extends for about
50 eV above the absorption edge and together with the pre-edge region provides
information on the local electronic and geometric structure.

e Extended x-ray absorption fine structure (EXAFS) region: This region is the widest
and extends from 100 to 1000 eV above the absorption edge. From the analysis of
this region is possible to retrieve the local structure in the proximity of the absorbing
atom (typically limited to about 10A).
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Figure 3.4 - Example of an x-ray absorption spectrum. Highlighted are the pre-edge, XANES and EXAFS regions. Taken
from ref.%0,

The EXFAS region is nowadays easier interpreted than the XANES region, using well
established simulation codes which apply a single scattering approach.®® The emitted
photoelectron can be thought as a spherical wave (the wavelength of which depends on its
kinetic energy) that propagates and scatters with the neighboring atoms. Eventually, this
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interaction produces a backscattered wave which interferes with the forward-propagating
wave and the result is an interference that modulates the probability of absorption. In the
XANES region, since getting closer to the absorption edge increases the mean free path of
photoelectron, it is necessary to consider a multiple scattering level which makes the
interpretation more complex. Qualitatively and in first approximation the edge position can
be correlated to the oxidation state of the absorbing atom. Indeed, the edge position depends
on the ionization energy and a change in the formal charge of the atom modifies the required
energy for ionizing the core electrons. It should be kept in mind though, that the absorption
edge position is also affected by the bond lengths of the coordinative atoms and therefore
often this is a too simplistic approximation.

3.2.2 Picosecond x-ray absorption spectroscopy

The filling pattern of electrons in a storage ring determines the time structure of the x-rays.
Synchrotrons operate in pulsed mode, since usually their filling patterns consist of bunches
of electrons separated by a few nanoseconds. Typically, the x-ray pulses are delivered at MHz
repetition rate and ps-XA experiments in third generation synchrotron sources, such as SLS,
make use of a hybrid filling pattern called “camshaft”. The camshaft mode (Figure 3.5)
consists of an isolated electron bunch which lies in a gap of 180 ns in the filling pattern of
SLS and is filled with 4 times more current than the average multibunch current (4 mA
instead of 1 mA).%’
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Figure 3.5 - Filling pattern of the Swiss Light Source at Paul Scherrer Institute. In total are present 480 electrons buckets (2
ns of time separation between each other) of which 390 are filled with the electrons and the remaining 90 ones for the gap
in which there is the camshaft pulse. The camshaft has 4 times more intensity than the other electron bunches in the
multibunch and the storage ring repetition rate is of 1.04 MHz. Taken from ref.®’.
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Thanks to this filling pattern, detectors with a time resolution of 10-20 ns can be gated in
order to only measure the x-ray pulses generated from the camshaft electron bunch and this
provides a time resolution of about 80 ps (FWHM duration of the electron bunch). To ensure
synchronization between pump and probe sources, our electronics use the radio frequency
(RF) master clock of SLS, which is synchronized to the 500 MHz signal of the RF cavities
that are responsible for creating the potential wells inside the storage ring and therefore
generating the time structure of the emitted radiation. The time jitter between laser pump and
X-ray probe is less than a picosecond during measurements. Finally, the delay between x-ray
and laser is adjusted via a computer controlled timing system which shifts the laser arrival
time at the sample position (Figure 3.6).
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Figure 3.6 - Simplified representation of the high repetition rate setup for picosecond x-ray absorption spectroscopy.
Readapted from ref.%”.

In order to have the best signal to noise ratio (S/N) achievable, it is used a MHz repetition
rate laser system which allows to pump at half of the repetition rate of the synchrotron,
namely 520 kHz. This picosecond laser is a high-average power Nd:YVOQOas (Duetto, Time
Bandwidth Products, Zirich) which can operate with a variable repetition rate (from 50 kHz
to 8 MHz) and produces 10 ps pulses. When operated at 520 kHz, it provides 28 pJ per pulse
at the fundamental energy, 1.17 eV. Frequency doubling and tripling provide 15 pJ per pulse
at 2.33 eV and 6 pJ per pulse at 3.5 eV.%’

In the works presented in chapter 6 and 9, the samples are recirculated in a free flowing jet
of 200 um thickness, tilted 45° with respect to the incident x-ray beam (Figure 3.7). This is
done to avoid laser damaging by refreshing the sample between one laser pulse and the next.
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The measurements are performed at two different beamlines, MicroXAS and SuperXAS of
the SLS at the Paul Scherrer Institute (Villigen). These two beamlines work with different
insertion devices; MicroXAS is equipped with a minigap in-vacuum undulator capable of
generating x-ray from 4 to 23 keV and SuperXAS uses a superbending magnet® (2.9 T)
which provides radiation between 4.5 and 35 keV. Both beamlines use a Si (111)
monochromator which has a nominal resolution of about 1.5 eV at 13 keV (Pb Lz and Br K-
edge) and about 0.7 eV at 5 keV (Ti K and Cs L.-edge). There is a minor difference in energy
resolution between the two beamlines (lower energy resolution for SuperXAS) because of
the different collimation of the x-ray beam. The ps-XAS measurements are performed using
a transmission Si diode detector and two Si avalanche photodiodes in total fluorescence yield
(TFY) mode. Transient XAS spectra (x-ray absorbance difference of the excited minus the
unexcited sample) are recorded on pulse-to-pulse basis and the transient signals intensity is
normalized to the edge-jump magnitude.

Figure 3.7 - Liquid sheet jet of 200 pum thickness flowing water. The green area is the most stable because there is laminar
flow and therefore it is here that laser and x-ray are overlapped. Taken from ref.8,

3.2.3 Femtosecond X-ray absorption spectroscopy: slicing method

In 1996, Zholents et al. proposed a technique to improve the temporal resolution of
synchrotron experiments, called femto-slicing.®® This technique consists of the interaction
between an intense laser pulse and an electron bunch inside a modulator, which brings to the
formation of a bunch of electrons having the time scale of the femtosecond laser pulse (i.e.
about 100 fs). Even with the advent of free electron laser (FELS), this technique suffering
from poor x-ray flux offers still some advantages. First of all, because the optical pump and
x-ray probe pulses are derived from the same Ti:sapphire laser, they are inherently
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synchronized®® and this avoid any time jitter between pump and probe which is typical of
time-resolved FEL experiments.®? Second, most of the modus operandi used in time resolved
synchrotron experiments can be still retained because there are no problems arising from a
very intense x-ray source.”® Finally the cost of implementing such a technique in a
synchrotron is much lower than the cost of building a FEL and therefore it is of easier access
to users. Slicing experiments at the SLS are possible only at the MicroXAS beamline. Most
of the slicing experiments are of femtosecond x-ray diffraction because this technique deals
with more intense transient signals than time resolved XAS.

Here, the femtosecond laser pulses are created in a Ti:sapphire oscillator which is phased-
locked to the fifth submultiple of the synchrotron RF master clock. These pulses split into
two parallel optical branches, the pump which is used to excite the sample and the probe
which is used for modulating the energy of the electrons. The pump enters a regenerative
amplifier (115 fs FWHM, 1 kHz, 2.1 mJ, 1.55 eV) and is transported to the experiment via a
22 m long vacuum pipe. The probe is instead amplified in two steps, first by a regenerative
amplifier and then by a 2-pass amplifier (50 fs FWHM, 1 kHz, 5.2 mJ, 1.54 eV).*! Eventually,
the probe femtosecond pulses are focused in vacuum for about 45 m to interact with electrons
in the modulator. Finally the electron bunch passes through a magnetic chicane where the
part of the bunch with higher or lower energy is spatially separated from the main bunch
(Figure 3.8).
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Figure 3.8 - Schematic representation of the slicing setup for femtosecond x-ray absorption spectroscopy. From the left,
there is the modulator in which the femtosecond laser pulse and picosecond electron bunch interacts. Upon interaction there
is a spatial separation of the femtosecond modulated microbunch by a magnetic field and finally on the right the undulator
for generating x-ray radiation. Thanks to the spatial separation of the femtosecond x-ray electron bunch, it is possible to
uniquely collect its emitted radiation. By courtesy of Andrin Caviezel.

The slicing source operates at 2 kHz. The difference in repetition rate between optical pump
and x-ray probe pulses combined with a single shot data acquisition allows to measure the
photo-induced differences on a pulse-to-pulse basis. The experimental details for the work
using the slicing technique on TiO2 and presented in chapter 5,'° will be summarized in the
following lines. It has been used a Ge(111) double crystal monochromator which provides
higher flux than the usual Si(111) at the cost of energy resolution. The energy range in the
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experiment is from 4.97 keV to 4.99 keV, at an energy resolution of <2 eV. At the sample
position, a single X-ray slice in this energy range contains ~12 photons per pulse, resulting
in a flux five orders of magnitude lower than in ps-XAS experiments at similar energies.’
Pulses are split at variable pulse energies employing a half wave plate and a thin film
polarizer. One part is used to pump an optical parametric amplifier (TOPAS) to provide
pulses at 3.5 eV (after two frequency doubling stages). These pulses are focused onto the
sample by a spherical UV-enhanced aluminum mirror and the remaining part of the 1.55 eV
light is transferred via a delay line and focused by the same spherical mirror onto the same
spot as the 3.5 eV pulses. Difference frequency generation in a nonlinear -Barium Borate
(BBO) crystal is used to find the temporal overlap between the UV and the 1.55 eV pulses.
The 1.55 eV pulses are required instead, to find the temporal overlap with the X-ray probe
pulse. This is achieved in consecutive steps: 1) A fast photodiode measures the rough timing
between the X-ray core beam and the 1.55 eV laser pulse with a precision of few ps; 2) The
temporal overlap between the x-ray and 1.55 eV pulses is found by recording the coherent
optical phonons in a superlattice of (Bao.7Sro.3) TiOs and (Lao.7Sro.s)MnO3;* 3) The difference
frequency generation in a BBO crystal ensures temporal overlap between the 1.55 eV and
3.5 eV pulses. The x-ray pulse duration is about 140 fs, i.e. the temporal resolution of the
experiment is on the order of 200 fs. X-ray absorption is measured in transmission mode with
an avalanche photodiode. The x-rays are focused onto a 100 pm thick, flat liquid jet of sample
solution in order to decrease sample damaging by laser irradiation by refreshing the sample
from one laser shot and the other.

3.3 Time correlated single photon counting

Time-resolved luminescence spectroscopy of semiconductors is used to investigate carrier
relaxation processes. One of the most common techniques is time-correlated single photon
counting (TCSPC), which probes dynamics from the picosecond to the microsecond time
scale. In this regard, TCSPC operates in the same time window of ps-XAS and is therefore a
complementary tool to gain information on the sample dynamics.

The principle of TCSPC® is the detection of single photons and the measurement of their
arrival times with respect to a reference signal. The excitation is performed using ultrashort
laser pulses and therefore the limiting factor for the time resolution is usually the electronic
gating. The distribution of the time intervals between the excitation and the first detected
fluorescence photon is recorded with a combination of a time-to-amplitude converter (TAC,
which is the fast clock), an analog-to-digital converter and a multichannel analyzer.®®

3.3.1 Technical details

The time-correlated single photon counting setup used to determine the fluorescence decay
in chapter 9 employs the same high repetition rate laser of synchrotron experiments (Time-
Bandwidth Duetto, here running at 82 kHz) and the liquid jet of 200 um. The fluorescence
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emitted from the samples is collected at 90 degrees through a long-pass filter (FEL450) from
Thorlabs and neutral density filters with different OD to ensure a single photon couting
regime. The setup is equipped with a SPC-130-EM counting module (Becker & Hickl GmbH)
and an IDQ-1D-100-20-ULN avalanche photodiode (Quantique) for recording the decay
traces. The sample is excited by 3.5eV pulses (frequency-tripled to 3.5eV from the
fundamental wavelength of Duetto) synchronized to the TCSPC counting module through an
electronic delay generator (DG535 from Stanford Research Systems). The instrument
response function of the TCSPC setup is limited by the electronics to 300 ps (Figure 3.9).
The fluorescence spectra at different fluences, presented in chapter 9, have been instead
measured using a LR1 fiber CCD spectrometer (ASEQ Instuments) with an integration time
of 1 second.
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Figure 3.9 - Pulse duration of the 3.5 eV laser light recorded using time correlated single photon counting setup with different
time windows (50 ns for the red curve and 150 ns for the blue curve) and a Gaussian fit with 300 ps of full width at half
maximum (black dotted curve).

3.4 Samples preparation and characterization

3.4.1 TiO; nanoparticles

The anatase TiO2 sample is a colloidal suspension of 20 nm large TiO. nanoparticles in acetic
water. The suspension is prepared via a sol-gel synthesis, which is carried out in an inert
atmosphere using a glove box. The precursor used for the NPs preparation is Titanium
isopropoxide (Sigma Aldrich, 99.999% purity). The solution obtained by mixing the
precursor in 250 ml H20 (18 MQ) and 80 ml of acetic acid was peptized at 80 °C for about
2 huntil it turned into a transparent gel. The sample was then heated at 230 °C in an autoclave
for 12 hours. The final solution is characterized via UV-Vis spectroscopy to adjust the
concentration and XRD (Bruker D8 Advance diffractometer) in order to establish the crystal
structure (Figure 3.10). From the reproducibility of the synthesis an average diameter for
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anatase TiO, of about 20 nm is expected, as in a previous work.}” More details about the
sample preparation and characterization using UV-Vis spectroscopy, dynamics light
scattering and TEM can be found in ref.”. The sample preparation for the nanoparticles of
amorphous TiO> consists of the same synthetic steps of the anatase sample but without the
heating in the autoclave?’.

Finally, the rutile TiOz is a commercial sample provided by Sigma-Aldrich (product number
637262) which has an average particle size <100 nm and it has been used as delivered. X-ray
diffraction data and transmission electron microscope images can be found in ref.%. This
sample is suspended in acetic water (250 ml H.O 18 MQ and 80 ml of acetic acid) after about
30 minutes of sonication.

Intensity in a.u.

Figure 3.10 - XRD pattern of the dried sample (black trace). The red sticks represent the diffraction reference data of anatase
TiO2 at 25 °C. Taken from ref.5.

3.4.2 CsPbXj3 nanocrystals

The synthetic procedure for the preparation of suspended perovskite nanocrystals is based on
the recipe presented in the work of Protesescu et al.?2 with minor changes as discussed below.

Synthesis of CsPbBr3z NCs: 11.28 mmol PbBr. (ABCR, 98%), 200 mL octadecene (Aldrich,
90%) were loaded into a 500 mL 3-neck flask and degassed for 45 minutes under vacuum at
120 °C. 30 mL of dried oleic acid (Sigma-Aldrich, 90%) and 30 mL of dried oleylamine
(Acros Organics, 80-90%) were injected at 120 °C under N2 flow. The temperature was raised
to 200 °C and 32 mL of stock solution of Cs-oleate (prepared as described in ref.??) was
swiftly injected and 40 seconds later the reaction mixture was cooled down by the water bath.

Synthesis of CsPb(CIBr)s NCs: 0.392 mmol PbCl> (ABCR, 99.999%), 0.730 mmol PbBr;
(ABCR, 98%), 20 mL octadecene (Aldrich, 90%) and 4 mL n-Trioctylphosphine (Strem,
97%) were loaded into a 100 mL 3-neck flask and degassed for 45 minutes under vacuum at
120 °C. 3 mL of dried oleic acid (Sigma-Aldrich, 90%) and 3 mL of dried oleylamine (Acros
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Organics, 80-90%) were injected at 120 °C under N2 flow. The temperature was raised to 200
°C and 3.2 mL of stock solution of Cs-oleate was swiftly injected and 40 seconds later the
reaction mixture was cooled down by the water bath.

Isolation and purification: The product is isolated by centrifugation and the supernatant
was discarded. Hexane (1.2 mL, Sigma-Aldrich, > 95%) is added to disperse the NCs and
centrifuged again. After centrifugation, the supernatant is discarded and 0.5 mL of hexane
are added to precipitate and centrifuge again. The resulting precipitate is redispersed in 7 mL
toluene (Fischer Scientific, HPLC grade). Finally, the samples are diluited using a solution
of toluene with 0.2 % of 1:1 mixture of oleylamine and oleic acid until an optical density
(OD) of 1.2 at 3.5 eV for X-ray and fluorescence measurements and 0.3 at 3.1 eV for
femtosecond visible transient absorption is reached.

Transmission electron microscopy (TEM) images are recorded using a Philips CM 12
microscope operated at 120kV. Figure 3.11 shows the images for the two samples, which are
both monodispersed with an average size of 12 nm.

Figure 3.11 - Transmission electron micrograph of monodisperse CsPbBrs (a) and CsPb(CIBr)s (b) nanocrystals with an
average size of 12 nm.

Powder X-ray diffraction patterns (XRD) are collected with a STOE STADI P powder
diffractometer, operating in transmission mode. A Germanium monochromator, Cu Kal
irradiation and a silicon strip detector (Dectris Mythen) were used. Figure 3.12 and Figure
3.13 show the diffraction patterns for the two samples, compared with reference patterns of
CsPbBrs and CsPbCls¥. The diffraction peaks of CsPb(CIBr)s are between the one of these
two references which indicates the hybrid nature of this sample. Indeed, as indicated by the
amount of precursors in the synthesis, it should result in a final stoichiometry of 2 Br™ per
each CI~.
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Figure 3.12 - Powder X-ray diffraction pattern of cubic CsPbBrs NCs matching the cubic phase of the reference for CsPbBrs3

(space group Pm-3m)%7.
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Figure 3.13 - Powder X-ray diffraction pattern of CsPb(CIBr)s NCs displaying the diffraction peaks between the references
for CsPbBrs (green lines)®” and CsPbCls (blue lines)®”.
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4.1 Applications of TiO;

Transition metal oxides (TMOs) have emerged as key players in energy research due to their
applications in solar energy conversion>®® and in photocatalysis®®%°. Among these, Titanium
dioxide (TiO>) retains a special place being cheap, non-toxic and a stable material.

When a photon with enough energy to overcome the bandgap of TiO: is absorbed, an electron
is transferred to the conduction band and a hole is left in the valence band. These charges
migrate to the surface where they can react with species adsorbed onto it (Figure 4.1). For
this reason, in photocatalytic applications, nanomaterials with their high surface to volume
ratio have been very popular. In general, TiO; is known to be an extremely effective
photocatalyst in the degradation of organic pollutants.’®* Moreover, in 1972, Fujishima and
Honda reported!®? that TiO- electrodes could photocatalytically split water into H, and O
under application of a bias potential and UV light irradiation. This work, in which
photocatalysis was first used for a thermodynamically uphill reaction, set a milestone in the
field. Indeed, from this point in history, a prominent part of the scientific community worked
on modification of TiO2 nanostructures (i.e. bandgap engineering via doping, use of co-
catalyst etc.) for improving the efficiencies in the photocatalytic generation of fuel.** This
mainly consists in the water splitting reaction for production of hydrogen and the more
challenging reduction of CO; for production of solar fuels such as methanol, methane, etc..

oHy
,%o’ . ;#CO, CH,, CH,0H, etc.
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1.0 or (1:0 + €05° ) TiO,

Figure 4.1 - Schematic view of photocatalytic processes in a nanoparticle of TiO2 for solar fuel generation. Taken from
ref.14.
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The other main application of TiO; is photovoltaics, particularly after the discovery of dye
sensitized solar cells (DSSCs).! These are photoelectrochemical cells in which the metal
oxide is sensitized to absorb low energy photons of the solar spectrum (Figure 4.2). In 1991,
a power conversion efficiency of ~ 7 % was reached using a large surface area mesoporous
TiO, substrate which remained among the most promising configuration in the following
years.1% Recent DSSCs use TiO; films with grain sizes in the order of 10’s of nm,* which
is the same size of the samples investigated in chapter 5 and 6. More recent photovoltaic cells
which use innovative materials such as lead halide perovskites, adopt a DSSC architecture
using mesoporous films of TiO2 as well.1%®

‘L
FTO glass I
/—
Platinum layer / .
Liquid electrolyte or o
Organic hole-transporter
| FTO glass
dye Tio,
_'e-

Figure 4.2 - Schematic diagram of a dye sensitized solar cell. On the bottom part there is the photoactive area and in the
upper part a Pt counter electrode. Taken from ref.1%,

Finally, TiO, surfaces under UV irradiation show self-cleaning and anti-fogging
characteristics. These applications are due to the photogenerated super-amphiphilic
properties (both super-hydrophilic and super-oleophilic, where the contact angle of water and
oil on a surface is almost 0°).1 TiO, surfaces indeed, can change their wettability under UV
irradiation®1% put this mechanism remains elusive, and the conclusions reached by different
authors contradict each other,0%110

All the applications seen above relay on the charge carrier dynamics and for this reason the
works presented in chapter 5 and 6 aim at investigating these aspects.

4.2 Geometric structure

Titanium dioxide can exist in different crystalline phases (anatase, rutile and brookite) or
amorphous. The two main polymorphs used in applications are anatase and rutile which are
characterized by a tetragonal structure. Rutile is a thermodynamically stable phase at room
temperature, instead anatase is a metastable phase.!®® Both crystal structures consist of
distorted TiOe octahedra, sharing four edges in anatase and two in rutile. Moreover, the
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distortion of the TiOs octahedron is slightly larger for the anatase phase (Figure 4.3). This
structural difference leads to a smaller bandgap energy for the rutile phase, namely ~3.0 eV
instead of ~3.2 eV for anatase.!!!

The TiO2 amorphous structure is composed of distorted TiOe octahedra together with a
significant number of penta- and tetra-coordinated sites.'*>** Although, amorphous TiO; is
rarely used for the mentioned above applications, due to the limited mobility of charge
carriers, it has been recently exploited for solar cell devices.!'*

[001] Rutile

_{' ) oxygen
N [010]
[100]
Anatase
( 1.966 A
\I"\
J'102.308°
A
*92.604°%_/
‘ L/ 1.037 A
[001]
s _ .
[001] [100] ‘ ig10)

Figure 4.3 - Rutile and anatase TiO2 crystal structures. In both cases, slightly distorted octahedra are the basic building units.
Taken from ref.115.

For investigating the specific morphology and properties of anatase and rutile NPs, Luca*
performed a systematic study of the size effects on the x-ray absorption near edge spectra
(XANES) of the Ti K-edge. The pre-edge region of the Ti K-edge is able to deliver
information on the coordination of the Ti sites.}® The results indicate that anatase NPs
consists of a core-shell structure in which the core is bulk like and the shell interphase is less
ordered with a high degree of Ti under-saturated sites.”> For the rutile NPs instead, this
amorphous shell region is so thin that it cannot be detected by x-ray absorption spectroscopy,
indeed the spectra are independent on the size of the NPs.

4.3 Electronic structure

In TiO2 anatase and rutile, the metal ion Ti*" is characterized by the electronic configuration
(Ar)4s°3d°. The electronic and therefore optical properties of TiO, anatase have been
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theoretically investigated,'!’ yielding the molecular orbital diagram of Figure 4.4. From this
diagram, is clear that the empty orbitals of the conduction band (CB) are mainly given by the
contribution of the Ti 3d and 4s orbitals, instead the valence band (VB) is mainly of Oxygen
2p character, particularly in the energy region near the gap. Similar conclusion are drawn,
using hydrid density functional calculations, for the density of states in TiO2 rutile.

Ti 4s

02s

———
(a) (b) (©) (b) (a)

Figure 4.4 - Molecular-orbital bond structure for anatase containing atomic levels (a), crystal field split levels (b), and final
interaction states (c). The solid lines represent large contributions and the dashed lines smaller ones. Taken from ref.1%7,

Therefore, to study the fate of the photoexcited charge carriers in the CB and VB of TiO,
the use of an element selective technique allows to map separately electrons and holes, simply
by probing at Ti or O orbitals. As introduced in chapter 3.2, x-ray absorption spectroscopy
(XAS) is element selective but also structural sensitive, thus time resolved XAS at the Ti K-
edge is an ideal tool to study dynamics in the CB, particularly looking at the pre-edge region
where the transition is from core to the valence states (see chapter 3.2 for details). This region
is also useful for evaluating the Ti coordination in oxides thanks to the systematic study
performed by Farges et al.'*® on a large set of well-characterized model oxide compounds,
representative of the coordination chemistry of Ti**. In particular, studying the position and
relative intensity of the pre-edge features should help distinguish between sites coordinated
by 4, 5 and or 6 oxygens. Although this approach is commonly used, it is based on a simplify
view of the problem because also other effects such as oxidation state and structural changes
have a strong impact on the pre-edge modulation of TiO2.1*° In general though, coordination
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is the most influencing factor and therefore defects in the material have a strong impact on
it.

Point defects in the lattice of TiO, anatase and rutile can heavily modulate the electronic and
optical properties and are therefore a relevant issue. They can be of two types, extrinsic or
native, as explained in chapter 2.1.2. Extrinsic defects refer to any interstitial or substitutional
atoms which is an impurity in the stoichiometric formula of the pristine material. This type
of defect is very common, often introduced on purpose in the structure for doping the material
and tuning its electronic and optical properties. The dopants can be metals, which give rise
to a cationic doping*?°1%! or anionic species, of which particularly successful is the case of
nitrogen?? used to shift the absorption spectrum into the visible.

The native defects are of two types: interstitials or vacancies. It should be considered that
also in pure TiO. crystals, self-interstitial defects and vacancies can be present for
thermodynamic reasons because their presence is associated with an increase of entropy in
the system. In this case they are called intrinsic defects. Interstitial Ti defects (Tii**) are
common in TiO2 and they have been recognized as important actors of surface reactivity.
This is due to the electrons provided by these defects which can be transferred to the surface
and facilitate O, adsorption and dissociation.'?® On the other side, oxygen interstitials have
only been theoretically suggested but there is yet a lack of experimental evidence for their
existence.'® Vacancies of Ti have recently been induced through refined material
engineering in a TiO, sample for obtaining p-type conductivity, which increased the
performances in photocatalytic generation of Hz and organics degradation.?*

In general though, TiOz inherently exhibits n-type conductivity due to the intrinsic presence
of oxygen vacancies, which are therefore the most common defects of all. Each oxygen
vacancy leaves two excess electrons and produces three pentacoordinated Ti sites, the
oxidation state of which is still a matter of debate.'?® Indeed, from density functional theory
(DFT) calculations the possibility that two electrons could be localized on two of the three
pentacoordinated sites, one could be localized and the other instead delocalized over several
Ti atoms or simply both could be delocalized, have similar energies.'?. Finally, for samples
at the nanoscale, as already discussed in chapter 2.1, the surface is the main source of
unavoidable defects, because of lattice truncation, which leads to undercoordinated Ti sites
and a high concentration of oxygen vacancies.!'® On these defects water dissociates and
produces surface bound OH species which play a fundamental role in the field of
photocatalysis and self-cleaning applications. In fact, the generation of hydroxyl radicals
('OH) upon bandgap photoexcitation is considered to have a major role in photocatalytic
oxidation of organic compounds.*?

4.4 Previous studies of charge carrier dynamics

As discussed in chapter 2.1, upon bandgap photoexcitation defects play a role of trapping
centres for the electrons and holes. Over the last 20 years, several studies have been
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performed in order to investigate charge carrier dynamics in TiO, nanoparticles,*?’-13!

films*2133 and single crystals.3%341% In particular, studies in the optical domain (IR, UV-
visible, etc.), such as time-resolved transient absorption spectroscopy (TR-TAS)3.12-
130,132,133 and photoluminescence (PL)'11% have been the most commonly used for revealing
the different aspects of electron and hole diffusion and trapping in TiO.. The main limitation
of optical spectroscopy is that the interpretation of results such as charge carriers trapping
lacks of direct finger print in the transient signal and is therefore indirect. Indeed, the
interpretation usually relies on steady state spectra of TiOz in the presence of electron and
hole scavengers. For example, Yoshihara et al.'*¥ concluded that electron and hole are
trapped at the surface of nanocrystalline TiO; films, based on a steady state spectrum of the
sample in methanol, under UV irradiation for 30 minutes. This approach, under the
assumption that all the holes reacted with the methanol and just electrons remain in the
material, allowed to extract the absorption spectrum of electrons. Then subtracting the
absorption spectrum obtained from the transient spectra should leave just the contribute of
the holes. This procedure for interpreting the transient absorption is based on assumptions
due to the absence of a direct observable of the traps. Similarly, the presence of a self-trapped
exciton (STE) in the PL experiments has been deduced indirectly from the fact that the
emission energy of the different forms (i.e. single crystals, films and nanosized structures) of
anatase TiO2 is well below the absorption edge (~ 1 eV redshifted)!*® and anatase has a
strong electron-phonon coupling.t®’

In the following pages is reported a table which summarized the main results of charge
carriers trapping and STE formation timescales found using optical methods.
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Titanium Dioxide

4.5 Polaronic localization in TiO;

The electron-phonon coupling of TiO supports the polaron model for describing the excited
conduction electrons in this material.*® In the case of TiO, electrons localize at Ti** sites
forming polarons and this has been extensively studied by theoretical works.12>145:146 |
particular, Denskins et al.1*® analyzed, using periodic density functional theory (DFT)+U, the
intrinsic charge transport in a perfect crystalline lattice structure of anatase and rutile finding
that both polymorphs present polaronic transport, but in the case of rutile, this is faster than
in anatase. This result, which seems to contradict experimental measurements, has been
assigned to effects which were not considered, such as those introduced by structural defects
in the material.

Experimentally, studies on the polaronic fate of the conduction band electrons in TiO2 have
mainly been performed using n-type doped materials, which can be easily obtained by
introducing oxygen vacancies through UV-irradiation**” or exposure to H-atoms.'* Sezen et
al.}*® investigated the nature of the excess electrons in rutile single crystal (110) and rutile
powder at room temperature by infrared spectroscopy. Thanks to this probe, they detected
the large polaron formed about 380 meV below the conduction band, observing the signal of
electrons excited from the ground state to the first excited state within the polaron trap
potential well (Figure 4.5).

CcB

IR
shallow trap-@- E
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Figure 4.5 - On the top, schematic electronic structure showing the excitation of electrons within trap polaronic states by
absorption of IR (~ 1000 cm™t). On the bottom, the electron spin density of a self-trapped polarons on a Ti®* center of rutile
as calculated from DFT. Taken from ref.18,

An angle resolved photoemission study**’ performed on TiO2 anatase single crystals (001)
presented a similar result of large polaron formation in the lattice. As discussed in chapter
2.1.3 though, large polarons can co-exist with small polarons in certain cases.* This explains
the theoretical findings of Di Valentin et al.**® who indicate a higher localization energy in
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TiO> anatase, that brings to the formation of a small polarons at the pentacoordinated Ti sites
of the surface region. The higher lattice relaxation energy of these undercoordinated Ti sites,
which relax with fewer constraints than the hexacoordinated ones, suggests that it is
energetically favorable for electrons to travel from the bulk to the surface of the material.
Recently, using scanning tunneling microscopy and spectroscopy, this theoretical result has
been experimentally supported.’*® Indeed, the formation of small polarons from the excess
electrons was seen in rutile (110) and anatase (101) single crystals near the surface region.
Moreover, rutile shows a polaronic state less localized within the gap than anatase (0.7 eV
against 1 eV respectively) and anatase presented just electrons strictly localized at the oxygen
vacancies. Finally, Selloni et al.* indicated that the electron localization at the surface is
facet dependent for anatase and indeed, can easily take place on the (101) surface but not on
the (001). This finding supports the approach of optimizing the ratio between these two facets
in order to improve the photocatalytic activity of TiO> and highlights the complexity of
charge localization in this material.
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5 Femtosecond Xx-ray absorption of anatase TiO:
nanoparticles

This chapter is based on the work published in Scientific Reports in 2015.%°

5.1 Introduction

In anatase TiO2, upon absorption of a UV photon (bandgap 3.2 eV), an electron is promoted
to the conduction band (CB, mainly Ti 3d character) while a hole is left in the valence band
(VB, mainly O 2p character), as discussed in chapter 4. Electrons in the CB compete between
delocalized (band-like) and localized states in the form of small or large polarons. This
competition is key to understanding the transport properties of the material, yet it is still a
matter of discussion.’®! Trapped charges (electron and holes) have been probed by steady-
state methods, such as electron paramagnetic resonance (EPR),**?1* photoluminescence,**®
and Oz photodesorption.*>® The EPR studies on powdered anatase TiO2 under high vacuum
conditions, low temperatures (90 K) and continuous irradiation in the 3.2-6.2 eV range,
showed two distinct traces attributed to electrons trapped at paramagnetic Ti®* sites, whose
geometry remained unspecified, as well as O” signals due to holes (Figure 5.1).>* However,
the signal of the holes was significantly larger than that of the electrons at Ti®* sites, implying
that only a limited fraction of the electrons (~10% in these samples) in the CB was trapped
at Ti** sites, while the rest are EPR-silent. At 90 K, the rate of the electron-hole recombination
processes is reduced and the trapped electrons exhibit lifetimes of hours. However, above 90
K, the EPR signals due to Ti%* traps start to decrease to eventually disappear completely by
140 K, while those due to holes are still present, though weaker.*>* Heating to 298 K after
irradiation at 90 K, led to the complete annihilation of the photogenerated charges (Figure
5.1).

In previous photoemission and electron energy loss spectroscopy (EELS) studies of the
surface of low temperature single crystals of the rutile and anatase forms with a controllable
concentration of Oxygen vacancies,®>"1% Ti3* centres were observed which were attributed
to polarons. For the anatase (101) surface, photoemission data always show a significant gap
state ~1 eV below the Fermi level (Eg), characteristic of a small polaron."1%8160 However,
for the (001) plane of anatase, no such signal was observed,'**!%! and a delocalized, large
polaron (~40 meV below Ef) was reported. The small polaron formation was attributed to
pentacoordinated Ti%* centres, due to the presence of an Oxygen vacancy.®"1%8160 Thijs was
also supported by scanning tunnelling microscopy/spectroscopy (STM/STS) studies of
anatase TiO> at 6 K, which showed that small polarons form in the proximity of an oxygen
vacancy (i.e. at pentacoordinated sites) and never move.®°
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Figure 5.1 - EPR spectra of oxidized anatase nanoparticles, before (a) and after (b) 20 minutes of UV light irradiation at
90 K. The oxidation is done at 870 K for 2 hours in high vacuum conditions to remove all the organics remaining from the
synthesis. Trapped electrons on Ti%* centers show two different signals in the spectrum due to a different g tensor component,
suggesting the presence of two different trapping sites. The EPR spectrum at room temperature (c) shows no signal,
supporting the need of working at low temperature to observe trapping of charge carriers. Taken from ref.162,

Indeed, the removal of one neutral lattice oxygen atom leaves two extra electrons which fill
the empty states of Ti** ions. A point defect and three undercoordinated (five-fold) Ti ions
are formed.*®! The two electrons associated to the defect may be both delocalized on several
Ti ions or localized on single (different) Ti ions; of course, intermediate situations are also
possible in which one electron is localized and the second is not. The intragap polaronic states
give rise to absorption bands observed by optical spectroscopy of anatase TiO2, with various
degrees of O vacancies.'®

From the above, it appears that two types of Ti* centres exist in anatase TiO2: those resulting
from the presence of O vacancies,>"1%8160161.163 ang those that are created by UV
irradiation,*>#1% which are not mutually exclusive. While the former seem to be well
established as pentacoordinated centres, it is still not clear how the latter are created and what
the nature of the traps is. Recent theoretical studies addressed the issue of photoinduced small
polarons in anatase TiO2'%, as introduced in chapter 4.4. For the bulk (i.e. hexacoordinated),
they predicted an ~80% charge localization at the Ti®* centre, associated with a trapping
energy of 0.23 eV, and that the equatorial Ti-O bonds elongate by ~0.06 A and the axial ones
by ~0.03 A. The hole was found to be 85% localized on the axial O atom associated to the
Ti®* centre, i.e. the two charges are close to each other. For the case of the (101) surface of
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anatase, polaron trapping at pentacoordinated Ti centres was found to be favourable in the
sub-surface region with 81% of the charge being localized and an energy gain of 0.67 eV.
Elucidating the issues whether small polarons are formed and how requires element- and
geometry-sensitive time resolved tools.

In the past decades, various ultrafast spectroscopic techniques have been used to probe the
charge carrier dynamics in room temperature anatase TiO2 upon UV excitation above the
band-gap. These experiments used probe pulses in the visible,%6-1%° the IR,129169170 gnd the
THz range,'’* which all are sensitive to the overall charge dynamics in the conduction and
valence bands of the material. Conclusions were drawn about the mobility and trapping of
the electrons and holes, and in particular that both localize at the surface within 200 fs for
10-15 nm nanoparticles.*?® The conclusion of surface trapping though, it is itself drawn from
quasi steady-state studies, in particular photoluminescence and O, photodesorption,>>1%
whose outcome is determined by the long time scales of these experiments (on the order of
microseconds or longer®®), allowing for surface reactions to occur.

In 2016 Yoo et al.}”? investigated the spatiotemporal behaviour of Titanium and Oxygen in
a titanosilicate material (i.e. NasTi2SigO22-H20) using 4D femtosecond electron microscopy.
In their sample, pentacoordinated Ti** ions are accommodated within the crystalline phase of
silica in a square pyramidal arrangement. Titanosilicates can be used as single-site
heterogeneous photocatalysts and structurally differ from bulk TiO2 in which Ti*" ions are
hexacoordinated. On the other side, they could be seen as model systems for TiO;
nanostructures, where there is a significant density of undercoordinated Ti** sites.!?®> Upon
excitation at 3.58 eV is triggered a ligand-to-metal charge transfer from the O 2p to the empty
Ti 3d orbitals, which could be seen in analogy with the excitation from the VB to CB in TiO..
Consequent to this transition, the electron diffraction data suggest an asymmetric dilation of
the Ti-O bond lengths due to the reduction of Ti** to Ti%*, which takes place in 350 (* 250)
fs. Although this could suggest a similar time scale for the localization of electrons at
pentacoordinated Ti sites in TiOg, it should be considered that these two materials have a
different physics. In particular, TiO is a wide bandgap semiconductor where a band structure
arises from the periodical overlap between the different Ti and O orbitals, instead these
titanosilicates have single-sites pentacoordinated Ti centres which are characterized by
molecular orbitals rather than a band structure.

In order to determine the fate of the electron excited in the CB of the TiO2, it was
implemented X-ray absorption spectroscopy (XAS) with 80 ps time resolution at the Ti K-
edge of room temperature colloidal solutions of TiO2 nanoparticles (NPs).*%4 In the following
paragraphs, the main results of the work will be discussed. XAS is ideal because it is element-
specific, sensitive to the local geometry and it provides information about the electronic
structure of the Ti centres via the dipole-forbidden but weakly allowed 1s-3d pre-edge
transitions that probe the density of unoccupied states above the Fermi level, as discussed in
chapter 4.3. The results on ~10-20 nm (typical size of nanostructures in dye-sensitized solar
cells) bare anatase and amorphous TiO2 NPs excited above the band gap showed that the
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electrons reduce Ti sites, forming Ti%* centres, with nearly a full electron charge localizing
on them.'®* Indeed, in those experiments it was observed an edge shift of <1 eV to lower
energies, in line with the fact that an edge shift of ~+1 eV corresponds to an oxidation state
change of F1e.1” This situation is reminiscent of the small polaron, as described above.
Because anatase TiO2 NPs have been shown to have an ordered core with a defect-rich
surface shell containing a high degree of Ti under-coordination,'’* and the fact that the
spectral changes pointed to the reduced centres being in an amorphous-like environment, it
was also concluded that these traps are mostly localized in that shell, and they were
tentatively assigned to distorted hexa-coordinated and to penta-coordinated sites, based on
the fact that the dipole forbidden pre-edge transition were significantly enhanced due to
symmetry breaking. In addition, it was observed that the Ti*" centres decay in a bi-
exponential mode on time scales of hundreds of ps and a few nanoseconds. The experiment
performed on amorphous TiO2 NPs, also showed formation of photoinduced Ti* centres,
which quite remarkably, underwent a biexponential decay kinetics on time scales close to
those of anatase NPs.

The 80 ps time resolution of the experiment did not allow to follow the evolution of the
electron prior to trapping and in particular, the time scale for trapping. This is important in
order to elucidate how these photoinduced Ti®* centres are created. In addition, in the event
of small polaron formation, the electron-phonon interaction leads to lattice relaxation which
is confined on a single structural unit. Whether this proceeds via the formation of a large
polaron, which collapses to a small one is unclear, nor is it clear if the polaron has an extrinsic
(formation assisted by defects) or intrinsic (simply due to electron-phonon coupling) nature*’
(see chapter 2.1.3).

For these reasons, it has been implemented a femtosecond X-ray absorption near-edge
spectroscopy (XANES) measurement for electron localization in photoexcited anatase TiO>
colloidal nanoparticles at room temperature. The following study has been conduct at the Ti
K-edge with a temporal resolution of ~200 fs using the fs-slicing scheme at the Swiss Light
Source,'’® described in details in chapter 3.2.3. Excitation of the electron to the CB is carried
out via an indirect band gap excitation'’® using 3.5 eV (355 nm), 150 fs pump pulses.

5.2 Results and discussion

Figure 5.2a shows the steady state Ti K-edge spectrum of TiO, already discussed in ref.1%%,
with the edge at ~4.985 keV and the pre-edge features, labelled Ai-Az and B, around 4.97
keV. Figure 5.2b reproduces the transient spectrum (X-ray absorbance difference between
excited and unexcited sample) recorded 100 ps after excitation at 355 nm (from ref.1%%). It
shows an enhancement of the pre-edge features, while the < 1eV red shift of the edge is
manifested by the strong absorption increase at 4.982 keV (just below the edge). The transient
recorded at 1 ps time delay is also shown in Figure 5.2b.
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Figure 5.2 - a) Normalized static Ti K-edge XANES spectrum of colloidal nanoparticles of anatase TiO2 with the pre-edge
features labelled A1, A2, As and B. b) Transient (difference) Ti K-edge XANES spectra (difference of the excited minus the
unexcited sample absorption) for 3.5 eV excitation of colloidal nanoparticles of anatase TiO2, recorded at time delays of
100 ps (green squares, right vertical axis)'®* and 1 ps (blue dots, left vertical axis).

The amplitude of the signal is similar to the 100 ps transient, taking into account the different
excitation yields, but the data are much noisier due to the four orders of magnitude lower x-
ray flux in the slicing scheme compared to the picosecond experiments. Still, the main
features found at 100 ps are reproduced in the 1 ps transient. The excitation yield f has been
estimated using the same approach as in ref. *4. The sample concentration is ¢ = 833 mM
and the thickness of the liquid jet d = 0.010 cm. Using the following equation:

N.
ph. —ecd
=—F- (1—-10C¢€cd
f NA-c-Vol.( )

Where Nph gives the number of laser photons, vol. is the volume irradiated by the laser and &
is the extinction coefficient at the excitation wavelength (3.5 eV). For the experimental
conditions used, where Nph=3 10, £3550m=180 M*cm™ and vol.=4.8 107 cm?, it is found an
excitation yield f~12% which is about 6 times higher than in the previous work.%4

The scan was not carried out far enough to cover the entire pre-edge region, but the trend at
4.97 keV seems similar to that in the 100 ps transient. Figure 5.3 shows the temporal
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evolution of the signal at the maximum transient intensity (4.982 keV), which maps the
evolution of the population of reduced Ti sites.

The signal shows a prompt rise within 200 fs, reaching a level that remains near constant up
to the limit of the scan (50 ps, Figure 5.4). The data are fitted to a model, which takes into
account a single rate (k) describing the increase of Ti** population, convoluted with a
Gaussian of 200 fs width (W) to account for the time resolution of the experiment. The time-
dependent signal can thus be described by:

1 t_to lkz 2 kW t_to
t) ==A-{Erfc[—V2- —e8 W . g7k(t=to) . Erfc [— — V2 - ]}
f(®) 3 {rc[\/_ W]e e rczﬁ\/_ W

where A is the maximum transient signal and to is the time at which pump and probe pulses
overlap. The best fit of the signal delivers a rise time of 170 fs, after deconvolution. However,
given the scatter of data points and large error bars, a satisfactory fit was also obtained with
a 300 fs rise time (grey trace in Figure 5.3) that can be considered the upper limit. The
similarity of the transient spectra (Figure 5.2) and the fact that the signal shows no evolution

beyond 0.5 ps (Figure 5.4), suggest that the traps observed in both experiments are
identical !5
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Figure 5.3 - Temporal evolution of the photo-induced X-ray absorption change at 4.982 keV of TiO2 nanoparticles excited
at 3.5 eV (blue dots). After the rise, the signal remains constant up to the limit of our time scan (~50 ps, see Figure 5.4). The
brown trace represents the best fit of the data, yielding a rise time of 170 fs. The grey trace shows a satisfactory fit of the
data with the longest rise time of 300 fs that represents an upper limit.

An estimate of the diffusion length I= /D, of the electrons in the NPs can be obtained from
the diffusion coefficient D of anatase TiO, about 10® m?/s,}” which is typical for the type
of samples investigated here. For a rise time of 7=170 to 300 fs, it is found that | ~ 4.0-5.5 A.
On the other hand, travelling from the centre of the NP to the surface of the 20 nm diameter
particles would require ~100 ps. Bearing in mind the uncertainty on the value of D, even an
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increase by one order of magnitude would only increase the distance by a factor of three, and
would not change the conclusions, i.e. that the electron does not migrate a long distance, least
of all, of the order of the NP size. Thus, these results imply that the electron is localized
within the unit cell in which it was generated or in its immediate vicinity. Given the near full
electron charge localization, it can be associated to the formation of a small polaron, as
schematically depicted in Figure 5.5.
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Figure 5.4 - Temporal evolution of the photoinduced X-ray absorbance change at 4.982 keV, monitoring the localization of
electrons at Ti sites thus their reduction to Ti®*. The signal stays constant for about 50 ps.

As already discussed above, the occurrence of small polarons resulting from oxygen
vacancies is a well-established fact by virtue of the excess electrons present in the lattice.
Less obvious is however how the photoinduced Ti®* centres are created, like those reported
here and in refs 1>#1%4 The pre-edge 1s-3d transitions (Figure 5.2a) are partially allowed
because the 3d orbitals are partially mixed with the 4p orbitals. They are thus sensitive to
symmetry changes of the Ti sites. In particular, the A>3 features are associated to a mixed
dipole/quadrupole character.X’® In view of the above: a) the distortion calculated by Di
Valentin et al*>1% for bulk polarons would not lead to the enhanced pre-edge Az 3bands seen
in Figure 5.2a, because the final symmetry does not lead to an enhanced mixing of s and p
orbitals; b) upon formation of Ti%*, all Ti-O bond lengths increase,*®1%® but also an
asymmetric distortion around the Ti* centres would not lead to an increased intensity of the
pre-edge features, as demonstrated in ref.1®,

At this point, some observations from the previous ps XAS study'®* are reiterated: i) the
transients reflect a spectral shift from anatase to reduced amorphous Ti centres; ii) the
biexponential decay kinetics of the signal in photoexcited anatase and amorphous NPs are
quite similar both in terms of decay constants and pre-exponential factors. Several
experimental and simulations studies of amorphous TiO2 NPs'®-182 imply that the average
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coordination number of Ti atoms is between 5 and 6, while anatase NPs are supposed to have
a shell region with a greater proportion of five-fold coordinate sites.!’* Thus, the most likely
trapping sites are pentacoordinated ones, which are mostly present in the shell. This does not
rule out trapping in the bulk, but considering the high crystal quality of these anatase NPs
(XRD in chapter 3.4.1), this is believed to be less likely.

t=0 t <300 fs
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Figure 5.5 - Schematic representation of the electron localization at Ti centres in anatase TiO2. The blue spheres are the Ti
atoms, while the red one are the O atoms. The electron becomes trapped at the pentacoordinated Ti atom, to form a Ti%*
centre, leading to an additional structural relaxation due to the change of the field of forces between the Ti atom and the O
atoms. This scheme represents only one of the two possible scenarios, particularly the one in which the vacancy derives
from an oxygen removed on the equatorial plane.

This ties in nicely with the following observations:!%* a) pentacoordination leads to an
enhancement of the pre-edge features even if the Ti-O bond lengths increase for polaron
formation; b) The presence of two inequivalent classes of O neighbours (4+2) around the Ti
atoms in the D2¢ symmetry of anatase TiO., implies two possible pentacoordinated sites. The
presence of two trapping sites, which were reported by EPR studies'®* and confirmed by the
biexponential decay kinetics of the transient XAS signals,%* may well be related to these two
pentacoordinated conformations (i.e. equatorials and axials); c) the ratio of pre-exponential
factors of the biexponential fit is ~2.4, quite close to the expected ratio of 2, if a statistical
distribution of populated pentacoordinated sites is assumed. However, this interpretation for
the pre-exponential factors leaves open questions on the nature of the biexponential
behaviour observed in the amorphous TiO.1" Indeed, the absence of an ordered structure,
clearly present in such a sample, should not lead to a simple biexponential decay, because of
the several configurations with different bond lengths possible, but more likely to a stretched
exponential.
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The physics of charge localization in materials is a complex problem,*” and in the case of
TiOy, it is crucial to its numerous applications. This complexity arises from the interplay
between different localizing effects, such as the electron-phonon interaction and the presence
of weak potentials generated by static lattice imperfections.!8 Charge localization occurs at
Ti** sites by electron-phonon coupling, turning them to Ti*, is expected to take place within
one vibrational period of the infrared-active E, antiphase breathing mode of the oxygen atoms
(about 41 fs),'8% which is directly involved in the lattice distortion.'®® In the presence of
intrinsic or extrinsic defects, polaron self-trapping and trapping by the weak potential of these
static lattice imperfections combine to freeze the motion of the carriers.'® In the theory of
Shinozuka and Toyozawa® the electron-phonon coupling and the effects arising from weak
external potentials due to defects are considered to be additive: as a consequence, localization
of an electronic excitation occurs even when one of these mechanisms is in itself not
sufficient to induce it. The present scenario where the electron is trapped in the same unit cell
where it was created or in its vicinity, implies that the pre-existing defects (mostly in the shell
region) are dominating the trapping dynamics, even though anatase TiO> has an intermediate-
to-strong electron-phonon coupling.®® The local structural distortion (Figure 5.5) provides
an additional energetic stabilization for the localized electron in the lattice.

5.3 Conclusions

Using femtosecond x-ray absorption spectroscopy, it has been shown that near full electron
charge localization occurs at Ti centres in < 300 fs, implying that it localizes in the same unit
cell in which it is excited or in its immediate vicinity. The localization process should
correspond to formation of a small polaron, which induces a structural distortion of the
surroundings. Based on the changes in the pre-edge features, it is concluded that this occurs
at pre-existing pentacoordinated Ti defect sites, mostly located in the shell region. Although,
single crystals of TiO> are known to contain O vacancies, whose concentration is
controllable,*®® it remains to be established if photoinduced electron trapping occurs at such
pentacoordinated Ti sites as previously discussed.®* Moreover, due to the low photon flux
intrinsically related to the slicing technique, high laser fluences (here ~ 340 mJ/cm?) are
required in order to obtain an acceptable signal to noise ratio in the measurements. High
fluences can affect the physics of charge localization in the material, indeed at high charge
carrier concentrations a Fermi liquid in the CB could be formed due to a screening of the
electron-phonon coupling, as discussed in chapter 2.2.1. In this case, the importance of the
defects in the localization process would be drastically changed, with defect trapping
becoming the main driving force, while instead at low fluences a purely intrinsic self-trapping
mechanism could be the leading process. For this reason, free electron laser measurements
would be the natural continuation of this study, thanks to the femtosecond time resolution
together with the high x-ray flux of these machines. In this case, the effect of the laser fluence
on the localization of electrons could be investigated. This would provide not only the time
dynamics of the process at different charge carrier densities but also high resolution XA
spectra in the femtosecond time region. Moreover, the higher x-ray flux would allow a
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dispersive x-ray emission spectrometer (e.g. von Hamos geometry) to be used which would
yield detailed information on the occupied electronic states.!®” Indeed, x-ray emission
spectroscopy probes the density of occupied states (i.e those below the Fermi energy, such
as the VB states) and it is therefore the ideal tool to probe the dynamics of holes in the VB,
avoiding the need to measure XA spectra at the O K-edge (~ 543 eV) and thus working in
very restricted experimental conditions (e.g. high vacuum). This would result in a complete
picture of the charge carriers fate in TiO».
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6 Picosecond x-ray absorption of rutile TiO;
nanoparticles

6.1 Introduction

In the previous chapter, the ps-XAS study of anatase TiO2 NPs!’ was extended to the
femtosecond time scale, providing new insights in the localization process. Here, are
explored the effects of a different crystalline structure on the electron’s fate, under the same
experimental conditions. In particular, TiO> exists in different polymorphs (i.e. anatase, rutile
and brookite) with largely different properties. In the following, rutile is investigated, the
most common natural phase of TiO.. The sample is a sunspesion of commercial rutile NPs
with an average size of <100 nm, as described in chapter 3.4. Interestingly, the most
promising commercial photocatalyst is a mixture of rutile and anatase (P25, Evonik Degussa
GmbH) and it has been a benchmark for several years in the field.’888 Therefore,
comparison and understanding of these two polymorphs is a hot topic.%

Although both anatase and rutile phases have a tetragonal structure, they have different space
groups, as mentioned in chapter 4, 14/amd and P4>/mnm respectively. Both crystal structures
consist of distorted TiOe octahedra, sharing four edges in anatase and two in rutile. This
structural difference leads to a significant smaller bandgap energy for the rutile phase, namely
~3.0 eV instead of ~3.2 eV for anatase.!

For rutile, localization of excess electrons has been found using low temperature scanning
tunnelling microscopy studies and shows similarities to the anatase case, with the main
difference being that in anatase electrons localized almost exclusively at the surface, instead
in case of rutile, also the sub-surface region seems to be effective.®® However, the fate of
photoexcited electrons in the material has not been determined yet using a direct technique
such as ps-XAS.

Moreover, contrasting to anatase TiO, the rutile form does not exhibit any hints of a defect
rich shell in its X-ray absorption spectra.}’4%! Indeed, as mentioned in chapter 4, while
anatase shows a clear dependence of the pre-edge transitions with particle size, this is not the
case for rutile. The pre-edge region is characterised by 4 peaks (labelled Ai.zand B in Figure
6.2) in the anatase while in the rutile case the Az peak, on the low-energy side of the central
As peak, is missing. The A; band in anatase is sensitive to NP size and it was concluded that
it is a surface-specific pentacoordinated site. All the common crystal faces of both anatase
and rutile are likely to contain both penta-coordinated Ti, therefore the question arises as to
why the pre-edge region of rutile nanoparticles shows no variation with NP size. Lucal’™
concluded that the shell region in rutile NPs must be either very thin or contain few
undercoordinated Ti sites compared to anatase. He suggested that the fewer undercoordinated
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sites may result from the ability of water to complete the coordination in rutile, while the
thicker shell region in anatase would avoid all the undercoordinated sites to be reached by
water molecules. In the previous ps-XAS study on anatase?’, it was shown that in the case of
the injection from a dye, the electron is indeed on the outer surface, confirming that
coordination to water is not effective enough.

6.2 Results and discussion

Figure 6.1 shows the steady state XANES spectra of amorphous, anatase (20 nm) and rutile
NPs, where the former two are taken from ref.*%4, Figure 6.2 is a zoom of these spectra in the
pre-edge region. The pre-edge XAS region of anatase and amorphous exhibits the four peaks
A:1-Asz and B, mentioned above.

Rutile
»
o]
<
=
-
(@]
p=d
[~ Anatase
7
L0
<<
£
(o]
g
a
<
g Amorphous
o
=
L L 1 1

4960 4980 5000 5020
Photon Energy / eV
Figure 6.1 - Ground state x-ray absorption near edge structure (XANES) for the rutile, anatase and amorphous NPs. The

dotted vertical lines highlight the main features in the pre-edge region (A1, Az, As, B and C) and the above the edge (D1, D2
and E). The absence of the A; feature in case of rutile NPs can be seen more clearly in Figure 6.2.

54



Results and discussion

The Az and Az peaks are separated by ~1 eV and in the amorphous NPs, they appear stronger
(Figure 6.2), as also reported in refs'’4182, These pre-edge peaks are typical of K-shell spectra
192 j.e. transitions from the 1s core orbital to unoccupied Ti 3d valence orbitals. In the regular
octahedral Ti** (3d°) hexacoordinated sites of bulk anatase, these transitions have a
quadrupole character, but anatase TiO> presents a weak Dog distortion that makes them
partially allowed by virtue of 3d/4p mixing, which introduces a dipole component, 178193
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Figure 6.2 - Ground state X-ray absorption spectra in the pre-edge region for the rutile (blue line), anatase (red line) and
amorphous TiO2 NPs (black line). The dotted vertical lines highlight the main features (A1, A2, Az, B and C).

Stronger deviations from octahedral symmetry would further enhance such mixings. The
exact assignment of these peaks is still a matter of debate, but there is consensus that A: has
a predominantly quadrupole character, A2 and Az have a quadrupole + dipole character, while
B is predominantly a dipole transition.1’4182192:19% The pre-edge region of the rutile NPs
exhibits only three peaks A1, As and B (Figure 6.2), as previously reported.}™ A; and As are
forbidden transitions to d(tg) and d(eg), respectively, of the absorbing octahedral and they
are made allowed by thermal vibrations.!”* Feature B instead, is predominantly dipolar as in
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the anatase case. Other strong features can be seen above the edge (C, D1, D2 and E in Figure
6.1), which are principally of dipole character.!®> The spectral differences between anatase,
rutile and amorphous NPs suggest different coordination geometries around the Ti atoms*®.
Above the edge, the absorption spectra of anatase and rutile are, as expected, clearly more
structured than that of amorphous NPs. This, along with the very different powder diffraction
patterns of the three types,'®* points to both short and long range disorder in the amorphous
case.

The transient XAS (difference of the excited minus the unexcited sample x-ray absorption
spectra) recorded 100 ps after 3.5 eV excitation are shown in Figure 6.3b and c. Significant
changes are observed in the pre-edge, the edge and above-edge regions, reflecting substantial
photoinduced modifications of both the electronic and the geometric structure of Ti centres.
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Figure 6.3 - (A) Comparison between the ground state spectra at the Ti K-edge of the anatase (red curve), the rutile (blue
curve) and amorphous (black curve) TiO2 nanoparticles. (B) Transient spectrum of anatase (red curve) at 100 ps time delay

and simulated difference with 1 eV shift (dotted grey curve, taken from ref.?’). (C) Transient spectrum of rutile (blue curve,
this work) at 100 ps time delay and simulated difference with 1 eV shift (dotted grey curve).
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These changes are quite different between the rutile and the anatase cases, especially above
the edge. In ref.?%4, the transient spectrum of anatase was reproduced by taking the scaled
difference of the amorphous static spectrum shifted by 1 eV minus the anatase static
spectrum. The scaling was done by normalizing the static difference and the transient spectra
at the maximum (i.e. at the edge) with a scaling factor of 0.016. The fact that the spectra
could be simulated with this approach, clearly showed that together with a change in the
oxidation state of Ti*" sites given by the electron localization there is a shift of spectral weight
from anatase-like to amorphous-like. It was argued that the electrons created in the CB act as
contrast agents by preferentially localizing in the defect-rich shell region.’®* In general,
rigidly shifted spectra showed deviations in the pre-edge region because the occupancy of
Ti(3d) orbitals upon reduction is neglected in the static difference. It is interesting to note
that some changes in the pre-edge region (Figure 6.3b and c) are similar for the anatase and
the rutile cases, particularly for the rise of the A, feature. This suggests that possibly the same
scenario also takes place in rutile NPs. Therefore the same approach was adopted as for the
anatase NPs and was considered the difference of the -1eV shifted amorphous spectrum
minus the rutile spectrum (dotted grey curve in Figure 6.3c), using a scaling factor of about
0.003. Figure 6.4 shows different shifts in energies for the amorphous spectrum and different
scaling factors were used to minimize the difference between the simulated spectrum and the
transient spectrum at 4983 eV. The simulation of the rutile is overall satisfactory (Figure 6.3c
and Figure 6.4) confirming that a similar physics of localization for the photoexcited
electrons is present in rutile TiO> as in anatase.
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Figure 6.4 - Simulated spectra (amorphous shifted in energy minus rutile spectrum) using different energy shifts. The
difference simulated spectra have been rescaled with different factor in order to match the positive feature at 4983 eV. The
rescaling factors are 0.33, 0.30, 0.24, 0.21% for shifts of 0.5, 1.0, 1.5 and 2.0 eV respectively.

For what concern the kinetic traces (Figure 6.5), in the previous work!® for bare and
sensitized anatase NPs, they were fitted using a bi-exponential functions convoluted with the
instrument response function (about 70 ps). The decay kinetic at 4.982 keV is shown in
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Figure 6.5 for both anatase and rutile. The anatase has decay constants of 0.31 and 6 ns, while
for rutile, both a monoexponential and a biexponential fit can be used. The monoexponential
yields to a decay constant of 1.39 ns and the biexponential to decay constants of 0.51 and 36
ns (Table 6.1), but these have an uncertainty higher than their absolute value due to the
limited time window probed.

Table 6.1: Parameters resulting from mono and biexponental fitting using functions convoluted with the instrument response
of the system (70 ps). As2 are the amplitudes and 1,2 the time decay constants of the fitting functions. The high uncertainty
of the biexponential fitting is due to the limited time window probed.

Monoexponential Biexponential
71 (ns) 1.39+0.13 0.51+1.37
T2 (ns) - 36 + 3530
A1 0.85+0.02 0.48+1.64
A2 - 0.41+1.67

The decay time constants for the case of dye sensitized anatase NPs were about twice longer,
due to the e" and h* separation imposed by the dye injection mechanism. Moreover, the decay
kinetics in different spectral regions of the anatase sample, i.e. pre-edges (4979 eV), edge
(4982 eV) and post-edge (5150 eV), were the same within the error bars, indicating that
electronic and structural changes were given by the same species. As discussed in chapter 5,
the biexponential decays are intrinsically linked to the nature of the electrons trapping sites.
Indeed, the trapping sites of the electrons are pentacoordinated which arises from an oxygen
vacancy defect in the material. They have two different possible configurations depending
on which of the two types of oxygen, i.e. axial or equatorial, is absent on the Ti site. This is
supported by the ratio of the amplitude for the two decay constants which is about % as the
probability for an axial/equatorial oxygen vacancy. In the case of rutile, the observed kinetic
is slower than bare anatase in the time window explored (Figure 6.5). This data set though,
was acquired in a narrow time window and therefore the uncertainty on the fit variables for
a biexponential fitting (Table 6.1) does not allow a quantitative comparison.

Overall, as said above, the agreement between the simulated data and the experimental
transient for the rutile NPs is similarly satisfactory to anatase. Moreover, also if the ground
state spectrum of rutile does not present the feature A., as a consequence of the low
concentration of pentacoordinated Ti sites in this crystal phase of TiO2,'" this feature is
clearly seen in the rutile transient spectrum. This shows the power of time resolved XAS in
semiconductors which relies on the selective enhancement of the signal from defects that are
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the trapping sites for charge carriers in the material, also when the concentration is too low
to be detected using conventional XAS.

Norm. AAbs.

Time / ns

Figure 6.5 - Comparison between the time traces at 4982 eV of anatase (red dots, taken from ref.X’) and rutile (blue dots,
this work) TiO2 NPs upon excitation at 3.5 eV and 260 kHz with 48 mJ/cm?. The solid blue and red lines are obtained by
the fitting the data using biexponential functions convoluted with the instrument response function of the system (70 ps),
the black line is obtained by fitting the rutile decay kinetic by a monoexponential.

Furthermore, recently excess electron localization has been studied via scanning tunnelling
microscopy (STM) in anatase and rutile.*®® It was shown that in rutile, excess electrons can
still retain a certain mobility through hopping in the lattice while for anatase the trapped
electron remains next to oxygen vacancies. The polaronic state in rutile was found to be
0.7£0.1 eV below the Fermi energy while for anatase, it was 1.0+0.1 eV. XAS cannot deliver
such type of information but similar conclusions are drawn for the general fate of
photoexcited electrons in rutile, indeed they appear to be trapped next to oxygen vacancies,
as for the anatase case. Moreover, it should be noticed that for the transient spectra of these
polymorphs there is a clear difference in the scaling factor used for simulating these time
resolved results, which is related to the excitation and quantum yields. The scaling factor is
about 5 times lower for rutile if compared to bare anatase NPs (i.e. 0.3 % instead of 1.6 %
respectively). The excitation yield is about 30% higher for rutile, considering that the
excitation fluence is the same and the NPs concentration in the colloids was set to an optical
density of 1.2 at 3.5 eV for both cases. Indeed, Figure 6.6 shows that rutile has a 30% higher
absorption at 3.5 eV compared to anatase and this results in a higher excitation yield because
of the lower concentration of sample used for the same fluence.

Therefore, the lower scaling factor must be attributed to a lower quantum efficiency, which
shows a smaller tendency of electron localization in pentacoordinated sites. This effect can
be related to the lower probability of localizing electrons next to oxygen vacancies®® but also
to the lower concentration of superficial pentacoordinated sites,!’* showed by the ground
state spectrum. In any case, rutile is less inclined to surface trapping than anatase.
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Figure 6.6 - UV-Vis diffuse reflectance spectra of anatase (red curve) and rutile (blue curve) powders collected using an
integrating sphere. The excitation energy used during the ps-XAS experiment (3.5 eV) is highlighted in the figure. In the
inset there is a zoom around this energy region.

6.3 Conclusions

To conclude, electron localization occurs in rutile next to oxygen vacancies, which are mainly
at the surface region, similarly to the anatase.!®” The main difference observed is in the
relative quantum efficiency for this process, which is more than 5 times lower for rutile and
this is attributed to the lower concentration of oxygen vacancies and/or a lower tendency to
localization in their proximity. The less pronounced tendency for surface trapping could be
the reason for the lower efficiency of rutile in photocatalytic reactions,*®® whose origin is still
debated.'®® Indeed, for an efficient photocatalytic reaction, kinetics as well as
thermodynamics play a fundamental role in the efficiency. Charge carriers should not only
have a redox potential able to thermodynamically drive the reaction towards the products but
they should also live long enough, i.e. hundreds of ps?®, in order to have the time to react
with the molecules adsorbed onto the surface before recombining. This means that trapping
is detrimental from the thermodynamic point of view because it lowers the reductive potential
of electrons but on the other hand it helps the kinetic perspective, because it increases the
lifetime of the photogenerated carriers. Indeed, charge carriers which are trapped can live up
to ms, therefore are favourable spots, if placed at the surface, to undergo chemical reactions.
Finally, similarly to the outlook presented for the anatase in the previous chapter, also the
understanding of rutile NPs would benefit from free electron laser measurements. This not
only provide information on the electron trapping process in the femtosecond time scale but
also open the possibility to measure the hole dynamics in the valence band. Indeed, as
mentioned in chapter 5.3, the high flux allows to measure simultaneously x-ray emission
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together with the x-ray absorption signal and therefore gain insights on the fate of the occupy
states in the valence band of the semiconductor.
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7 Lead Halide Perovskites

7.1 The rise of hybrid organic/inorganic perovskites

In the search of novel photovoltaic technologies, dye-sensitized solar cells (DSSCs)
dominated the scene for about 20 years from the first appearance.® In 2009, the hybrid halide
perovskite CH3NH3sPbls, a new material in the field of light to energy conversion, has been
used as photosensitizer in a sensitized solar cell.” From this point on, the scientific community
started an intense work to optimize the conversion efficiency and another milestone in the
photovoltaic applications of the hybrid organic/inorganic perovskite (HOIP) was its
implementation as an absorber in an all-solid state device.®!%2%! In this configuration, the
HOIP is grown in a mesoporous TiO> layer which acts as electron acceptor and it is in contact
with a solid hole transport material (e.g. Spiro-MeOTAD, as showed in Figure 7.1).

-
-~

active
area

Figure 7.1 - (a) Real solid-state device. (b) Cross-sectional structure of the device. (c) Cross-sectional SEM image of the
device, showing (from top to bottom): the gold electrode, the hole transport material (HTM, spiro-MeOTAD), the
mesoporous TiO2 with CH3NHsPbls as an absorber and the fluorine doped tin oxide (FTO) layer. (d) Active layer/FTO
underlayer-interfacial junction structure. Taken from ref.1%.

Since then, solar cells with HOIP achieved over 20% certified efficiency in only 5 years of
research, which is a remarkable performance in such a short time.® Lead halide perovskites
have a longer history than that emerging from the recent application in the energy conversion.
In 1958, Méller reported photoconductivity in CsPbXs systems®” (where X is a halide atom)
which were later recognized as ionic semiconductors.?%? In 1978, Weber reported the crystal
structure of CH3NH3PbX3.2%® The discovery of HOIP gave rise to the work of Mitzi et al. in
the 1990s, who demonstrated efficient field effect transistor (FET) devices,?** a first proof of
the application potential for this class of materials.

Nowadays the word “perovskite” is becoming synonymous of HOIP and the number of
publications on this topic exceeds 500 for 2015 only.?® The major advantages of HOIP
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devices over conventional solar technologies are their low processing temperature (150 °C)
and composition of Earth-abundant elements, which make them ideal candidates for low-cost
solar cells. Although the development of this technology benefited vastly from the earlier
research in photovoltaics, particularly the architecture of DSSCs, HOIP appeared to have
efficient ambipolar charge carrier transport, meaning that it can efficiently transport electrons
and holes. Snaith et al. showed this property by replacing a TiO> layer with the insulating
Al,O3 obtaining still a high-efficiency device.’

Halide perovskites showed to be materials with a broader range of optoelectronic applications
than simply photovoltaics. They have been employed successfully for light-emitting diodes
(LEDs) which have high efficiency and tunable emission energies.2%627 Moreover, they
exhibited stimulated emission for lasing in the form of thin films®® but also nanowires single
crystals.” In a photocatalytic water splitting device powered by CHsNH3Pbls thin film they
have been able to split water with 12.3% efficiency.?’® Finally, they can be used for high
energy radiation detection, indeed large single crystals of CsPbBrs®® and films of
CH3NH3Pbl3?'° demonstrated to detect x-ray.

7.2 Geometric and electronic structure

Historically, perovskites are named after Lev Perovsky, a Russian mineralogist. This class of
compounds has the same type of crystal structure as CaTiOs. In general, their formula is
AMX3 where A and M are cations and X an anion. The ideal perovskite has a simple cubic
crystal structure in which corner sharing octahedral networks MXe have a M-X-M 180° bond
angle and A ions in the interstices (Figure 7.2, a-CsPbls).?!* The archetype cubic structure
lowers its symmetry when temperature or pressure changes are applied, in ways which
depend on each compound. In particular, halide perovskites change the angle between
M-X-M from the ideal 180° (as in the undistorted perovskite denoted as the a-phase), yielding
the B-phase after the first phase transition, the y-phase after the second and finally the non-
perovskite structure 3-phase (Figure 7.2).212 For what concerns the electronic structure, halide
perovskites are generally direct-gap semiconductors, meaning the valence band (VB)
maximum and conduction band (CB) minimum occur at the same point of the Brillouin
zone?'! (see chapter 2.1 for a general introduction). This explains the high extinction
coefficient of this material, which can absorb photons without the need of a phonon assisted
transition. State of the art approach is to calculate the band structure using many body
perturbation theory with GW approximation including spin-orbit coupling, which influences
the band energies.?*® The density of states in perovskites shows that the VB is dominated by
the halide p-orbitals while the CB has mainly Pb 6p character (Figure 7.3).252 The bandgap
energy, which is about 1.6 eV for CH3NH3sPbls, can be easily tuned by changing the
methylammonium cation or simply the halide anion. The latter, because it is directly involved
in the band formation, can easily be explained by the different electronegativity of the halides.
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Figure 7.2 - A case study of the phase transition scheme as observed with synchrotron powder diffraction (. = 0.413906 A)
for the CsPbls compound. Initially, the room temperature stable 5-phase (yellow) converts to the black perovskite a-phase
upon heating above 360 °C. On cooling, the perovskite structure remains kinetically stabilized converting to the black
perovskite B- and y-phases at 260 and 175 °C, respectively. Full conversion of the y- to the initial yellow 3-phase occurs
after ~48h. Taken from ref.212,

The bandgap energy increases proportionally with the halide electronegativity, therefore in
the order CI>Br>1"2> The reason for the bandgap tuning by the organic part, of which the
partial density of states appears several eV below the valence band maximum?>?!* (Figure
7.3), is purely structural. Indeed, through structural and Coulombic interactions, it can deform
the perovskite lattice and lead to a bandgap change.?*? Particularly, it is the octahedral tilting
which is influenced by different cations and is responsible for the changes in the electronic
structure close to the band edges, as demonstrated by a study?2 comparing optical absorption
and structural data.

Interestingly, the CH3NHs" ions are free to rotate between the octahedral cages at room
temperature and this seems to have profound consequences on the electronic structure.?'®
Indeed, orientations in which cations lower the symmetry of the structure change the bandgap
from direct to indirect (Figure 7.4).

Regarding the exciton binding energy (Eb), a general rule in semiconductor physics indicates
that it is directly proportional to the bandgap energy of the material,?*’ meaning that
CH3NH3PbBr3 (bandgap energy of ~ 2.3) has a higher E, than CH3sNH3Pblz (bandgap energy
of ~ 1.6). The experimental values of E, measured for CH3NH3sPbls at room temperature
though, span at least from 55 meV to below 10 meV.?®

65



Lead Halide Perovskites

(b)

h ACHSNH;
: Pbp ‘ ‘-‘m
N\ b poe

! Ip

DOS

-10 -5 0 5 10
eV

Figure 7.3 - Total density of states (DOS) of CHsNH3Pbls in the cubic structure (a) and partial DOS for CHsNHs* (b), Pb
(c) and I (e) obtained by first-principles calculations using generalized gradient approximation (GGA) for the exchange
correlation. The zero in DOS is referred to the valence band maximum. The Pb partial DOS is enlarged by five times for a
clear indication of the s orbital contribution. Taken from ref.?s.
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Figure 7.4 - Band structure of the fully relaxed CHsNHsPbls crystal obtained using first-principles calculations with
generalized gradient approximation (GGA). The bands are shown for molecule orientations along (a) (111) and (b) (011)
direction. The insets show a magnification of the bands (which have been shifted in energy for convenience) around the
bandgap and highlight the changes in the VB maximum and CB minimum caused by rotation of CHs3NHs*. Note that for the
(011) orientation the bandgap becomes indirect. Taken from ref.16,

It is important to understand the nature of the charge carriers upon photoexcitation for
photovoltaic devices but the thermal energy at room temperature (i.e. 25 meV) is within the
range of experimental values found for E, and it is therefore not easy to predict the behavior
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in this material. Recently, Grancini et al.>’ rationalized this problem of finding a univocal
value for the exciton binding energies in HOIPs. Indeed, they found that the electron-hole
interaction in CH3NH3sPblz and CH3NH3PbBrs is sensitive to the microstructure of the
material and therefore fabrication procedures influence the Ep, which explains the different
experimental values found in the literature.

From a point of view of defects in the material, taking into account the low processing
temperature used for the synthesis of halide perovskites, a high concentration of intrinsic
structural defects is intuitively expected, such as vacancies and/or interstitial atoms. In
reality, the small Urbach tail energy (~15 meV),?1%22% which can easily compete in sharpness
with high temperature processed semiconductors commonly used in photovoltaics (Figure
7.5), points to a low density of traps??! (estimated ~10%° cm2in single crystals).??> Moreover,
a computational study using density functional theory??® showed that even upon formation of
intrinsic defects, gap states which could act as deep traps are absent in the DOS. These results
explain at least partially the fact that the perovskites can be efficient semiconductors even
when grown using simple solution processes.
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Figure 7.5 - Absorption coefficient for a thin film of CHsNHsPbls compared with other semiconductors used in photovoltaics
applications. The sharpness of the absorption edge (highlighted by a black line) is inversely proportional to the Urbach tail
energy of which a low value, indicates high crystalline quality of the material and therefore low presence of defects.
Surprisingly, the low temperature processed CHsNHsPbls film shows an Urbach tail similar to the one of GaAs, a
monocrystalline direct semiconductor of very high electrical quality. Taken from ref.?20,

Interestingly, CH3sNHsPbls can be either n- or p- self-doped by changing the ratio of
methylammonium halide (CH3NHzl) to lead iodine (Pbl2), which are the synthetic precursors
of this perovskite.??* This means that tuning film composition by changing film formation
method and process conditions, changes the electronic properties of CH3NH3zPblz. The main
defects playing a role in the ambipolar self-doping behavior are Pb?* vacancies for the p-
type; and I vacancies and CHsNHs* interstitials for the n-type.?>2%* The sister perovskite
CHsNH3sPbBr3 shows unipolar self-doping behavior instead, where only p-type conductivity

67



Lead Halide Perovskites

is observed under thermal equilibrium growth conditions.??® This is because the formation
energy of a CH3NHz3" interstitial is too high due to the smaller lattice constant when compared
to CH3sNHsPbls. Therefore, the only intrinsic defects in CH3NH3PbBr3 are Pb vacancies.

7.3 Polaronic localization in perovskites

The nature of charge carriers in perovskites as quasiparticles, such as polarons, and therefore
their intrinsic self-trapping mechanism due to electron-phonon coupling in the lattice, have
been investigated in the last year. At first, the hypothesis of having charge carriers as large
polarons was introduced to explain the long carrier diffusion length and long lifetimes in
polycrystalline thin films.??® Indeed, in the form of large polarons, charge carriers would be
protected from scattering with defects and trapping.??® The hypothesis that carriers in ionic
perovskites would polarize the lattice was later confirmed by Green et al.??” who showed the
major impact of polarons in determining the excitonic properties of CHsNH3Pbls and
CH3NH3PbBrs. In fact, including polaronic effects results in theoretical binding energies,
calculated using effective longitudinal optical phonon energies deduced from permittivity
measurements, consistent with the experimental values. In a detailed theoretical study,
Tretiak et al.®® used hybrid exchange-correlation functional to investigate CsPbls and
CHsNHsPblz polaron binding energies. The binding energies obtained suggest formation of
small polarons, particularly in the case of the organometallic perovskites. Indeed, for Cs
perovskite the binding energies are around 300 and 900 meV for holes and electrons
respectively and for HOIP about 600 meV for holes and 1300 meV for electrons (Figure 7.6).
This difference is attributed to the molecular rotation degree of freedom of CH3zNH3" which
can cooperate with the volumetric lattice strain to stabilize the polarons.*
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Figure 7.6 - Spin density (total electron density of electrons of one spin minus the total electron density of the electrons of
the other spin) calculated for CHaNH3Pbls clusters using an ab initio simulation. Taken from ref.%0,

These theoretical findings could explain the modest mobilities of charge carriers in HOIP,2%8
despite the low charge carrier effective masses and suggest that Cesium based perovskite are
potentially better materials for optoelectronic applications.
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7.4 Stability issues

Although HOIP materials have been able to reach outstanding solar conversion efficiencies
after a few years of research, this is of course not the only criterion to assess the performance
of a photovoltaic device. Indeed, a critical requirement for a solar cell is the long term
stability which ensures a duration of several years for the photovoltaic module. The problem
with HOIP became prominent within the last two years, when independent research groups
began to find multiple degradation factors.!322%234 First of all, HOIP having an ionic
structure, it suffers from moisture degradation. In presence of moisture, the first step of
decomposition proposed?® is the deprotonation of CHsNHs* by water, forming methylamine,
hydrated HI and Pbl.. Elsewhere in the literature?® is proposed that the exposure of
CH3sNH3Pbls to moisture produces hydrate products rather than simply Pbl,. Even if the exact
mechanism is still under discussion,?® it is clear that a controlled environment during the
synthetic procedure and a well-sealed module during operation is necessary to avoid
degradation. Similar precautions of a controlled environment and encapsulation should be
applied to avoid oxygen induced degradation.?®® Molecular oxygen reacts with the
photoexcited electrons in the perovskite materials forming superoxide (O2") which initiates
the degradation process. The reaction of superoxide with the methylammonium moiety of the
perovskite rapidly decompose it to methylamine, Pbl> and I2. Also UV light can diminish
performances of HOIP devices during long-term operation.®*?*" In this case, the hypothesis
is that there is an analogy with the photodecomposition process of binary halides (i.e. PbXa,
X=Cl, Br, 1).232 Moreover, a severe problem which is harder to be overcome, is related to the
limited thermal stability of CHsNHsPbls. Initially, it was supposed to be stable up to
300 °C,%%82% put recent results?*%2*! showed that the decomposition temperature is at 140 °C.
Considering that standard operating conditions of a solar device are at 80 °C, this is
considered a critical issue. It has been observed that substituting the halide from I to Br™ can
increase the thermal stability of the HOIP?34 but still this does not fully solve this problem.

Finally, probably the major source of instability is the migration of defects in presence of an
electric field.*2%3 Jodine vacancies and interstitials can easily diffuse across the perovskite
crystal and migrate to the electrodes. Also CHsNHs* and Pb?* vacancies can migrate but with
higher activation barriers and therefore on longer time scales. These defects accumulate at
the electrodes and modify the electronic landscape hampering charge extraction at the
selective contacts.

7.5 CsPbX; perovskites

Most of the problems leading to limited stability of HOIP are reduced by employing a fully
inorganic perovskite. Recently, Kovalenko et al.?%242243 synthetized monodisperse colloidal
quantum dots of fully inorganic cesium lead halide perovskites. Interestingly, the bandgap
energy is easily tunable through compositional modulations and quantum size effects over
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the entire visible spectral region of 410-700 nm (Figure 7.7). At first, the high photoemission
quantum yield of up to 90% suggested applications such as light emitting diode and lasing.®®
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Figure 7.7 - Colloidal perovskite CsPbXs nanocrystals (X = Cl, Br, I) exhibit size- and composition-tunable bandgap
energies covering the entire visible spectral region with narrow and bright emission: (a) colloidal solutions in toluene under
UV lamp and (b) representative PL spectra. Taken from ref.?,

For what concerns solar cell application, there was a general belief that the organic cation,
either for its organic nature or anisotropic geometry, played an essential role in the high
performances of the solar device. Kulbak et al.?* challenged this assumption by
demonstrating that the substitution of CHaNHs" with Cs* does not modify the open circuit
voltage of the cell. From that point onwards perovskite solar devices based on Cs started to
flourish,2#2% confirming the intuitive hypothesis of improved stability over the organic
counterpart.?*” In particular, the easy bandgap tunability of this material makes it a perfect
candidate for tandem solar cell applications.?*® This year, a Caesium-containing perovskite
solar cell obtained 21.1% output power, while also demonstrating a record-level
reproducibility.?®® Indeed, the addition of inorganic Cesium to formamidinium and
methyalmmonium, results in a triple cation perovskite which is less sensitive to processing
conditions.

In this thesis, the physics of CsPbXs nanocrystals is investigated by means of ultrafast
spectroscopy. The reasons of this choice are in particular the time-resolved x-ray absorption
spectroscopy measurements, which require high sample stability because they employ rather
high laser fluences. CsPbXs is therefore an ideal model system to study the charge carrier
dynamics of lead perovskites in general and not only because more stable, but also because
presents a similar physics to the organic-inorganic perovskites. In fact, there are many
observations which indicate that the hybrid and purely inorganic perovskite bear several
similarities: a) photoemission and inverse photoemission studies show that they have similar
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electronic structures;?*° b) this is supported by calculations of the electronic band structure
of CsPbBrz and CsPbCl3,2224%-25% which show similar trends as in the case of organic
ones, 2214216252254 \ujth the VB being dominated by the halide p-orbitals (I 5p, Br 4p or Cl
3p), with a weak contribution of Pb 6s orbitals, while the CB is mainly dominated by the Pb
6p-orbitals. Finally, the orbitals of the cation (methylamonium or Cs) are either far below the
maximum of the VB or far above the minimum of the CB; c¢) both types show high PL
quantum yield, which reaches 90% in the inorganic case?? and 70% in the organic-inorganic
case;’%?% d) transient absorption (TA) studies from the femtosecond to the nanosecond
regime also point to an overall similar behaviour of the charge carrier dynamics in organic?®-
2%8 and inorganic ones.?**2%° Therefore, inorganic perovskites represent good model systems
for investigating the fate of photoinduced charge carriers of perovskites, while offering great
promise of applications in solar energy conversion.
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8 Femtosecond transient absorption of CsPb(CIBr)s

8.1 Introduction

The investigation of charge carrier dynamics upon photoexcitation in lead halide perovskites
is the key to develop a rational approach for improving devices’ performances. Over the last
two years, several fs-transient absorption spectroscopy (fs-TAS) studies have been
performed, from the IR to the UV spectral region,*®!! with the aim of understanding the
excited state physics of hybrid organic-inorganic perovskites. Despite this interest though,
many features in their transient spectra remain still poorly understood.

In general, the most intense feature in the transient absorption spectrum of CH3NH3Pbls
corresponds to a decrease in absorption around the bandgap energy (i.e. ~1.6 eV, 750 nm in
Figure 8.1). There is a general consensus that this signal is due to a bleaching which derives
from a charge carriers band filling effect that is a direct result of the Pauli exclusion
principle.?®! On the other hand, a contribution from stimulated emission which would have
the same signal sign, cannot be excluded in that energy region. Wang et al.?%? could
distinguish an additional shoulder on the low energy side of the main bleaching signal (~ 1.59
eV), which perfectly overlaps with the static photoluminescence. They have attributed it to
stimulated emission but they observed it only when the Stokes shift induced by specific
material morphologies was substantial (i.e. few tens of meV). In other cases, the stimulated
emission and photoinduced bleaching are possibly overlapped in the same transient feature.
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Figure 8.1 - Femtosecond TA spectra of a CHsNHsPbls film excited at 3.20 eV (387 nm). The arrows indicate the recovery
of the bleach signals discussed in the text. Taken from ref.?%,
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At energies above ~ 1.70 eV (about 700 nm and below in Figure 8.1), a broad photoinduced
absorption band represented a feature difficult to be interpreted for a few years.1>%! In 2015,
Price et al.®2 attributed this signal to a photoinduced reflection due to refractive index changes
upon photoexcitation. Indeed, materials with significant values of the refractive index such
as perovskites, can undergo an important change in reflectivity upon photoexcitation, which
can affect the shape of the fs-transient signal. Recently, this interpretation has been partially
challenged by Grancini et al.”’, at least for the photoinduced absorption localized right next
to the blue region of the main photobleach (~ 1.67 eV for CH3NH3sPblz and ~ 2.45 eV for
CHsNH3sPbBTr3). In their interpretation this photoinduced absorption, when present as a well-
structured peak, is a fingerprint of the exciton population and derives directly from the self-
normalization of the exciton energy due to exciton-exciton interaction.

Another strongly debated energy region, placed at about 2.58 eV for CH3sNH3Pbls (~ 470 nm
in Figure 8.1), shows a transient feature which corresponds to a decrease in absorption upon
photoexcitation, where the static absorption spectrum already presents an absorption edge.
Xing et al.?%3, by comparing the dynamics of this feature and the main photobleach at the
bandgap edge, attributed this signal to a second valence band in the material. Wang et al.??
instead, interpreted it as signal deriving from impurities of Pbl> which are left in the sample
from the synthetic procedure. Indeed, they found a correlation between the presence of Pbl,
and the intensity of this transient signal. Finally, Stamplecoskie et al.?®* provided an
interpretation known as the dual excited state model. The hyphothesis, based on the spectral
data analysis of the precursors, is that this spectral feature derives from a charge transfer
excited-state which produces reversibly an I2-like species, as in the following reaction:

CH3NHsPblz + iy  — (CH3NH3Pbl - 1)

In the last year, a first principles band structure calculation®®® supported the model of a dual
valence band in CH3NHsPbls, which is the most accepted one at the moment.* Moreover,
recently Anand et al.?®® revealed a more complex multiband character of the electronic
structure, thanks to the extension of the fs-TA studies to the UV range (up to 3.54 eV). Their
findings in the UV region require a description beyond the picture with one conduction and
two valence band. They could either be explained by adding another valence band or a
conduction band state to the previous model of Xing et al.?%3,

On the low energy side of the absorption onset, about 50 meV below the main bleaching
feature in CH3NHsPbls, a photoinduced absorption signal has been recently attributed to
bandgap renormalization (BGR)®? in contradiction to the transient electroabsorption (EA)
interpretation given elsewhere in literature.>® Figure 8.2 shows this transient increase in
absorption for CHsNH3Pbls which clearly persists for only 1 ps. The fact that both
explanations are plausible was already suggested in 2014 by Deschler et al.?®®. The latter
interpretation is based on the fact that an electric field generated within a solid or a molecule
can perturb the optical absorption through mechanism such as the Stark effect, which results
in a shift of the absorption spectrum. This is supported by the fact that the same feature was
recently observed in electroabsorption spectroscopy measurements of CHsNH3zPbls?®” and
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CH3NH3PbBrs?® (at about 2.30 eV, same energy offset/difference to the bandgap). On the
other hand, the BGR interpretation, is supported mainly by the dynamics of the signal which
is indeed short living, i.e. a few ps.®> Upon bandgap photoexcitation the high concentration
of charge carriers can shift the optical absorption due to many-body exchange-correlation
effects. This exchange-correlation correction to the bandgap energy deriving from the
presence of free charge carriers is called BGR and it is a many body effect, thus possible only
in solids and not in molecular systems.®® The charge carriers have to interact to produce this
effect, therefore their concentration has to be significantly high and the BGR vanishes in a
few ps after photoexcitation because of charge carrier recombination.
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Figure 8.2 - Normalized fs-TA spectra of a CHsNHsPbls film excited at 2.25 eV. In the inset, a zoom of the spectral
broadening at early times which indicates a hot-carrier distribution. Readapted from ref.®2,

At lower energies, between ~ 1.2 up to 0.7 eV for CHsNH3Pbls, Sheng et al.?®® observed a

broad photoinduced absorption signal, labelled here in Figure 8.3 as PAi:. This was
interpreted as an interband exciton transition, similarly to the interpretation of Deng et al.?®
for CH3sNHsPbBr3, where an analogous photoinduced absorption signal was detected in the
corresponding energy region with respect to the bandgap position (from ~ 1.9 to 1.5 eV).
Interestingly, Wu et al.?"* investigated CH3NH3Pbls thin films prepared using different
synthetic methods, namely with and without PbCls, a precursor which is known to improve
performances in the photoconversion yield but does not change the stoichiometry or the bulk
structure of the material.>’? In both cases, they observed a broad bleaching signal upon
photoexcitation in the energy region between ~ 1.5 to 1.0 eV, which overlaps with the
spectral region where Sheng et al. detected the photoinduced absorption. This contradictory
observation has been attributed to the formation of a self-trapped band-edge exciton at the
material surface, the formation of which could be fostered by the presence of a preexisting
band tail for the valence band states. Indeed, the presence of a band tail in these materials
was confirmed by the ultraviolet photoemission spectra presented in this study, which clearly
showed a tail of states above the valence band, extending to within the gap of the
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semiconductor. This tail arises from surface states and therefore its presence could be
strongly influenced by the synthetic method adapted.
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Figure 8.3 - Femtosecond-TA spectum around t = 0 excited at 3.1 eV (400 nm). In the transient spectrum are highlighted
the photoinduced absorptions (PA1 and PA2) and the main photobleach (PB). Readapted from ref.2°,

In the mid infrared region, between 1600 and 800 cm™ (i.e. from ~ 0.20 to 0.10 eV), Narra
et al.®? detected a broad photoinduced absorption using a ns-TAS setup. The absorption
increases monotonically toward smaller wavenumber and is therefore attributed to intraband
transition of free electrons in the conduction band.

In general, the reader might have noticed an apparent contradiction, consisting in the
attribution of some feature to excitonic physics and others to free charge carriers. It should
be kept in mind, though, that exciton and free charge carriers can co-exist in the same material
under certain specific conditions. In fact, the fraction of free charges and excitons is not only
determined by the exciton binding energy, but also by the excitation density which influences
how often electrons and holes meet to form excitons.?”® Although in CH3NHsPbls at room
temperature, numerical modelling shows a dominant population of free charge carriers,?’® the
coexistence of free charges and excitons has been observed in time-resolved fluorescence
measurements,?’# which show an excitation density vs. photoluminescence dependence that
can only be explained taking into account this effect.

Either way, the most important problem in understanding the room temperature equilibrium
between free charge carriers and excitons in hybrid organic/inorganic perovskites, derives
from the difficulty in estimating a univocal exciton binding energy. As a matter of fact, the
exciton binding energies reported for organic-inorganic perovskites range from 10 to 70
meV.2>2"8 These results span around the value of the thermal energy at room temperature
(about 25 meV). The reason for the difficulty in finding a general accepted value can be found
in a recent work from G. Grancini et al.>’. There, they showed the role of the material
microstructure in the electron hole interaction and how long range order can control exciton
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formation in CH3NH3sPbls and CH3NH3PbBrs. This is due to the permanent dipole associated
with the methylammonium cation, which - depending on the long-range order in the lattice -,
can be more or less free to rotate in the inorganic cage contributing to lattice polarization that
screens the electron hole Coulomb interaction. This means that different fabrication
procedures and morphologies strongly influence the physics of organic/inorganic
perovskites.>’

Wu et al.?2 investigated CsPbBrs quantum dots in solution using fs-TAS upon 3.1 eV
excitation and the reported spectra show similar near bandgap transient features than those
discussed before in the context of organic/inorganic perovskites. At ~ 2.58 eV (~ 480 nm in
Figure 8.4) there is the main photobleach of the absorption onset, discussed previously for
CH3NH3Pbl3.22 On the low energy side of this transient feature, ~ 2.75 eV (~ 450 nm in
Figure 8.4), is present a broad increase in absorption, attributed to the photoinduced reflection
due to refractive index change upon photoexcitation in CHzNHsPbls.52 Only at short time
scales (< 1 ps), can be observed the photoinduced absorption feature at ~ 2.50 eV (~ 495 nm
in Figure 8.4) which is contradictorily associated to BGR and transient EA in CHsNH3Pbl3.2%®
Finally, a weak and broad photoinduced absorption is present between ~ 2.30 and 2.07 eV
(~ 540 and 600 nm in Figure 8.4) which is compatible with the interband transitions observed
in the transient spectra of organic/inorganic perovskites.?®>?’® This correspondence is not
surprising though, because - as discussed in chapter 7.5 -, several points indicate strong
similarities in the physics of hybrid and Cs based perovskites.
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Figure 8.4 - Femtosecond-TA spectra of CsPbBrs quantum dots excited at 3.1 eV (400 nm). In the inset, a zoom of the broad
photoinduced absorption (PA) below bandgap energy. Taken from ref.2,

As opposed to HOIP, the exciton binding energy of CsPb(CIBr)s (about 50 meV)?? should
unambiguously result in exciton formation, with a minor influence of the structure and the
long range order considering the absence of a permanent cationic dipole which could screen
the electron hole interaction. Indeed, as showed by several photoluminescence studies,3®:27%-
281 fully inorganic lead halide perovskites exhibit a long-lived band-edge emission (i.e. up to
several ns) which is due to the recombination of excitons. This means that there is an
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unambiguous exciton presence in this material which has a lifetime over the time window
explored in the present chapter. Studying fully inorganic perovskite has some advantages. In
fact, the high sensitivity of hybrid perovskite to external environmental factors (e.g.
humidity),'® sample handling and experimental conditions during data acquisition*! makes
the interpretation of the spectroscopic results challenging. Indeed, Sum et al.}! urged the
community "to exercise caution” because the uncontrolled sources of damaging could easily
influence the results in the fs-TAS measurements. Cs-perovskites in general do not suffer
from stability problems, as mentioned in chapter 7.5.

8.2 Results and discussion

8.2.1 Investigation of the transient spectral features

Here, it is described the physics of a fully inorganic perovskite, CsPb(CIBr)s, upon
photoexcitation at 3.1 eV, using fs-TAS with a white light continuum probe spanning from
3.1 to 1.8 eV (details in chapter 3.1.1). Therefore, this chapter mainly deals with spectral
features in the low energy region of the bandgap position, because the material studied has a
bandgap of ~ 2.6 eV. This energy region has rarely been explored in the literature, because
most of the studies have been performed on CHsNH3Pbls (bandgap energy of ~ 1.6 eV) and
thus would require the use of a near infrared probe, instead of the most common whitelight
probe, to investigate the physics in this part of the spectrum.

To mitigate possible laser-induced damaging, the suspension is recirculated using a flow cell
and a peristaltic pump which refreshes the sample at each laser shot. In Figure 8.5 absorption
and emission spectra demonstrate the stability of this material upon bandgap irradiation.
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Figure 8.5 - Photoluminescence (dotted curves) and absorption (solid curves) spectra before (black curves) and after (red
curves) about 30 hours of laser irradiation at 3.1 eV, 1 kHz and different fluences between 2.5 and 100 pJ/cm?. The

absorption spectrum is normalized around 2.6 eV to compensate for the change in concentration due to the evaporation of
the solvent.
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These conditions allow a systematic study of the excitation fluence dependence that helps
revealing the nature of the different spectral features. Therefore, measurements at 7 different
excitation fluences were performed (Figure 11.1 appendix, chapter 11).

The transient absorption spectra of CsPb(CIBr)s at 18 and 100 pJ/cm? are shown respectively
in Figure 8.6a and b and for the different fluences at 300 fs and 1 ns delay in Figure 8.7a and
b. In order to have a structured discussion of the different transient features, the spectra are
divided in four different energy regions. This division has just the functional reason of
simplifying the discussion but, as it will be shown in the following lines, the different spectral
features are not independent from each other but strongly correlated. In region 1 (red in
Figure 8.6 and Figure 8.7, from 1.75 to 2.4 eV) there is a weak photoinduced absorption
(PA1) which shows minor spectral changes in the 1 ns probe window.

-AT/T

—— 500 ps 1.80 2.00 2.20
-80)(10_3— — 1ns Energy (eV)
MARTETI FTTTA R AR RN NN RN RN RN RN RA AR A AU RN TSR A PR RRARTR T RURRd RRTRT CRRRARTET] FRRRY RRATE SRRRARRURY CRURA RART S AR T RRRTIN TR AATTI I
1.8 2.0 2.2 2.4
Energy (eV)
(b)
0.0 =
— -1ps
— 300fs
= 400
9 -01F _ gppr 20
1 8
— 750 fs =
1ps 5 4
-0.2F — 10ps 0
. ;gg ps 1.80 2.00 2.20
1ns ps Energy (eV)
—0_3 [ tanalanss e bennatannslonsntoaaatonantonnalaasstaaastonaataanylosastonaboaaatassslonazinng Lo bl benaataaaataaaalaassls
1.8 2.0 2.2 2.4 2.6 2.8 3.0

Energy (eV)

Figure 8.6 - Femtosecond transient spectra at different time delays upon photoexcitation at 3.1 eV with a fluence of 18 (a)
and 100 pJ/cm? (b). The spectra are divided in four energies regions, numbered from 1 to 4 in order of increasing energy,
to aid the discussion of the different transient features. The inset shows a zoom into signal PA1 in region 1.
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Region 2 (yellow, from 2.4 to 2.59 eV) instead, is characterized by extremely complex
dynamics which see first a photoinduced absorption (PA2) followed by a photobleaching
signal (PB2) and finally a long lived photoinduced absorption (PAl;). Feature PB; is not
observed for fluences < 37 pJ/cm?. In region 3 (green, from 2.59 to 2.69 eV) there is the
strongest transient feature which is a photobleaching (PB3) where the main dynamics consist
in a decay and a broadening which are influenced by the excitation fluences. Finally, region
4 (blue, from 2.69 to 3.07 eV) contains a photoinduced absorption signal that persist up to 1
ns. In particular, PA4 refers to the positive peak with a maximum at ~ 2.75 eV.
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Figure 8.7 - Fluence dependence of the transient spectra at 300 fs (a) and 1 ns (b) after photoexcitation at 3.1 eV . The inset
shows a zoom into signal PA1 in region 1.

At early time delays and pump fluences > 10 uJ/cm?, the low energy side of region 4 overlaps
with the initially broad PBgs signal which leads to the photobleaching signal PBa.
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The first feature that is analyzed is the broad photoinduced absorption PAg, in the spectral
region 1, which has been clearly observed also in the case of CsPbBrs NCs.?®? This transient
feature is very weak in intensity (maximum ~ 4% of the main bleach peak around 2.62 eV)
and therefore at the limit of the signal to noise ratio for fluences < 10 pJ/cm? (Figure 11.2
appendix, chapter 11). In general, this low energy side of the bandgap has been poorly
investigated in the case of CHsNHsPbls as mentioned above. Here, in contrast to the findings
of Wu et al.?’* on CH3NH3Pbls, an increase in absorption is observed upon photoexcitation,
which was assigned to a transition of the photo-generated excitons to higher energy states in
hybrid organic inorganic perovskites.?*®27° Indeed, the probe light in this energy region does
not have enough energy to explore transitions across the optical gap and therefore can only
promote intraband transitions. A similar broad photoinduced absorption tail has been
observed in other semiconductors, namely CdSe QDs?® and Pbl; films?%® where it was also
associated with intraband transitions. This broad spectral feature is structureless in
CsPb(CIBr)s for the energy region explored apart from the fact that -AT/T decreases with the
energy probed, as apparent at high fluences (Figure 8.7a inset). This tendency might evoke a
Drude like absorption typical of free charge carriers, but the expected quadratic relation
between energy probed and -AT/T is definitely not observed.

A more intense photoinduced absorption signal (PA>) is found on the low energy side of the
bandgap at about 2.56 eV. This sub-bandgap transient absorption feature has been recently
observed in CHsNH3Pbls, at the corresponding energy of 1.6 eV, and attributed to BGR.5?
Indeed, the photoinduced charge carriers can cause a shrink of the bandgap resulting in a
shifted joint density of states (JDOS).”” In the present results, this transient feature appears
immediately after photoexcitation and decays within a few picoseconds. Since a hot-carrier
distribution occupies fewer states at the now lowered band edge than a cooler carrier
distribution, a signal decrease is expected as the carrier temperature reduces over time.%? The
gradual occupation of the normalized energy states can potentially lead to a bleach of this
transient signal,®? and this is clearly visible in our data for fluences > 37 pJ/cm? (PBy).
Increasing the fluence, not only results in clear bleach of this feature at about 1 ps delay, but
also an increasing width of PA toward the low energy side (Figure 8.7a). This indicates that
increasing the charge carrier density increases the magnitude of the shift in the JDOS. The
nature of the PB, was not extensively discussed in the work of Price et al.®? but the energy
position and the fact that is observed only above certain carrier densities is reminiscent of a
biexciton stimulated emission. Biexciton emission has been observed through
photoluminescence (PL) measurements® in CsPbBrs NCs at 10 K and high fluences (viz. 14
mJ/cm?) but has never been detected in transient absorption spectra. The energy separation
between bandgap and biexciton emission under those experimental conditions was about 50
meV, which is compatible with the feature position observed here (about 70 meV). In the PL
measurements performed on CsPb(CIBr)s NCs (chapter 9), there is evidence for a similar
biexciton contribution to the emission dynamics as in CsPbBrs.® Unfortunately, in the
measurements on CsPb(CIBr)s the lack of femtosecond time resolution and/or low
temperature prevents an unambiguous determination of the spectral position of the bi-exciton
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emission, and a comparison with the ultrafast time dynamics presented in this chapter. As
mentioned in the introduction, the BGR is just one of the possible interpretations found in
the literature for PA;. Indeed, Trinh et al.>® attributed the shift of the JDOS in CH3NH3Pbl3
to a transient EA effect. This derives from the electric field of hot charge carriers which is
proportional to the excess energy and therefore, while hot carriers cool down, the intensity
of this signal decreases as well. For the data collected here, BGR and transient EA would
both explain the results of the short lived PA; feature.

Interestingly, for all fluences investigated, a photoinduced absorption feature (PA'2) appears
after 1 ps or hundreds of ps (delay proportional to the pump fluence) and persists unchanged
until 1 ns. Although BGR can potentially explain the short lived feature as well as the
transient EA effect, BGR cannot explain a nanosecond signal because it is a short lived
process, being related to high charge carrier densities.®> Moreover, the shape and peak
position (maximum at 2.560 eV) of this feature is the same at all fluences (spectral region 2
in Figure 8.7b) in contrast to the PA; signal. Therefore, even if both features fall in a similar
energy region, PAl; has to have a different physical nature than PA,. In these spectra, the
long lived PAI; can be attributed to a photoinduced transient EA effect, which - as discussed
below -, is generated by the electric field of the excitons. Indeed, as it will be shown, the
appearance of this feature corresponds to formation of excitons in the material.

The most prominent feature in absolute intensity is the photoinduced-bleach at about 2.62 eV
(PBg3), basically the bandgap energy of the material. This feature has been extensively
discussed in earlier studies and assigned to band filling effects.?>>%! Similarly to
CH3NH3Pbls,2%* we observe a fluence dependent blue-shift and broadening of this negative
peak, which indicates charge carrier accumulation. Indeed, by increasing the fluence the
charge carrier density in the bands increases and as direct result of the Pauli exclusion
principle optical transitions slightly above the band gap energy are more and more
depleted.?®? In the spectra there are no signs of a Stokes-shifted stimulated emission from the
band edge exciton, which up to date could be seen only by Wang et al. in CH3sNH3Pbls
films.2®2 Figure 8.8 presents the fluence dependence of PBs, PA;1 and PA; at 300 fs delay. In
the excitation density region explored, PB3 (measured at 2.620 eV) shows a roughly linear
dependence, while PA; (measured at 1.800 eV) increases exponentially due to the change in
shape as discussed above (namely that -AT/T becomes inversely proportional to the energy
probed); PA, (measured at 2.516 eV) instead saturates because of the broadening at high
fluence which shifts spectral weight in the low energy region.

Feature PBs extends into region 4 where its tail decays quickly to give place to PA4.
Reproducing the tail of PBsz (from 2.770 eV to 3.040 eV) using a Maxwell-Boltzmann
distribution allows to estimate the temperature of the charge carriers.®>”” The equation used
has the form:

AT_A ( h-oo) B
T = 8P\ T, T
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in which Te represents the extracted temperature of the charge carriers at a given time delay,
h - w is equal to the probe energy and ky, is the Boltzmann constant.
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Figure 8.8 - Intensity of the transient signal at 1.800 (PAz), 2.561 eV (PAz) and 2.620 eV (PB3) upon photoexcitation at
3.1eV and 300 fs of time delay. In order to have all the signals graphically comparable, PA: is multiply by 15, PAz is
multiply by 2 and PB3 is multiply by -1.

Figure 8.9 shows the results of these fittings at 100 pJ/cm? fluence. Repeating such an
analysis for all fluences between 18 and 100 pJ/cm? yields the temperature decays depicted
in Figure 8.10.

0.10

0.05

- AT/T

0.00 %

-0.05 -

2.80 2.84 2.88 2.92 2.96 3.00 3.04
Energy (eV)
Figure 8.9 - Results of the fit (red dotted curves) at different time delays for the fluence of 100 pl/cm?, using a Maxwell-

Boltzmann distribution to extract the temperature of the charge carriers in the high energy region of PBs (i.e. from 2.770 eV
to 3.040 eV). The quality of the fit reduces at higher time scales because PA4 contributes increasingly to the signal.
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Although the appearance of PA4 hinders the use of Maxwell-Boltzmann distribution above 1
ps for fluences < 100 pJ/cm?, these results show a trend of slower cooling rate with higher
carrier densities, as already seen for hybrid organic-inorganic perovskites.®>’” The reduction
of the cooling rate with fluence increase is due to a hot phonon bottleneck effect, which
occurs when a high phonon emission rate in presence of high carrier density results in a non-
equilibrium phonon population.” In this case, the excess of hot phonon population increases
the phonon reabsorption, reducing the net thermalization rate.”” Yang et al.”” associated this
effect with the poor coupling between optical and acoustic phonons, which does not allow
the dissipation of excess energy.
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Figure 8.10 - Temperature decays of charge carriers upon photoexcitation at 3.1 eV with different fluences. The temperature
is extracted by reproducing the high energy side of PBs (from 2.770 to 3.040 eV) with a Maxwell-Boltzmann distribution
but the fittings are hindered above certain time delay, which depends on the fluence, due to the appearance of PAa4.

In CH3NH3Pbls films a feature corresponding to the positive peak PA4 has recently been
assigned to self-normalization of the exciton energy, which causes a blueshift of the exciton
absorption band due to exciton-exciton interactions.>” For this reason, its rise can be
considered as the fingerprint of exciton formation in the material.>” A similar many body
effect on the optical spectrum was already been observed in two-dimensional lead iodine
quantum wells®® as a result of the mutual exciton-exciton interaction which renormalizes the
exciton self-energy. PA4 and therefore the exciton formation is present at all fluences
explored (not surprisingly, considering the exciton binding energy of about 50 meV)>?? but is
delayed as the fluence increases. This is due to the phonon bottleneck, because the probability
of a direct transition from very hot pairs of charge carriers to exciton is very small.?3* Indeed,
the electron-hole pairs are excited with about 0.5 eV of excess energy and the interaction
between electron-hole pairs to form an exciton from free charge carriers created upon
photoexcitation is likely to take place after the charge carriers have relaxed to the edges of
their bands. This observation is the key to explain the present results.
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To paraphrase, a transition between free charge carriers to excitons at a time scale which is
controlled by the fluence via the phonon bottleneck is observed. 3.1 eV excitation produces
only free charge carriers at short time scales which form excitons on longer time scales,
namely after relaxation in the bands. The transient spectrum in Figure 8.6b shows that PA
(which stems from BGR or a transient EA effect) and a long blue tail of the photobleach due
to band filling are present at 300 fs. As soon as PA4 forms, the EA feature on the low energy
side (PAY,) is also present since both arise from the excitons generated in the material.

At 18 pJ/cm? this transition takes place in about 1 ps and the dynamics of PA1, PB3 and PA4
are identical (Figure 8.11a). This indicates that these features are probing the transition
between the same state, namely the exciton. By contrast, these features have different rates
in the first tens of ps at 100 pJ/cm? as Figure 8.11b shows.
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Figure 8.11 - Kinetic traces upon photoexcitation at 3.1 eV with 18 (a) and 100 pJ/cm? (b) measured at 1.800 eV (PAq, red
curve), 2.620 eV (PBs, black curve) and 2.746 eV (PAa4, blue curve).
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This difference in dynamics between 18 and 100 pJ/cm? is due to the delayed appearance of
the excitonic feature PA at high fluence. Indeed, while there is a delayed PA4 at 100 pl/cm?,
this is not the case for the photobleach PB3, which reflects free charge carriers in addition to
excitons.

In Cs perovskites, as well as in the hybrid organic/inorganic ones, the exciton is assumed to
be of a Wannier-Mott type, considering the rather moderate exciton binding energy.??" This
exciton, as the Frenkel one, does not possess a static dipole moment in bulk materials, which
is necessary to create the electric field that gives rise to the transient EA signal PA', observed
in these measurements. Dipole moments of excitons in semiconductor nanostructures have
been found since the ‘80s,2% and derive from the quantum confinement of electrons and
holes. Indeed, the different confining potentials in various spatial directions for electrons and
holes, lead to a spatial separation of the electron and hole wave function which provides a
permanent dipole to the material.?® In the case of the NCs investigated here, a quantum
confinement is not expected because the exciton Bohr radius is estimated to be between 7
and 5 nm,? but the particle size of the sample is 12 nm. Therefore, in principle, the
mechanism discussed above should not take place here. In molecular and ionic crystals, the
formation of a charge-transfer (CT) exciton is a source of an electric field because it possess
a static dipole moment.?8”-28 Indeed, this exciton has electron and hole separated in two
different spatial position after transfer of an electron from a donor site to an acceptor site.
The radius of a CT exciton is in-between a Frenkel and Wannier-Mott one.?% The formation
of this species is also common at interfaces, thus its understanding is essential in the
development of excitonic solar cells where the charge separation is needed at the
donor/acceptor interface.® In the sample used here, the suspension is stabilized through a
mixture of oleyamine and oleic acid. The surface interactions between these molecules and
the CsPbBrs interface was recently investigated by De Roo et al.?*®. From their work,
emerges a rather complex surface chemistry where an oleyammonium cation binds to surface
bromide through electrostatic interaction and the oleate anion binds to the surface Cesium or
Lead ions (Figure 8.12). Considering the high surface-to-volume ratio of these samples, a
significant density of interfacial CT exciton, which could arise from a transient charge
transfer of an electron and/or hole to these organic molecules, cannot be excluded. These
transient species could have an analogy to those investigated by Wu et al.? in CsPbBr3
quantum dots with electron and hole acceptors. In order to rule out any effect related to
quantum confinement or the interfacial formation of a CT exciton, bulk crystal of Cs
perovskites should be investigated using fs-TAS.

Finally, there is a case in which an exciton could carry a permanent dipole moment that is
independent on the size of the sample and therefore more intrinsic to the material. Self-
trapped excitons can give rise to an asymmetric distribution of charge carrier density due to
the localization of electron and hole in different spatial position through the interaction with
the surrounding lattice. Particularly for CsPb(CIBr)z NCs, the formation of a weakly
localized exciton has been revealed using ps x-ray absorption spectroscopy (chapter 9), where
a small polaron hole and delocalized electron are coupled through Coulomb interaction.
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Unfortunately, the significantly different experimental conditions (viz. the highest fluence
used here is about 2 orders of magnitude lower than the fluence of the x-ray experiment and
different excitation energies were used) do not allow for a direct comparison of the decay
dynamics to corroborate this hyphothesis.
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Figure 8.12 - Schematic of the interfacial interaction between CsPbBrs NCs and the organic molecules in solution. The
oleyammonium cation binds to surface bromide, probably through a hydrogen bridge, and it donates one electron to the
nanocrystal-ligand bond. The bromide or oleate anion binds to the surface Caesium and Lead ions.

Anyhow, whichever excitonic mechanism is acting to generate the electric field in this NCs,
EA must be invoked to explained the photoinduced absorption feature PAl, which last for
over 1 ns in the transient spectra.

8.2.2 Investigation of the temporal dynamics

For investigating the time scales involved in the different processes, a global fitting for
fluences > 18 ul/cm? (lowest fluence with sufficient S/N in all the spectral regions to make
reliable fits) has been performed, using 23 time traces for each map (Figure 8.13). To
reproduce the Kinetic traces, at least 6 exponential decay functions are needed, which are
convoluted with the instrument response function (IRF) of this setup (100 fs FWHM).
Moreover, to give similar weight to the different spectral regions and reproduce correctly
also the time scales of the low energy region (i.e. region 1), the intensity of these 3 time traces
(i.e. energy of 1.80, 2.00 and 2.20 eV) is multiplied by 15, a multiplication factor which
brings their intensity on the same order of magnitude of all the other Kinetic traces.

Table 8.1 reports the resulting time constants which in the light of the previous discussion
can be easily interpreted. Additionally, to further support the interpretation, Figure 8.14
shows the decay associated spectra (DAS) obtained from the global fitting amplitudes for 18
and 100 pJ/cm?. It should be considered that the interpretation and analysis of DAS with time
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dependent spectral shifts caused by energetic relaxation processes is challenging,?®* therefore
in this work DAS have only used to support the previous findings.
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Figure 8.13 - Transient spectrum at 18uJ/cm? and 1 ns reporting the 23 energies (red dots) chosen for the global fit of the
dynamics.

Table 8.1 — Time constants in ps resulting from the global fitting over the entire spectral map for the different fluences. In
order to reproduce correctly the data is used a 6 exponential function convoluted with the IRF of 100 fs.

Fluence m1 ™ T3 T4 15 T6

(uJ/icm?)

18 <0.1 0.22 1.60 46.2 865 > 1000
37 <0.1 0.24 442 41.7 149 >1000
65 <0.1 0.21 464 19.3 65.7 >1000
100 <0.1 0.34 5.63 18.7 80.3 >1000

The first time constant (t1) is well below the IRF and mostly reproduces nonlinear artefacts.
For this reason, it is not reported in the DAS. The second time constant (t2) is about 200 fs
for all fluences and is assigned to carrier cooling due to carrier-carrier scattering, in analogy
with the results on CH3NH3PDbl3.2%° This cooling process corresponds spectrally to the
redshift of PBs, which was discussed previously, as it is clearly shown by the black traces in
Figure 8.14. The third time constant (t3) instead, varies from 1.6 to 5.6 ps and increases with
the fluence. It can be attributed to carrier-phonon scattering. Indeed, the cooling process is
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directly affected by the phonon bottleneck which slows down the cooling of charge carriers
with increasing carrier density i.e. with the fluence which is exactly what is observed here.?®
The cooling basically corresponds to the exciton formation in the material. Figure 8.14 shows
indeed, the formation of the PA4 at ~ 2.75 eV which is an excitonic finger print. The other
two time constants (14 and ts) Systematically decrease with the increase of the fluence, which
is the typical behavior of Auger recombination. The reversal of 15 between 100 pJ/cm? and
65 pd/cm? is within the uncertainty of the fit. This would imply that the fluences investigated
here using a global fitting are in an Auger regime. Also Figure 8.14 does not show particularly
complex dynamics for these DAS, which basically resemble the transient at those time delays
indicating a simple decay of intensity for the different spectral features.
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Figure 8.14 - Decay associated spectra for the data at 18 (a) and 100 wJ/cm? (b).
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To investigate the recombination mechanism at the band edge of the semiconductor a similar
strategy as that of Manser et al.?! is used. Plotting the normalized kinetic traces of PBs (at
2.620 eV) as (AT/T)™ can help to distinguish between purely excitonic recombination (which
has linear behavior) and three-body-Auger recombination. The recovery kinetics for the
bandgap recombination, thus the recovery of PBs, can be modelled using a rate equation of
the type:

dn
—— = An+ Bn* + Cn?
dt

Where n is the photogenerated carrier density at time t. In this equation, the first term
represents trap state mediated recombination, the second-order term is exciton or free charge
carrier recombination and the third is the three body Auger recombination.?®*

Excluding the data at 2.5 and 5 pJ/cm? which are linear (Figure 8.15), an increase that
behaves as a function of v/t is observed which can be explained as Auger recombination.?6!
The observation of Auger recombination in CsPb(CIBr)s NCs is in contrast to the dominant
bimolecular deactivation observed in CH3NH3sPbls at relatively high fluences by different
authors.?12% piatkowski et al.?®? investigated the recombination mechanisms at different
fluences in hybrid organic/inorganic perovskite finding that CHsNH3Pblz does not show
Auger recombination at the same fluence in which FAPbI3;, where FA stands for the
formamidinium cation, shows to be strongly influenced by this mechanism. From this
observation is clear that the recombination processes in lead halide perovskites are strongly
influenced by the nature of the cation.
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Figure 8.15 - Normalized Kinetic traces for different fluences at the energy of 2.620 eV (around the maximum of PB3) in
(AT/T). The linear behavior over time is shown only at 2.5 and 5 pJ/cm? and for the other fluences the growth is
proportional to v/t indicating that Auger recombination is the primary process.

90



Conclusions

Finally, 16 is longer than the probed time window in our measurements (i.e. 1 ns) and is likely
due to geminate recombination, considering that the fluorescence in this material last for
several nanoseconds.?? The green DAS of Figure 8.14 in this case simply resemble the
transient spectra at 1 ns, indicating this last decay.

8.3 Conclusions

To conclude, in this work the exciton formation in CsPb(CIBr)s NCs upon photoexcitation at
3.1 eV is mapped in real time. This has been possible thanks to a systematic study about the
effects of the fluence on the photoinduced dynamics. Indeed, significant charge carrier
density together with an excess energy are able to sensibly delay the Coulombic interaction
between electrons and holes due to the phonon bottleneck and therefore slow down the
process of exciton formation in the material. Thanks to this observation, the apparent
contradiction in the interpretation of a photoinduced absorption feature on the red side of
absorption onset, which was previously attributed to BGR and transient EA, has been solved.
In fact, although the short lived signal (i.e. few ps) could arise from both these effects, the
long lived one (i.e. up to 1 ns) is due to transient EA generated by the exciton electric field.
Three hyphothesis on the nature of this exciton are made in order to explain the presence of
a permanent dipole leading to EA: a quantum confinement effect; a CT exciton at the
interface due to the presence of the organic ligands; a self-trapped exciton which presents a
non-symmetric charge distribution. The first two could be simply ruled out by the fs-TAS
investigation of a bulk material, such as single crystal. The last hypothesis though, is at the
moment the most likely, because a weakly localized exciton has been observed in
CsPb(CIBr)s NCs using ps-XAS (chapter 9). These findings are an important step in the
general understanding of the ultrafast physics of perovskites. Moreover, this work highlights
the presence of a dominant Auger recombination process at relatively high fluence, in
contrast to the results on CHsNH3Pbls. This different behavior, which is strongly influenced
by the cation nature, becomes significant in the use of lasing devices in which this material
is the active medium. It is not of importance for solar cell applications, where the charge
carrier density is well below the one where Auger recombination is present in the data.

91






9 Picosecond x-ray absorption and photoluminescence
of CsPbBr;.xClx nanocrystals

9.1 Introduction

In this chapter the charge carrier dynamics of CsPbBr3 and CsPb(CIBr)3 nanocrystals (NCs)
is investigated using ps-XAS and time-correlated single photon counting (TCSPC). Both
techniques have a comparable time resolution, in the order of hundreds of ps (see chapter 3
for details), and aim at probing complementary aspects of the charge carriers' fate. As
highlighted for the case of TiO> (chapter 5 and 6), time resolved XAS is an extremely
sensitive tool to map the localization of electrons and holes. Time resolved
photoluminescence instead, is a suitable method to observe radiative processes due to free
charge carriers, excitons, biexcitons and self-trapped excitons or trap states in general.
CsPbX3 NCs are chosen for their high stability, which is a required condition for time-
resolved synchrotron studies, but besides this, they share a similar physics with the hybrid
organic-inorganic perovskites (details in chapter 7.5).

Despite the intense interest in organic-inorganic perovskites over the last years, a clear
understanding of the fate of the photoinduced charge carriers still remains limited. Lead
halide perovskites, as discussed in chapter 7, exhibit a sharp absorption onset at the optical
band edge, with a small extension of the Urbach tail (~15 meV)?%32%4 a long carrier lifetime
and low non-radiative losses?®®>?%® (photoluminescence quantum vyield >70%)%2%° all
elements pointing to a low density of traps??! (~10%° cm™ in single crystals).2%-2% However,
the charge carrier mobilities in organic-inorganic perovskites are rather modest,??® at least 1
order of magnitude lower for the electrons than in materials such as Silicon or Gallium
Arsenide, and this could be related to the suggested formation of polarons (details in chapter
7.3). Furthermore, as far as applications are concerned, understanding the recombination
dynamics of photogenerated charges is important, and in particular, to which extent exciton
or free carriers recombination dominates. In general, photovoltaic materials require efficient
separation of photocarriers and the exciton binding energies (~ 10-70 meV), reported for
organic-inorganic perovskites,2’>2762% gre on the same order of magnitude as the room
temperature (RT) thermal energy, raising the question whether the excited states dissociate
into free carriers or recombine as excitons. This fundamental question also relates to the issue
whether transport of energy occurs by free carriers or by a bound exciton that later dissociates
into free carriers at heterojunctions,300-302

Photoluminescence studies have been performed to address these questions, but with
contrasting results. In refs3®3% the RT PL was attributed to exciton recombination but this
was based on indirect evidence, while in ref.2®, it was attributed to free carrier recombination,
arguing that excitons generated by low-density excitation are almost fully ionized at RT since
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the binding energy is comparable to the RT thermal energy.!'?%1 Recently, He et al.
suggested that the RT PL is due to weakly localized excitons, while they observed the free
carriers emission at higher energies under high fluences.®*” They suggested that the weakly
localized excitons are due to band tail states, presumably arising from the disorder introduced
by the organic cation. These excitons can be either partly localized (one charge carrier is
localized with the other carrier bound to it by Coulomb attraction) or fully localized (both
charge carriers are localized).

To clarify the issue of charge localization or lack thereof, a tool is needed that is site-sensitive
and/or element specific and can probe the system at RT. Electron paramagnetic resonance
(EPR) has been used to determine charge localization in solar materials'>* but it requires low
temperatures (LT). Shkrob et al.®® studied CH3NHsPbls and CHsNHsPbBrs samples
irradiated at 355 nm by EPR LT (< 200 K) and reported localization of holes at the organic
cations and of the electrons at Pb?* centres. Formation of clusters along with a change of
color of the crystal surface during the measurements suggests that the samples were
undergoing radiation damage. Aside from these considerations, EPR lacks the time resolution
that would help identify the formation and evolution of charge carriers (e.g. trapping at
defects or via coupling to phonons, etc.).

In this chapter, the fate of photoexcited charge carriers in inorganic Cs-based perovskites is
probed by ps-XAS. The aim is to identify the charge localization or its absence in the
photoexcited sample by monitoring each of the actors involved: the Br, the Pb and the Cs
atoms. In the latter case, one of the important questions is to assess the role that the cation
plays (if it does) in the charge carrier dynamics. In order to address these issues, ps-XAS (viz.
80 ps resolution) at the Br K-edge (near 13.474 keV), the Pb Lsz-edge (near 13.035 keV) and
the Cs Lo-edge (near 5.359 keV) of CsPbBrs and CsPb(CIBr)s perovskite NCs?? excited at
3.5 eV (experimental details in chapter 3.2.2 and 3.4.2) is implemented. Moreover, TCSPC
measurements are performed under similar experimental conditions (details in chapter 3.3.1),
to investigate the fluorescence dynamics and compare them with the results of the ps-XAS
studies, in order to get a complementary point of view. Here, the main open question which
can aid to interpret the data of ps-XAS is: does the decay dynamics in the x-ray measurements
correspond to the one observe in the photoluminescence experiment? Finally, the use of these
two perovskites aims at exploring the effect of halide substitution. As seen in chapter 8,
CsPb(CIBr)s is a material with a band-gap energy and an exciton binding energy between
those of the pure bromide and pure chloride Cs-based perovskites (the stoichiometric
composition is about two Brions to one CI").

In the next sections, the results of the XAS and photoluminescence measurements will be
presented independently. A final interpretation, which aims at reconciling the findings of
these two techniques, will be discussed in a separate section.
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9.2 Results and discussion

As a preliminary step to all the measurements in this chapter, a systematic study of the
stability upon 355 nm irradiation at 260 kHz was performed for CsPb(CIBr)z in toluene, using
a free flowing liquid jet. These are the same experimental conditions used for the x-ray
absorption measurements and are similar to the photoluminescence experiment, where the
only difference is the repetition rate of the laser (i.e. 82 kHz, details in chapter 3). When
comparing UV-Vis absorption and photoluminescence spectra recorded before and after 30
minutes of laser irradiation, an irreversible blue shift of the absorption and the emission is
observed at fluences above 30 mJ/cm?, which can therefore be considered as the damage
threshold (Figure 9.1).
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Figure 9.1 - Photoluminescence and absorption spectra after 30 minutes of laser irradiation at 355 nm and 260 kHz using
different fluences for CsPb(CIBr)s NCs. The changes observed in the optical properties of the samples are irreversible.

Therefore, all the measurements in this work have been performed at a maximal fluence of
15 mJ/cm?. After 12 hours of ps-XAS measurements of CsPb(CIBr)z at 15 mJ/cm? no change
in the absorption and emission spectra was observed (Figure 9.2), which confirms that
negligible damage has incurred to the samples. A small difference in the absorption spectrum
is observable for CsPbBrs3 (Figure 9.2), which appears as a change in the scattering properties
of the sample but, this change does not affect the XAS spectra (Figure 11.3 appendix, chapter
11) and is therefore of no importance to this study.
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Figure 9.2 - Absorption spectra (dotted) and photoluminescence spectra (full lines) of CsPb(CIBr)s (grey and red traces) and
CsPbBrs (black and blue traces) NCs. The same spectra are shown after >12 hours of laser irradiation at 355 nm, 260 kHz
rep. rate and a fluence of 15 mJ/cm?.

9.2.1 X-ray absorption spectroscopy at Br K-edge, Pb Ls-edge and Cs L,-edge

In this section the nature of the photoinduced changes observed at each atomic edge using
ps-XAS will be discussed. As a general reminder, in XAS spectra a change of oxidation state
is commonly manifested by a shift of the edge energy position (i.e. the ionization potential
for the atomic core orbital in question), which increases or decreases in energy depending,
respectively, on whether the atom has been oxidized or reduced.3*® However, the origin of
the edge shift contains other causes, e.g. the type of ligand and the bond distance between the
atom of interest and its neighbors.31%312 Photoinduced structural changes will therefore have
a direct impact on the edge, even in the absence of an oxidation state change.31*3!* Since the
above-edge transitions probe the unoccupied density of states above the Fermi level, a
reduction of intensity right above the edge reflects the filling of unoccupied states, similar to
the band filling found in optical studies of semiconductors.3%

Figure 9.3 shows the steady state Br K-edge absorption spectrum of CsPb(CIBr)z and
CsPbBrs NCs detected in partial fluorescence yield (PFY) mode. They are basically identical
to each other but somewhat different to those reported for organic CH3NH3PbBrs3
perovskites®'® in the sense that in the latter, the above-edge feature at about 13.49 keV is
more intense than the edge feature at about 13.47 keV (Figure 9.3). Interestingly, the Br K-
edge absorption spectrum of the Brions in the present samples is quite similar to that of the
aqueous Br 2!’ Since Br has a fully filled 4p® valence orbital, the signal is entirely due to
above edge transitions into the ionization continuum with the x-ray absorption near-edge
structure (XANES) modulations rapidly damping out. Figure 9.4 shows the transient Br K-
edge spectra (difference spectrum of the x-ray absorbance of the excited minus the unexcited
sample) of CsPb(CIBr)s; and CsPbBrs, recorded 100 ps after laser excitation.
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Figure 9.3 - PFY x-ray absorption spectra at the Br K-alpha emission near the edge region of CsPbBrs (red trace) and
CsPb(CIBr)s (blue trace) NCs. In grey dots the TFY x-ray absorption spectrum of CHsNHsPbBrz NPs at the Br K-edge
taken from ref 316,

Transient XAS were recorded in total fluorescence yield (TFY) detection mode.
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Figure 9.4 - PFY x-ray absorption spectrum of CsPb(CIBr)s at the Br K-edge (black trace) with transients at 100 ps of
CsPb(CIBr)3 (blue trace) and CsPbBrs (red trace) excited at 355 nm with 15 mJ/cm?. The transients were recorded in total
fluorescence yield (TFY) detection mode. The green trace represents the difference of the steady state spectrum (black trace)
shifted by +5 eV minus the unshifted steady-state spectrum.

The two transients exhibit the same profile, though with somewhat different amplitudes,
showing an increased absorption below and above (around 13.485 keV) the edge and a
decreased one at the edge (13.480 keV). At higher energies, clear modulations are also
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appearing. As can be seen from Figure 9.5 the transients are identical at 100 ps and 1 ns time
delay, to within error bars.

In the present systems, as mentioned in chapter 7, the VB is dominated by the halogen np
orbitals (in the present case Br 4p or Br4p/Cl3p) and to a lesser extent, by the Pb 6s
orbitals.?>216:249251.252 The noles created in the VB upon photoexcitation can either be
delocalized or become localized at defects or a regular lattice site via a self-trapping process.
In the case of delocalization, only a tiny fraction of the charge would be “felt” by each atom
and no edge shift would be detected. In the case of localization, the removal of a full or partial
electron charge, i.e. the localization of a full or partial hole charge, would turn the bromide
to Bro(4p°®) (case of a full charge) leading to an edge shift to higher energies. In addition, this
would open a channel for the 1s-4p transition that lies just below the edge. This behavior of
the XAS transients has been reported after electron abstraction of photoexcited aqueous Br
at the K-edge®’ and aqueous I" at the Li-edge.®!8 It is reproduced here with the resonance at
13.477 keV attributed to the 1s-4p transition, while the minimum at 13.48 keV and the
maximum at 13.486 keV are typical of a first derivative-like shape due to a blue shift of the
edge.
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Figure 9.5 - PFY x-ray absorption spectrum of CsPb(CIBr)s NCs at the Br K-edge (black trace) with the transient spectra at
100 ps (red trace), 1 ns (blue trace) and 1 ns normalized to the 100 ps intensity (violet dotted trace).

An estimate of the magnitude of the photoinduced blue shift of the Br K-edge (Figure 9.4)
can be made by taking the difference of the blue-shifted ground state spectrum minus itself.
This approach works quite well, as demonstrated in the case of photoionized halides in
aqueous solutions,®"318 charge transfer in metal complexes,®*32° and charge trapping in
colloidal TiO2 nanoparticles (chapter 6). However, it neglects the other sources of edge shifts
mentioned above, such as structural changes, nor does it account for the changes in the
occupancy of orbitals below the edge, which correspond to the pre-edge (bound-bound)
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transitions. Bearing in mind these limitations, the difference spectra are simulated for shifts
of +1 to +8 eV, which are compared to the experimental transient in Figure 9.6. The PFY
spectrum (Figure 9.3) was used to simulate these differences because the wide energy range
explored allows a fine pre- and post-edge normalization.
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Figure 9.6 - PFY x-ray absorption spectrum of CsPb(CIBr)s NCs at the Br K-edge (black trace) with the transient at 100 ps
upon photoexcitation at 355 nm (red trace) and calculated difference spectra of the ground state spectrum minus the
unshifted one for different values of the shift (1 to 8 eV, different offsets on the graph). The difference spectra have been
rescaled with factors between 0.05 and 0.006 in order to best match the intensity of the experimental negative transient
feature at 13.480 keV.
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However, since the transients were recorded in TFY mode (chapter 3.2.2), this may cause an
additional source of deviation between the experimental transients and calculated difference
spectra. Although none of the difference spectra really satisfactorily matches the first
derivative-like shape between 13.48 and 13.49 keV, the 5-6 eV shift is the best at capturing
the 13.48 keV to 13.485 keV region. In the case of aqueous bromide turning to neutral
bromine upon electron abstraction, Elles et al.3'” reported an edge shift of ~5 eV, which is
close to the present value. It should be stressed again that the deviations below 13.48 keV
(appearance of the 1s-4p resonance around 13.475 keV) cannot be accounted for in the
difference spectra. Also, the deviations above 13.485 keV are due to structural changes in the
environment of Br™ ions after they have been oxidized. The Br K-edge has been reported to
be particularly sensitive to the chemical environment and undergo significant edge shifts
depending on its environment, even without a change of the oxidation state.310-312

The appearance of the 1s-4p resonance at 13.475 keV and the estimated oxidation shift of
~5 eV both point to a full positive charge localizing at the Br centres. Charge localization
may be caused by small hole polaron formation either at a defect or at a regular site of the
lattice. In either case, the consequence of the charge localization is a bond elongation between
the Br atoms that have turned neutral and their nearest neighbors. The fact that the transient
exhibits rather clear modulations above the edge points to a well-defined change of local
structure around Br atoms. This would not be the case if trapping at defects occurs, as these
have a distribution of different structures, which cannot lead to clear modulations in the
above-edge region, as it is the case for, e.g., anatase TiO,.1%* On the other hand, a well-defined
structure can be generated upon polaron formation at regular Br-sites of the lattice. This
should be a small polaron, since a full positive charge localizes on the Br atoms. Another
point in favor of an intrinsic self-trapping mechanism is given by the fluence dependence of
this transient signal at 13.480 keV and 100 ps for CsPb(CIBr)sz NCs (Figure 9.7). Indeed, the
intensity of the transient remains perfectly linear over a wide range of fluence (from 0 to 15
mJ/cm?) which cannot be explained by defect localization. This is because, as mentioned
above, there is a low density of defects in perovskite materials and therefore the population
of these trap states would show saturation at lower charge carrier densities than the one
explored here, as suggested by a previous photoluminescence study.®?* Finally, the high
quantum yield of 90% for the band gap PL also points to the overwhelming majority of charge
carriers being in the regular lattice, rather than at defects.

The time evolution of the Br K-edge transient x-ray signal was recorded at 13.480 keV and
is shown in Figure 9.8 for both samples. To within error bars the time traces are identical,
with a drop of the intensity within the first 5 ns, followed by a long component stretching
over 100 ns. However, the inset to Figure 9.8 shows differences between the 2 samples at
sub-ns times with a slower decay for the fully brominated sample. The kinetic traces were
phenomenologically fitted using a biexponential function convoluted to the instrument
response function of 80 ps, and the time constants and pre-exponential factors are given in
Table 9.1.
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Figure 9.7 - Fluence dependence of the intensity of the Br K-edge transient signal at 13.480 keV for CsPb(CIBr)s NCs
photoexcited at 355 nm. The black dashed line shows a linear fitting of the experimental data (blue dots).

Table 9.1 - Parameters of the biexponential fit for the kinetic traces in Figure 9.8.

Sample t1(A1) 12(A2)

CsPb(CIBr)s 195+25 ps (72%) 132430 ns (28%)

CsPbBrs  542+44 ps (64%) 104+14 ns (36%)

While the long component is almost identical in both cases (100-130 ns), the short one
increases by a factor of 2.5-2.7 from CsPb(CIBr)z to CsPbBrz and its amplitude is over 60%
for both samples. In general, biexponential decay has typically been reported for the room
temperature photoluminescence of organic perovskites at mild fluences.?°>30%307:322,323
Moreover, the photoluminescence of Cs perovskites showed to have longer time decays when
the material has a larger bandgap,?? similarly to the trend observed in the x-ray transient
signal decays. The short component is usually on the order of a few ns, while the long one
spans from tens to hundreds of ns. Here though, the laser fluence is quite intense (15 mJ/cm?)
and for a reliable comparison between x-ray and photoluminescence decays, a fluorescence
study of CsPb(CIBr)s NCs under similar experimental conditions is presented in the next
section.
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Figure 9.8 - Kinetic traces of the x-ray signal at 13.048 keV upon photoexcitation at 355 nm of CsPb(CIBr)s3 (blue dots) and
CsPbBrs (red dots) NCs using a fluence of 15 mJ/cm?. The dashed lines represent a biexponential fit yielding the fit
parameters listed in Table 9.1. The inset is a zoom of the first 4 ns after excitation.

To ensure that the signals at the edge and above the edge belong to the same transient species,
time traces at 13.480 keV and 13.4863 keV are recorded for both samples (Figure 9.9),
showing that they are identical.

Figure 9.10 shows the steady state Pb Lsz-edge spectra of CsPb(CIBr)s and CsPbBr; NCs. The
two spectra are identical, and they are also quite similar to the Pb Lz spectrum reported!® for
CHsNH3sPbBrs nanoparticles. They are overall rather featureless, which is typical of Pb L-
edge spectra.®?* This is due to the very short core-hole lifetimes, which broaden all
transitions, making their assignment difficult.

Using high energy resolution fluorescence detection (HERFD) x-ray absorption near-edge
spectroscopy (XANES), which exploits the apparent reduction in the core-hole lifetime
broadening, Glatzel and co-workers®?® could unravel more details of the Pb XANES in
various Pb?*-containing compounds, in particular PbO, whose Pb Ls-edge XANES and
HERFD spectra are reproduced in Figure 11.4 (appendix, chapter 11) and compared with the
XANES spectrum of the present sample. The HERFD spectrum of PbO reveals three features
at 13.032 keV, 13.042 keV and 13.054 keV, which are also visible in the TFY XANES
spectrum of PbO. However, the PFY spectrum showed here does not show such clear-cut
features. Of course, these are expected to lie at different energies since it is a different
compound. The analysis of the spectra in ref.3'2 was carried out by simulating the density of
states in order to reproduce the spectra. It was concluded that the pre-edge feature at 13.032
keV is dominated by the Pb p-orbitals, but it arises in the Lz-edge spectrum due to their strong
mixing with Pb d-orbitals. At higher energies, the spectrum is dominated by the Pb d-orbitals,
with a weak contribution of Pb p-orbitals. Interestingly, O-ligand orbitals also contribute to
the 13.032 keV and 13.054 keV features in the PbO spectrum.
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Figure 9.9 - Normalized kinetic traces at 13.480 (black dots) and 13.4863 keV (red squares) and fit using a biexponential
(blue dotted curve) of CsPb(CIBr)s (a) and CsPbBrs (b) NCs upon photoexcitation at 355 nm.

Figure 9.11 also shows the Pb Ls-edge transients obtained for the two samples. The data are
much noisier than in the case of the Br K-edge but here again, the transients for the two
samples have a similar profile (bearing in mind the large error bars), which differs
significantly from that of the Br K-edge transients. Indeed, the Pb Lz-edge transients show a
decreased absorption right at the top of the edge (near 13.05 keV), which is attributed to Pb
6d orbitals, possibly also 6p orbitals, while the signal seems to turn positive in the region
above 13.065 keV. The transients cannot be interpreted in terms of a chemical edge shift,
which would be caused by a change of oxidation state of the Pb?* ions. In the present case,
this would turn them to Pb* centres, and the electron localization would have led to an edge
shift as discussed above.
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Figure 9.10 - PFY x-ray absorption spectra near the edge region of CsPbBrs (red trace) and CsPh(CIBr)s (blue trace) NCs
at the Pb Ls-edge. The difference in intensity at about 13.05 keV between the two compounds is related to a higher density
of unoccupied states due to the presence of ClI.

There is no hint of a red (or even blue) shift of the edge in the transients as verified in Figure
11.5 (appendix, chapter 11). Rather, the decreased intensity right at the edge (i.e. above the
Fermi level), is due to the fact that upon laser excitation, electrons are transferred to the CB
(i.e. above the Fermi level), filling the Pb 6p and 6d orbitals, where they remain delocalized
at 100 ps time delay, thus reducing the transition probability as a result of the lower density
of unoccupied states.
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Figure 9.11 - PFY steady-state x-ray absorption spectrum of CsPb(CIBr)s3 NCs at the Pb Ls-edge (black trace) and transient

spectra at 100 ps time delay after photoexcitation at 355 nm with 15 mJ/cm? of CsPb(CIBr)3 (blue trace) and CsPbBr3 (red
trace).
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Fully delocalized charges in the CB imply that the oxidation shift of the edge is negligible,
while the observable effect is just a decrease of the transition probability from the core orbital
to the CB, due to a diminution of the unoccupied density of states. Concerning the positive
features around 13.040 and 13.065 keV, structural changes may well cause the latter, which
is expected if polaron formation occurs around the Br® atoms. On the other hand, the
appearance of the 13.040 keV resonance in the chlorinated sample points to an electronic
effect. Since the density of unoccupied states of Pb has decreased after excitation, a positive
feature originating from them is excluded and the most likely candidates would be Br-ligand
orbitals. In PbO the edge regions have a significant contribution from ligand O orbitals.>?°
The same applies here, since it is known that the CB contains a small contribution of halogen
orbitals.??2°! The pre-edge signals could reflect the increased density of unoccupied states of
the Br-ligands after photoexcitation. Due to the poor signal-to-noise ratio, time traces at this
edge could not be recorded.

Finally, Figure 9.12 shows the Cs L.-edge which is characterized by a prominent “white line”
at 5.363 keV, followed by a rather featureless above edge region. Since Cs is in the +1
oxidation state, the white line edge is due to the 2p1/2-6s transition. Under 355 nm excitation,
no photoinduced changes could be observed at the Cs L»-edge, as seen in Figure 9.12,
notwithstanding the fact that the experiments were carried out during the same measurement
campaign as those at the Br and Pb edges.
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Figure 9.12 - X-ray absorption spectrum of CsPbBrs NCs at the Cs L2-edge (black trace) with the transient spectra at 100 ps
(red trace) showing no signal within the S/N of the measurement.

Therefore, it can be concluded that the Cs atoms are not affected by the photoexcitation,
because there is no signature of an electronic (at the edge) or structural (above the edge)
change. As far as the former is concerned, this is understandable since the density of states
(DOS) calculations of organic and inorganic perovskites show that the states of the cation are
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either far from below the top of the VB or far above the bottom of the CB?2:25:214:216.252-254 3¢
therefore, they do not contribute to the charge carrier dynamics. As for the lack of signature
on the above edge region, it is remarked that already the steady state ground state spectrum
is featureless and therefore this region is rather insensitive to structure. It can be concluded
that the cation is not a direct player in the fate of the charge carriers, at least for time scales
> 80 ps.

To recapitulate the picosecond x-ray absorption results: the main observation is that at 100 ps
and longer holes are fully localized at Br atoms, most likely forming small polarons, while
electrons remain delocalized in the CB over hundreds of ps (and probably longer). The Cs
cation does not show any effect upon photoexcitation leading to the conclusion that it plays
a role in the architecture of the material but not its electronic properties. The conclusion of
localized holes and delocalized electrons is reminiscent of the weakly localized exciton in
organic-inorganic perovskites discussed by He et al.*’, who argued that they form due to
band tail states. In their picture, these band tail states mainly stem from the CB. The results
of this XAS study shows that on the contrary, it is the hole that causes the localization rather
than the electron.

9.2.2 Photoluminescence

The TCSPC measurements have been performed only for the CsPb(CIBr)s sample, but
considering the similarities observed in the previous section between the two samples, the
analysis of the PL dynamics of one halide composition should be enough to compare the
results with the ps-XAS data and derive general conclusions.

Figure 9.13 shows the photoluminescence dynamics of CsPb(CIBr)s at several fluences. A
faster decay is observed with increasing fluence for most of the kinetic traces. Indeed,
excluding the 2 lowest fluences (i.e. 80 nJ/cm? and 0.8 pJ/cm?) and the 2 highest ones (i.e. 3
mJ/cm? and 8 mJ/cm?), which are similar within the signal to noise ratio of the measurement,
this trend is clearly observable for all the other kinetic traces. Decreased PL lifetime with
increasing flurence has been associated in the literature to processes such as Auger®?® and
biexciton® recombination whose weight is proportional to the number of excited charge
carriers (see chapter 2.3 for an introduction to these topics). These processes act on faster
time scales than common geminate recombination and therefore become effective
recombination channels when the fluence increases.?”® A global fit is used to reproduce the
decay times at different fluences (Figure 9.13), justified by the fact that similar physical
processes are present at all fluences but with different weights. All luminescence decay
curves can be reproduced with the following time constants: <300 ps, 875 ps, 5.34 and 19.08
ns.
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Figure 9.13 - Normalized photoluminescence kinetic traces for CsPb(CIBr)s NCs upon photoexcitation at 355 nm with
different fluences and global fitting curves (red dotted curves) using a quadri-exponential function. The inset shows the total
photoluminescence intensity at different fluences, which is obtained by integrating the kinetic traces until 120 ns delay.

Individual fits of each trace unambiguously show the need of a four exponential function for
the 8 mJ/cm? data (Figure 9.14), while with lower fluences, a bi-exponential suffices to
reproduce the decay as indicated by the negligible pre-exponential factors of the global fitting
for the first two time components (Table 9.2).
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Figure 9.14 - Normalized photoluminescence kinetic traces for CsPb(CIBr)s NCs upon photoexcitation at 355 nm with 80

nJ/cm? (light grey dots), 40 wJ/cm? (dark grey dots) and 8 mJ/cm? (black dots) and independent fitting functions with bi-
exponential (red dotted curves), tri-exponential (blue dotted curves) and quadri-exponential (green dotted curves) decays.
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This behavior corroborates the hypothesis that the fast time components (<300 and 875 ps)
are related to recombination paths that depend on the charge carrier density in the bands (viz.
Auger and biexciton recombination).

Table 9.2 - Weights of the different time components (W1 for <300 ps, W2 for 875 ps, W3 for 5.34 ns and W4 for 19.08
ns) in the global fit function at the different fluences.

t(ns) 80nJ/cm? 800nJ/cm? 8ud/em? 40pJ/em? 0.5mJ/cm? 3mJ/cm? 8mJ/cm?

W; <0.3 0.003 0.003 0.013 0.047 0.128 0.136 0.162
W, 0.87 0.028 0.033 0.059 0.095 0.117 0.122 0.131
Wz 5.34 0.322 0.320 0.330 0.334 0.294 0.305 0.291
W, 19.08 0.647 0.643 0.598 0.525 0.460 0.437 0.416

Also the fluorescence spectrum of CsPb(CIBr)s shows red-shift at high fluences (Figure
9.15), which has been already associated in the literature to a significant contribution of bi-
exciton emission for CsPbBr3.% In fact, there is a clear reversible redshift of the emission
peak together with a change in spectral shape, which can be more clearly seen in Figure 9.16.
The emission spectrum at 3 pJ/cm? can be fitted with a simple Voigt function, as done in a
previous work on CsPbBr3.28 This is not the case for the emission recorded at 6.5 mJ/cm?. As
pointed out by Wang et al.®, the biexciton emission energy is lower than the exciton one and
occurs at high irradiance. In their work they could spectrally separate the two emission peaks
working at low temperature (viz. 10 K). Here, room temperature and 1 second integration
time do not allow to separate the two spectral components and the final result is a red-shifted
asymmetric luminescence spectrum due to the overlap of the excitonic and biexcitonic
emission.

When investigating the effect of the fluence on the photoluminescence absolute intensity (i.e.
integrated over the entire time range probed), a saturation is observed (see inset in Figure
9.13), similarly to a recent work on CsPbBrs and CsPbls nanoparticles.?’® This behavior
agrees with the hypothesis of a competition between radiative (here excitonic) and non-
radiative (here Auger) recombination, where the non-radiative processes become more
prominent at higher fluence.?”®

To conclude, the optical fluorescence investigates the manifestation of effects mediated by
Coulomb interactions that emerge with increasing the fluences and lead to higher order
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excitonic states but does not show clear features of trapping, having the emission centered

near the band gap region.
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Figure 9.15 - Normalized photoluminescence spectra of CsPb(CIBr)s NCs upon photoexcitation with 355 nm at 6.5 mJ/cm?
(black curve), 40 pl/cm? (blue curve) and 3 pd/cm? (red curve). The spectral shift shown in this figure is reversible and

therefore does not imply laser damaging.
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9.2.3 The emerging picture of the photophysics of CsPbBr;.«Clx perovskites

This section attempts to find an interpretation which reconciles the results of XAS and PL
presented previously. As mentioned in the introduction, these two techniques have a different
sensitivity for the observed excited states which often makes them complementary, therefore
their comparison should result in a more profound interpretation.

Figure 9.17 shows the kinetic traces of the ps-XAS at the Br K-edge (13.480 keV and 15
mJ/cm?) and PL at 8 mJ/cm?, both for CsPb(CIBr)s NCs. As observed in Figure 9.13, because
the PL dynamics at 8 and 3 mJ/cm? are indistinguishable, the dynamics at 8 mJ/cm? should
be comparable with those at 15 mJ/cm?, the fluence used for the synchrotron experiments.
Interestingly, the short time components (i.e. the first nanosecond, see inset Figure 9.17)
match between the x-ray and PL decays, bearing in mind the limited instrument response
function of the TCSPC setup (i.e. 300 ps) and S/N of the ps-XAS measurements. On the other
side, the two techniques clearly present different results on the long time scales, as already
indicated by the fitting time constants (Table 9.1 and Table 9.2). In particular, the ps transient
x-ray signal is longer lived (i.e. hundreds of ns) than the PL (i.e. tens of ns and more than one
time component). Another striking difference between the two measurements is the signal
intensity fluence dependence, which is perfectly linear in the case of the x-ray transient signal
(Figure 9.7) and saturates in the case of the PL (inset Figure 9.13). It should be mentioned,
though, that for the x-ray fluence dependence the signal intensity is measured at the
maximum of the transient signal of the Br K-edge (i.e. 13.480 keV) and at 100 ps, while for
the PL fluence dependence, it is the total emission of the sample integrated over the entire
time range probed.
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Figure 9.17 - Normalized kinetic traces of photoluminescence (blue dots) and x-ray absorption spectroscopy at 13.480 keV
(black dots) for CsPb(CIBr)s NCs. In the inset a zoom of decay in first 5 ns after photoexcitation.
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This explains why a mechanism competing with the radiative recombination, such as the
Auger process, has an impact on the shape of the fluence dependence of the PL but not of the
ps-XAS.

From these observations can be concluded that x-ray and fluorescence dynamics could
observe the same excited state at short time scales (i.e. in the first ns) but a different one in
the tens of ns. The PL results clearly point to the observation of excitonic physics (i.e. exciton
and biexciton emission) and the x-ray ones to a localized hole (i.e. small polaron). Therefore,
the common excited state observed at short time scales could be compatible with the weakly
localized exciton, recently reported in organic perovskites upon PL measurements by He et
al.3%”. This exciton would consist of a localized hole and delocalized electron bound to it by
Coulomb attraction. On the other side, it is singular that the static PL spectrum collected at
high fluence (Figure 9.15) does not exhibit any clear emission from this localized exciton.
This could be due to the low emission quantum yield of this state, but in this case the PL
dynamics would not be influenced by the presence of this localized exciton and the
interpretation which points to the same state probed at short time delays for the two
techniques would be inconsistent. It cannot be excluded though, that the emission from this
localized excitonic state is only redshifted ~ 10 nm from the main bandgap emission (~100
meV at these energies) and therefore is not distinguished from the biexciton contribution in
the present measurements, although the previous PL study on CsPbBrs*8 did not point in this
direction.

If assuming that PL and XAS probe different states at short time delays after excitation, the
TR-XAS could still be probing the weakly localized exciton discussed above (which, in this
case, would be characterized by a low emission quantum yield) while the PL would monitor
simple exciton and biexciton recombination. This would imply that the similarity between
the fast kinetic decays is just on happenstance. On the other hand, in the case that the two
measurements probe the same state at short time delays (namely the weakly localized exciton
with a significant emission quantum yield), then the long time component of the x-ray signal
could be due to hole trapping in defects. Indeed, trapping from defects leads to non-geminate
and mostly non-radiative recombination. This would not only explain the difference in kinetic
decays between XAS and PL measurements but also the fact that the ps-XAS presents a
longer lived signal since non-geminate recombination is slower than geminate one. As
mentioned earlier, defects have a small concentration in the substances studied here, but are
still unavoidable, particularly at the surface of the NCs. The long time component is a
minority of the total x-ray signal (i.e. ~30%) and therefore compatible with the small
concentration of defect sites in the material. To conclude then, on longer time scales the PL
still monitors geminate recombination of excitons while the TR-XAS looks at a different state
which could have two origins, namely the weakly localized exciton and the holes trapped in
defects of the material.

To be able to discriminate between these two hypothesis, it is necessary to measure a transient
of the Br K-edge, tens of ns after the laser excitation. This would provide detailed information
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on the long lived species and a clear difference in the transient XANES spectrum would be
observed if the signal derives from defect trapping. Indeed, because defects have a
distribution of different structures, this cannot lead to clear modulations in the above-edge
region as the one observed in the transient spectra collected at short time delays for self-
trapped holes, i.e. this would be a sign of defect trapping. Moreover, the study of single
crystals instead of NCs would decrease any signal due to defects in the material, where the
surface of the sample as a primary role, and this could help in ruling out the last hypothesis.

9.3 Conclusions

In summary, ps-XAS and ps-PL are used to investigate the fate of the charge carriers in
photoexcited inorganic pure (Br) and mixed halide (Br/Cl) perovskites nanoparticles in
solution. The main observation is that the excited species probed at short time for XAS is
attributed to a weakly localized exciton and consists of a localized hole and delocalized
electron bound to it by Coulomb attraction. The PL measurements could in principle probe
the same state at short time delay, considering the similar XAS kinetics in this region, but the
absence of a clear emission from this state points toward to an accidental similarity.
Therefore, the long lived species of the XAS measurements could originate from the same
weakly localized exciton, if the similarity at short time scales with the PL is coincidental, or
from holes trapped in material’s defects. Br K-edge transient measurements at tens of ns after
photoexcitation and on single crystals would solve this pending question.

On a broader perspective, the present work highlights the advantages of a time-resolved
element-selective tool for the study of charge carrier dynamics in multi-element materials.
Time-resolved XAS was previously used to study photoexcited solids such as Silicon and
Graphite, 327328 V0,2 or amorphous systems such as Ge-Te-Se alloys.3*°33 Most of these
studies were carried out in the soft x-ray domain. Time-resolved Electron-Energy-Loss-
Spectroscopy (EELS) is another element-selective approach that can potentially probe the
charge carrier dynamics and it was implemented in the case of photoexcited graphite,3323%
These time-resolved XAS and EELS studies were mainly focusing on photoinduced phase
transitions of the type insulator-metal or disorder-order, mostly in non-semiconducting
materials. The present work shows for the first time, the probing of all the atomic actors
involved in the fate of the charge carriers in a typical semiconductor. The ability to link the
charge carrier dynamics probed by optical-domain methods such as photoluminescence or
transient absorption from the IR to the UV, with their atomic specificity is a new development
in the field.

Further progress in this study would be the use of fs time resolution techniques. In this
regards, fs-XAS can be carried out in modern XFEL and fs-PL in a fluorescence up-
conversion setup.3* Particularly, for the Pb Ls-edge measurements, the use of a dispersive x-
ray emission spectrometer (e.g. von Hamos geometry)'®’ would allow to perform high
resolution x-ray absorption spectroscopy, which, thanks to a higher x-ray flux typical of
modern FEL, can easily be carried out in a time resolved manner. This allows to overcome

112



Conclusions

the difficulty in interpreting the Pb Ls-edge, where the core-hole lifetime broadening does
not allow to observe clear features in the XANES region.3%
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10 Conclusion and outlook

This thesis demonstrates the potential of time-resolved x-ray absorption spectroscopy (XAS)
in investigating the charge carrier dynamics of photoexcited semiconductors. Indeed, chapter
6 and 9 show that ps-XAS is the ideal tool to map electron and hole localization due to its
intrinsic sensitivity to oxidation state changes, which results in an edge shift for the probed
element. Moreover, the structural sensitivity allows to unravel the origin of charge carrier
localization which can arise mainly from extrinsic factors, as in the case of TiO2 nanoparticles
(viz. defects of oxygen in the lattice), or intrinsic ones, as for CsPbX3 nanocrystals (viz. the
polaronic nature of the hole).

In chapter 8, femtosecond transient absorption (fs-TA) measurements performed on
CsPb(CIBr)s nanocrystals investigate complementary aspects of the perovskites physics. The
fs-TA data reveal many body physics in the material, shedding light on the transition between
free charge carriers and excitons that can be tuned in time by using different fluences of
photoexcitation. fs-TA spectroscopy observes different facets of the lead halide perovskites
physics than ps-XAS, not only for its higher time resolution (i.e. about 3 orders of
magnitude), but particularly for the lower energies of the probe light, which span around the
bandgap energy of the semiconductor. The results of the two techniques highlight the
complexity of the charge carrier dynamics in this material, where self-trapped carriers (here
small polaronic holes) can co-exist with itinerant ones, a scenario already predicted by theory
in semiconductors;*’ furthermore, they support the strategy of using different types of
spectroscopic tools in order to obtain a complete picture of the ultrafast processes in the
investigated sample.

In chapter 5, fs-XAS performed on TiO> anatase is used to map electron localization. This
study overcomes the gap in time resolution between optical transient absorption and x-ray
absorption spectroscopy. The results reveal that femtosecond resolution is essential to
investigate the early steps in the charge carrier localization. Indeed, even the 200 fs resolution
obtained is not sufficient to track the rise of the signal which is a finger print of the trapping
process. On the other hand, given the low signal to noise ratio (S/N) intrinsic to the slicing
technique, neither a study using mild pump fluences nor an investigation of the fluence
dependence of the transient spectra can be performed. As remarked through the fs-TAS study
of lead halide perovskites, fluences can influence the physics observed substantially. This is
not true only in the presence of a phonon bottleneck, but it is general for semiconductors
where processes such as a Mott transition can take place when the charge carrier density rises
above a critical limit. This specific limit in a Mott transition is represented by the situation in
which the average distance between excitons is smaller than the exciton Bohr radius; in this
case, the overlap between the wavefunctions of the excitons triggers the screening of
electron-hole interaction leading to an electron-hole plasma (details in chapter 2.2.1).%®
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Therefore, to achieve a better S/N in transient x-ray absorption studies and ensure being
below the critical charge carrier densities, the solution would be to decrease the noise by
having a higher probe flux, which would enable pump fluence dependence studies under a
mild excitation regime. This is a possibility in x-ray free electron lasers (XFELSs), which
allow not only higher x-ray flux compared to the slicing technique (viz. several orders of
magnitude per pulse),®! but nowadays also a higher time resolution using a timing tool.3*’
Indeed, the intrinsic jitter of these machines can be corrected by a post-processing of the data
in the presence of a device which records the arrival time of the x-ray and laser pump pulses
per each shot. This allows in principle to obtain time resolutions up to 10 fs,3" but in order
to be able to make use of it, the flat liquid jet of 100 um thickness should be replaced by a
thinner device. At 100 um thickness, the mismatch in group velocity between optical and x-
ray pulse would be of several tens of femtosecond, becoming the limiting factor for the
instrument response function of the system.

Moreover, the higher x-ray flux allows to use a dispersive x-ray emission spectrometer (e.g.
von Hamos geometry) which would yield detailed information on the occupied electronic
states and high-resolution x-ray absorption spectra (as currently possible in the ps-XAS
studies) at femtosecond time-resolution.'®” These results would enrich the information on the
investigated systems helping the interpretation of the data. In particular, the investigation of
TiO2 nanoparticles with the possibility of recording x-ray emission together with the x-ray
absorption spectra gives access to the dynamics of the holes in the valence band, in analogy
with a recent study on ZnO nanoparticles.3*® This is at the moment the best way to
simultaneously probe electrons and holes in a metal oxide, because in these materials the
valence band is mainly composed of O 2p orbitals and XAS should be performed at the O K-
edge (~ 543 eV). At these energies, high vacuum is required and therefore the experimental
conditions are more complex, particularly when working with a liquid suspension. In case of
CsPbX3 nanocrystals, the use of a dispersive emission spectrometer is interesting mainly for
the possibility to perform high energy resolution fluorescence detection (HERFD). In
contrast to the total fluorescence yield used in the time resolved x-ray experiments presented
in this thesis, HERFD allows to record spectra with a lower experimental broadening than
that arising from the lifetime of the deep core hole. Simply by scanning the incident x-ray
energy at a fixed x-ray emission energy, it is possible to collect high resolution spectra which
are particularly useful to study the fine structural details in the XANES region of heavy
elements such as Pb.3% This would provide a better understanding of the electron dynamics
in the conduction band of this semiconductor.

Finally, for what concerns an outlook on the fs-TA measurements, a logical next step would
be to perform 2D spectroscopy, using a broadband four wave mixing setup in the visible
region of the spectrum.®*® Two-dimensional temperature-dependent spectroscopy was
recently implemented on CH3sNH3Pblz in the energy region around the bandgap to address
the polaronic nature of the photogenerated charge carriers.*° Performing a study in the region
above the bandgap energy at different time delays upon photoexcitation would provide a
systematic view on the effects of the excess energy on the nature of the photoexcited charge
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carriers and the resulting relaxation processes. Moreover, the higher time-resolution with
respect to fs-TA spectroscopy (i.e. about 10 fs),3° increases the chance to trigger and
therefore observe coherent processes such as phonons in the material, which can modulate
the optical transient spectrum. The study of these quasi-particles would provide a deeper
understanding of the charge carriers intraband relaxation processes which are due to the
electron-phonon interaction and in perovskites showed non-trivial effects such as the phonon
bottleneck behaviour.”
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11 Appendix

11.1 Femtosecond transient absorption of CsPb(CIBr)3

Figure 11.1 shows the transient maps, i.e. time delay vs energy, upon photoexcitation at
3.1 eV for the 7 different fluences explored in chapter 8. From these maps are derived the
spectral transients at different time delays and the kinetic traces reported in chapter 8 and
Figure 11.2.
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Figure 11.1 - Transient maps upon excitation with 3.1 eV for the fluence of 2.5 (a), 5 (b), 10 (c), 18 (d), 37 (e), 65 (f) and
100 pd/em? (g).
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Figure 11.2 - Femtosecond transient spectra at different time delays upon photoexcitation at 3.1 eV with fluence of 2.5 (a),
5 (b), 10 (c), 37 (d) and 65 pd/cm? (e). In the inset, there is a zoom of the low energy region (from about 1.8 to 2.4 eV) in
which is visible the PAz signal.

11.2 Picosecond x-ray absorption and photoluminescence of
CsPbBr3.xClx nanocrystals

Figure 11.3 shows total fluorescence yield (TFY) ground state spectra of CsPbBrsz NCs at the
Br K-edge collected at 2 hours distance between each other during the ps-XAS
measurements. The spectra are identical indicating the absence of sample damaging during
the experiment.

Figure 11.4 shows the Pb Ls-edge XANES and EXAFS spectra of PbO from ref.3%, recorded
in TFY mode and using the High Energy Resolution Fluorescence Detection (HERFD) mode.
The TFY spectrum shows only weak features as is often the case with Pb Lz spectra,®?* while
the HERFD spectrum clearly resolves the weak structures at 13.031 keV, 13.040 keV and
13.054 keV. The DOS calculations®? show that the first of these bands is due to Pb p-orbitals
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that are mixed with Pb d-orbitals, with an additional contribution from Oxygen p- and s-
orbitals. The latter two are mostly due to Pb d-orbitals.
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Figure 11.3 - Normalized x-ray absorption spectra of CsPbBrs near the Br K-edge region acquired in TFY. The agreement
between the spectrum averaged over the first 2 hours of data acquisition of the pump-probe experiment (red curve) and that

over the consecutive 2 hours (back curve), supports the absence of damage during the measurements upon irradiation at 15
w/em? and 3.5 eV.
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Figure 11.4 - Pb Ls-edge spectra of CsPb(CIBr)s sample (blue). The XANES (red) and the HREFD (black) for PbO are
reproduced from ref.325,

The partial fluorescence yield (PFY) XANES spectrum of the present CsPb(CIBr)s sample is
also shown in Figure 11.4. It presents weak shoulders at 13.031 keV, 13.040 keV, 13.046
keV and 13.058 keV. In the absence of calculations, it is difficult to propose an assignment,

122



Picosecond x-ray absorption and photoluminescence of CsPbBr3-xCIx nanocrystals

but these features may well have some correspondence with the PbO bands, though and not
unexpectedly they are shifted in energy due to a different crystal field.

Figure 11.5 is used to investigate if the Pb Ls-edge transient signal of CsPb(CIBr)s is
compatible with an edge shift, either blue or red. In all the computed spectra the rescaling
factor used is 0.006, the same as for the Br K-edge simulation of CsPb(CIBr)z with a 6 eV
shift. Clearly this approach does not lead to a satisfactory result and therefore the feature
observed is rather due to bleaching of a specific transition upon irradiation, as discussed in
chapter 9.
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Figure 11.5 - X-ray absorption spectrum of CsPb(CIBr)s NCs at the Pb Ls-edge (black trace) with the transient at 100 ps
upon photoexcitation at 3.5 eV (blue trace) and simulated transient spectra via the rigid shift of different magnitude and
signs of the ground state spectrum.
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