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Résumé

Au cours de la derniere décennie les pérovskites d’halogénures de plomb ont regu un intérét considérable
grace a leurs propriétés optoélectroniques. Aujourd’hui, les cellules photovoltaiques & jonction simple
en pérovskite font partie des plus efficaces, avec un rendement de conversion atteignant les 25.7%. De
la méme maniere, les nanostructures de ce méme matériau ont émergé avec un potentiel exceptionnel
pour des applications telles que les diodes électroluminescentes ou diodes laser. De plus, les pérovskites
possedent une structure dynamique et complexe qui les rendent fascinantes pour des études photo-
physiques fondamentales, non seulement pour améliorer ces dispositifs mais aussi pour transférer les
connaissances vers d’autres types de semiconducteurs.

Généralement, les dynamiques ultra-rapides, de la dizaine de femtosecondes a plusieurs nanosecondes des
porteurs de charges sont analysées par des techniques spectroscopiques résolues en temps utilisant des im-
pulsions laser ultracourtes. Le but de cette these est d’associer les spectroscopies d’absorption transitoire
(AT) et de photoluminescence résolue en temps (PLRT) pour étudier les mécanismes photophysiques
dans les nanocristaux de pérovskite (NP) & faibles dimensionalité. Alors que la plupart des techniques
expérimentales pour la PLRT sont limitées a des résolutions temporelles de plusieurs picosecondes, la
spectroscopie de fluorescence par conversion ascendante de photons (FLUPS, en anglais) est utilisée ici
pour obtenir des données spéctro-temporelles bidimensionnelles avec une résolution temporelle inférieure

a la picoseconde.

Les chapitres 1 et 2 instaurent un contexte théorique et expérimental qui sera utile au reste de la these. Le
chapitre 1 revoit les concepts photophysiques fondamentaux pour les semiconducteurs massifs et confinés
et fourni un apergu général sur les propriétés optoélectroniques des NP en examinant la littérature. Le
second chapitre est axé sur la spéctroscopie PLRT et détaille 'approche théorique et expérimentale pour

utiliser la FLUPS, qui est la principale méthode expérimentale utilisée au cours de cette these.

Le chapitre 3 détaille la procédure de la synthese des nanobatonnets (NBs) de CsPbBrs colloidaux
émettant dans le bleu. Le produit est caractérisé par des méthodes standards tel que la microscopie
électronique en transmisssion, la voltampérométre cyclique et la spectroscopie linéaire d’absorption et
d’émission dans 'UV-Vis. Les conséquences du fort confinement quantique et diélectrique sont soulignées

et provoquent des propriétés optoélectroniques particulieres. Ensuite, I’accent est mis sur I'importance



des ligands de coiffage pour la passivation des états de surface des perovskites. Ces ligands de coiffage
peuvent aussi augmenter l'efficacité du rendement quantique de fluorescence et la stabilité au long terme

des NBs.

Les chapitres 4 et 5 abordent les dynamiques des porteurs de charges pour différentes intensités d’excitation.
En recoupant les données obtenues par FLUPS et AT, des comportements photophysiques complexes sont
révélés au cours des dix premieres picosecondes. A faible intensité d’excitation, les dynamiques des NBs
sont dominées par un ensemble d’excitons indépendants. De plus, & plus haute intensité d’excitation,
les interactions accrues entre les porteurs de charges créent des paires excitons-excitons, aussi appelé
biexcitons, qui sont stables et émissives. Les propriétés et mécanismes de recombinaison des biexcitons

suivent les tendances observées dans les puits quantiques bidimensionnels.

Finalement, le chapitre 6 examine les mécanismes de séparation des porteurs de charges et de leur recom-
binaison ultérieure dans les NBs de CsPbBr3 en combinant la FLUPS, AT a I’échelle de la picoseconde
et nanoseconde. Les complexes NB-accepteurs sont synthétisés en attachant a la surface des NBs des
molécules de phénothiazine et p-benzoquinone, qui jouent le réle d’accepteur de trous et d’électrons, re-
spectivement. Des mesures de FLUPS dépendantes de ’énergie d’excitation sont effectuées pour révéler
le rapide transfert de charges depuis 'extrémité de la bande de la pérovskite et le transfert ultrarapide

depuis les niveaux d’énergies plus élevés.

Mots clés: nanobatonnets de pérovskite - solutions colloidales - photophysique - dynamique des porteurs

de charges - excitons - spectroscopie a large bande de fluorescence par conversion ascendante de photons



Abstract

Over the past decade, lead halide perovskites (LHPs) have received considerable attention thanks to
their impressive optoelectronic properties. Today, LHP-based devices are one of the most efficient single-
junction solar cells, with power-conversion efficiencies reaching 25.7%. Likewise, nanostructures of the
same material have emerged with tremendous potential for light-emitting and lasing applications. The
perovskite complex and dynamic structures also makes them fascinating for fundamental photophysical
studies, not only to apply in the context of the device improvements but also for a much broader class of
semiconductors.

Typically, charge carrier dynamics on the ultrafast timescale, from a few nanoseconds down to tens of
femtoseconds, are monitored by time-resolved spectroscopic techniques using ultrashort laser pulses. The
aim of this work is to associate transient absorption (TA) and time-resolved photoluminescence (TRPL)
spectroscopy for investigating early photophysical mechanisms in low-dimensional perovskite nanocrys-
tals (PNCs). While most available TRPL experimental techniques are limited by a temporal resolution
of a few picoseconds, broadband fluorescence upconversion spectroscopy (FLUPS) is employed to obtain

two-dimensional spectro-temporal data with a sub-picosecond temporal resolution.

Chapters 1 and 2 provide the scientific background relevant to the thesis. Chapter 1 establishes the fun-
damental photophysical concepts for bulk and confined semiconductors and provides a general overview
of the PNC optoelectronic properties, reviewing the relevant literature. The second chapter focuses on
TRPL spectroscopy and details the theoretical and experimental approaches for FLUPS, the primary

technique employed in this work.

Chapter 3 describes the synthetic procedure to obtain colloidal blue-emitting CsPbBrsg nanoplatelets
(NPIs). The product is then characterized by standard methods, including transmission electron mi-
croscopy, cyclic voltammetry and linear UV-Vis absorption and emission spectroscopy. The consequences
of strong quantum and dielectric confinements are highlighted and induce unique optoelectronic proper-
ties. The importance of capping ligands engineering for passivating the perovskite surface states is also

stressed. Capping ligands can also increase the NP1 emission efficiency and long-term stability.

Chapters 4 and 5 discuss the charge carrier dynamics under weak and strong excitation regimes. By



combining FLUPS and TA data, complex photophysical behaviors within the first ten picoseconds are re-
vealed. Under low excitation intensities, the NP1 dynamics are dominated by an ensemble of independent
excitons. Besides, at high pump fluences, enhanced carrier-carrier interactions induce surprisingly stable
and emissive exciton-exciton pairs, also called biexcitons. The properties and recombination mechanisms

of the biexcitons display typical quantum well signatures.

Finally, chapter 6 investigates the charge separation and subsequent charge recombination mechanisms
in CsPbBr3g NPIs combining FLUPS, TA and nanosecond flash photolysis measurements. NPl-acceptor
complexes are synthesized by attaching phenothiazine and p-benzoquinone to the NP1 surface, acting as
hole and electron acceptors, respectively. Excitation energy-dependent FLUPS measurements are car-
ried out to unveil fast interfacial charge transfer from the perovskite band edge and ultrafast hot carrier

transfer from higher energy levels.

Keywords: perovskite nanoplatelets - colloidal solutions - photophysics - charge carrier dynamics -

excitons - broadband fluorescence upconversion spectroscopy
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CHAPTER | -

Introduction

This introductory chapter gives the basic principles of semiconductor photophysics, highlighting the
differences between bulk and quantum-confined semiconductors. These concepts are then applied to
understand the fascinating optoelectronic properties of lead halide perovskite nanocrystals of multiple

dimensionalities.

The first part of this chapter is inspired by the books “Physical Chemistry” by Atkins and de Paula,’
“Semiconductor Optics” by Klingshirn,? and “Optical properties of solids” by Fox, while the second part
18 partially based on “Halide Perovskites: photovoltaics, light emitting devices and beyond” by Sum and
Mathews,* and the perspective article “Exciton and Multiexciton Dynamics in Lead Halide Perovskite

Nanocrystal” written equally by Dr. Vale and myself and which has just been submitted.
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CHAPTER 1 Introduction

1.0 Global context

The Doomsday Clock, a symbol of how close human actions are to resulting in a global catastrophe, has
been moved to 100 s before midnight in 2020, which is the closest approach since its creation. From the
1990s, climate change has become the predominant source of concern for the scientific community, but
remains poorly addressed by world leaders. Earth’s global warming is mostly attributed to the emission
of greenhouse gases, via fossil fuel combustion, to answer the growth of the global energy consumption
(from 43 - 102 TWh in 1965 up to 1.6 - 10* TWh in 2019).° Therefore, one of the greatest challenges is
to achieve carbon neutrality before 2050 by using renewable energy as the dominant form of electricity
generation. The most abundant renewable energy source available on Earth remains solar energy, which
could easily cover the whole human consumption with a potential of up to 14 - 106 TWh (taking into
account insolation, cloud cover and the lands used by humans).% One could meet the world energy demand
only by covering 0.3% of the Earth’s land area with solar panels (less than the territory of Metropolitan
France). While constantly expanding, the photovoltaic (PV) market is still dominated by silicon-based
solar cells but shifts towards the use of emerging technologies, including perovskites. The focus is now set
on efficiency, long-term stability and production cost/scalability to boost the material’s performance. In
this way, a fundamental understanding of the physical processes behind energy generation becomes crucial
for our future. Light energy conversion into electric current is achieved through a physical and chemical
phenomenon called the PV effect. First evidenced by Becquerel in 1839, the PV effect is the basic principle
behind solar cell devices.” Basically, when a material is struck by light, the absorbed photons may provide
enough energy to promote electrons to the conduction band and generate electronic conductivity. The
following sections aim to describe the fundamental photophysical properties of semiconductors (SCs) to

better understand light energy conversion.

1.1 Photophysics of semiconductors

1.1.1 Bulk semiconductor fundamental properties

The unique conductive properties of bulk SCs, in between that of metals and isolators, arise from their
electronic band structure. Macroscopic solids are composed of a considerable number of atoms interacting
with each other to form molecules. As a result, atomic orbitals spatially overlap and hybridize, creating a
multitude of adjacent energy levels, which are regarded as continuous energy bands. The band structure,
unique for each solid, contains bands of energy states separated by ranges where no electronic state exists,

called band gaps. As electrons are fermions, the Fermi-Dirac distribution gives the probability, f(€), for

12



CHAPTER 1 Introduction

a state with energy ¢ [eV] to be occupied by an electron under thermal equilibrium.

1

(€~ Br) Jky T 1 1 (1)

f&) =

where Er is the SC Fermi level [eV], T is the temperature [K], and k; is the Boltzmann constant [eV /K].
Er is defined as the highest energy level possibly occupied by an electron at absolute zero temperature,

and its position is crucial for determining a materials electronic properties.

For T > 0 K, if the Fermi level is located within an allowed energy band, there are multiple partially
filled states near Er in which electrons flow through (i.e., are delocalized), generating electric current.
These particular types of solids are called metals. Conversely, for isolators, the Fermi level lies inside the
band gap, far away from the energy band edges. The bands are either totally filled or empty of electrons,
preventing their delocalization and the generation of current. Intrinsic SCs are similar to isolators but
with a smaller band gap, allowing the thermal excitation of electrons from a filled to an empty band at
room temperature (RT) (Figure 1.1). Usually, the terms “valence band” (VB) and “conduction band”
(CB) are used to define the highest filled band and the lowest unfilled (or partially filled) band at 0 K,

respectively. Therefore, the VB is located below Epr while the CB is just above.

Fermi
Distribution Metal Semiconductor Isolator
E 4 (atT#0K)

e
.
.
_____ S
F

.
.
.

<

fE)

Figure 1.1: Fermi distribution with the associated Fermi level for f(£) = 0.5 and schematic represen-
tation of the band energy diagram of a metal, a semiconductor and an isolator.
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By increasing the material temperature, its band gap energy, E, (T) [eV], diminishes following the

Varshini equation: 1

a-T?

(1.2)

where « [eV/K] and S [K] are material constants. In addition, more electrons may acquire the required
energy to cross the band gap resulting in an increased conductivity. Yet, the number of electrons promoted
to the CB does not only depend on the occupancy probability but also scales with the number of available
states at each energy, which is defined as the electron density of states (DOS). The probability of a
transition from a state initial to a final state, i — f, is proportional to the density of final states, ps, and
is given by Fermi’s golden rule:

Doy = 20 (71 H' I pg (13)
where (f| H' |i) is the matrix element of the perturbation from the final and initial states. For simple 3D

SC materials, the DOS rises from the bottom of the CB with the square root of the energy:

3
1 /2mi\?
Pr=523 <hze> E—E, (1.4)

*

* is the electron effective mass [kg], and E, is the band

where % is the reduced Planck constant [J-s], m

gap [J].

Conventional routes to boost the concentration of free charges (and the conductivity of SCs) imply
chemical doping. Doping an intrinsic SC changes its optical and structural properties by adding a small
fraction of external atoms, from one per 10* to 10%. For example, silicon (group IV) doped with boron
(group III) or phosphorus (group V) atoms can increase the conductivity by a factor of 10%.'! Doping
agents are classified into two categories depending on their nature. In the previous example, if a silicon
atom is substituted with a phosphorus atom in the lattice structure, it adds an element with an additional
valence electron to the system. Therefore, phosphorus acts as an electron donor, resulting in an n-type
SC. Here, “n” stands for negatively charged SC since electrons are the majority carriers. In addition, the
VB and CB are shifted down compared to intrinsic silicon so that the Fermi level becomes closer to the
conduction band minimum (CBM). Conversely, if one boron substitutes one silicon, a valence electron is
removed, which creates a p-type SC with boron acting as an electron acceptor. The bands are also shifted
up so that the valence band maximum (VBM) approaches Er. Hence, donors and acceptors bring “free”
charge carriers that can move in the bands with low input energy. In terms of electronic band structure,
the energy levels of the donor are located slightly below the CB, while those of the acceptor are slightly
above the VB.

14



CHAPTER 1 Introduction

1.1.2 Light absorption by SCs

It has previously been mentioned that, in SCs, electrons may acquire enough energy and be promoted
from the VB to the CB. This energy can be provided in the form of heat, external electric fields or light.
The latter process is called photoexcitation and is the principal subject of the thesis. The number of
photoexcited species is related to the ability of the SC to absorb light. As a beam of light crosses the

SC, its intensity decays exponentially via:

I(l) = Ip - exp(—al) (1.5)

where Iy and I(l) are the initial light intensity and light intensity at point [ [-], I the thickness of the

material [em], and « is the absorption constant [cm™!] which is specific to each SC.

Once an electron leaves the VB to reach the CB, it leaves behind a positively-charged space called an
electron hole, and often simplified as a “hole”. The hole has the same charge magnitude as the electron
but with an opposite sign. Since holes move freely within the VB, both electron and hole delocalization
contribute to the material conductivity. These quasi-particles are called charge carriers. Two simple rules

must be fulfilled to obtain the photogeneration of charge carriers: energy and momentum conservation.

e Energy conservation: the energy of the incoming photon should match or be greater than the band
gap energy. If the absorbed photons are more energetic, electrons will be excited at higher electronic

levels and will leave holes below the VB edge.

e Momentum conservation: by considering free electron and hole motions, the band structure can
be represented in the reciprocal space as a combination of de Broglie’s parabolas, themselves as a
function of the charge carrier angular wavenumber, k [m~!] (the magnitude of the wave vector k):

p2 - h2 . k‘2

FE = = 1.6
2m} 2m} ( )

where E is the energy [J], p is the momentum [kg-m/s], 7 is the reduced Planck constant [J-s], and

m;; the charge carrier effective mass [kg].

As shown in Figure 1.2-left, there are two types of transitions: vertical (direct), with no change in
the momentum or non-vertical (indirect), with a k mismatch. Because photons do not carry enough
momentum, indirect transitions require an additional absorption (or emission) of a phonon equalizing
the mismatch in k. Similarly to how photons can be seen as quantized electromagnetic waves, phonons

are quantized sound waves corresponding to lattice vibrations. Since indirect transitions are two-step
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processes, they are less probable and strongly depend on the number of available phonons and the
temperature. Applied to SC photophysics, materials having a vertical transition between their VBM and
CBM are called “direct band gap”. Conversely, if there is a change in k, the material is known as an
indirect band gap SC. Material optoelectronic properties depend strongly on the type of band gap: for
example, indirect band gap SCs have much lower absorption constants, «, than their direct band gap
counterparts and require thicker films to absorb the same amount of light.

In the context of power conversion, the aim is to extract the carrier energy to produce electricity (solar
cells), light (light-emitting diodes, LEDs) or promote chemical reactions (photocatalysis). However,
electrons and holes do not stay indefinitely in the excited state induced by photoexcitation but rather

return to their original position, i.e., to the ground state, preventing energy collection.

1.1.3 Charge carrier dynamics in bulk SCs

Directly after photoexcitation, the energy of the charge carriers matches that of the absorbed photons.
Therefore, electrons and holes have a narrow and non-thermal energy distribution. Figure 1.2 summa-

rizes how carriers with excess energy relax to the band edge (or lowest excited state).'?

E
CBM}- T>T, T=T
Hot electrons
A Carrier thermalization via Carrier cooling via
c % carrier-carrier scattering carrier-phonon scattering
g ————)
<50fs 100 fs to > 10 ps
o Hot holes
VBM|- T>T, T,=T,
k

Figure 1.2: Graphic representation of light absorption in SCs and subsequent ultrafast carrier relaxation
processes.

e Carrier thermalization: usually, thermal equilibrium is reached in sub-50 fs through carrier-carrier

scattering. After thermalization, the energy distribution of the charge carriers follows Fermi-Dirac

16
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statistics (Equation 1.1). Here, the carrier temperature, T, is higher than the lattice temperature,

Ty, and these carriers are considered as “hot”.

e Carrier cooling: hot charge carriers release heat to return to the lattice temperature, predominantly
by emitting phonons. In SCs, this step is conventionally pictured as a relaxation from charge car-
riers in the deep VB or CB states to the band edge and takes a few hundreds of femtoseconds
to tens of picoseconds depending on the band structure and the excited charge carrier proper-
ties. The carrier cooling process is decomposed into three steps: '3 1) carrier-phonon scattering, or
Frohlich interaction, 2) optical phonons decay to acoustic phonons and 3) delocalization of acous-
tic phonons, increasing the lattice temperature. Multiple factors, including screening between the
hot carriers and phonons, reduced photonic DOS or up-transition of acoustic phonons to re-form
optical phonons, can slow down the overall cooling resulting in a “hot-phonon” bottleneck effect.
Since hot carriers carry more energy, increasing their lifetime becomes crucial to improve device

performances.

Charge carriers at the band edge may then return to the ground state in a few picoseconds to several
hundreds of milliseconds either through radiative or non-radiative processes (Figure 1.3). In bulk SCs,

Shockley-Read-Hall (SRH), band-to-band and Auger recombination are the most common processes.

Bulk semiconductor

hv

1. 2. 3.

Figure 1.3: Schematic representation of the most common carrier recombination mechanisms in SCs:
1. SRH recombination. 2. Band-to-band radiative recombination. 3. Auger recombination.

17



CHAPTER 1 Introduction

e SRH recombination, also called trap-assisted recombination, emerges with the presence of mid-gap
states (localized energy states within the band gap). %> These states are created by intrinsic defects
in the crystal structure (atom vacancies or interstitial atoms) or through the addition of doping
agents. The electron (or hole) may decay in these mid-gap states by exchanging phonons with the
lattice and is, therefore, “trapped” within the band gap. The trapping rate scales linearly with the
carrier density. The subsequent recombination from the trap states is mainly non-radiative but can,
sometimes, emit a photon of low energy. As the formulation “mid-gap states” is generic, further
clarification is required to characterize their nature. Firstly, “electron traps” are employed if the
state levels are close to the CB and “hole traps” if they lie near the VB. The former most likely
captures electrons, while holes occupy the latter. Secondly, if the difference between the trap states
and the CBM (or VBM) is lower than the thermal energy, the term “shallow traps” is assigned.
In this case, carriers can be thermally de-trapped and return to their original states. If the energy

difference is greater, they are labeled deep trap states.

e Band-to-band recombination is the spontaneous emission from the recombination of an electron
at the CBM and a hole at the VBM. Because the photon emission requires two charge carriers at
the band edge, band-to-band recombination is a bimolecular radiative process and has a quadratic
dependence on the carrier density. As expressed earlier on, since photons do not carry enough

momentum, radiative recombination is disfavored for indirect band gap SCs.

e Auger recombination is a non-radiative process which takes its name from the Auger effect. An
electron and a hole at the band edge can relax to the ground state by transmitting their energy to
a third excited carrier. The last species is promoted to higher energy levels, still within the same
band, and relaxes back to the band edge by cooling. Since Auger recombination is a three particle

process, it has a cubic dependence on the carrier density.

From the three main recombination pathways, the evolution of the charge carrier density, N, [m~3], is
expressed as:
dAN(t
Cl‘t():—kl-Nc—kg-Nf—kg,-Nf (1.7)

where ki, ko and k3 are the rate constants [s~!] describing the SRH, band-to-band recombination and
Auger processes, respectively.

Understanding how these rates are affected by the SC chemical composition (or by external parameters)
is crucial for obtaining efficient devices. For example, LEDs require high radiative recombination rates
with low SRH and Auger recombination, while low radiative and non-radiative rates are more appropriate

for light-harvesting devices. '
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CHAPTER 1 Introduction

Another crucial parameter is the ability of the SC to sustain charge separation. In typical PV devices,
after separation the charges diffuse to the metallic electrodes and are collected to generate current. Hence-
forth, four methods are highlighted to obtain a built-in driving force leading to charge separation.

For crystalline Si, the 15 PV generation, the separation is achieved with a p-n homojunction by doping
the silicon with A) a donor (usually phosphorus) and B) an acceptor (boron). The connection between the
two materials with different doping atoms generates an electric field at the interface, which can separate
the photogenerated carriers. The charge separation for 2°¢ and 3'¢ PV generations, such as CdTe/CdS,
CIGS and organic PV (OPV) materials, is based on donor-acceptor bilayers, also called heterojunctions.
Here, the driving force for charge separation is brought by the band offset between an electron donor and
an electron acceptor material. Then, the free charges are transported to the electron transporting mate-
rial (ETM) or the hole transporting material (HTM).!” In dye-sensitized solar cells, the charges are not
separated spatially, but the current generation is established by the fast kinetics of the electron transfer
between the active layer (usually an inorganic dye) and the SC (usually TiO2). To minimize charge re-
combination, an aqueous electrolyte also rapidly quenches the oxidized dye.'® Finally, perovskite devices,
which are the systems of interest in this work, may be pictured as double donor-acceptor heterojunctions

where the active layer is sandwiched between an ETM (TiOz or ZnO) and a HTM (spiro-OMeTAD). !9

One subject that has not been discussed yet is the interaction between charge carriers and atomic positions
for polarizable lattices. In molecular crystals or polar SCs, atoms might displace from their equilibrium
positions to screen the negative charge carried by the electrons, resulting in quasi-particles called polarons.
This coupling often reduces the charge carrier mobility by increasing their effective masses.?" Polarons
are classified into categories: large polarons where the induced polarization extends over more than one

2L or ”small polarons” if the polaron radius is smaller than a unit cell. In

unit cell (Frohlich polarons),
that case, charge carriers are trapped in a self-induced potential well: we say that carriers are self-trapped

and hop from one site to another.

1.2 Quantum-confined semiconductors

1.2.1 The effects of confinement

SC nanomaterials, i.e., SCs having at least one dimension shorter than 100 nm, are a central topic
in nanotechnology as they have a vast range of potential applications from light-harvesting and light-

22-24

emitting devices to medical imaging and microscopy. By reducing the size of the SCs, the electronic

and optical properties could be affected by quantum confinement. Indeed, the charge carrier motion

19



CHAPTER 1 Introduction

becomes restricted to a finite region of space if at least one of the SC dimensions, L [m], becomes smaller

than the de Broglie wavelength for the electron (or hole) motion:

G (1.8)

miky T

*

* is the charge carrier effective mass [kg], ky is the Boltz-

where 71 is the reduced Planck constant [J-s], m
mann constant [J/K] and T the temperature [K]. At RT, this number varies from a couple of nanometers
to a few tens of nanometers, depending on the carrier effective masses and, therefore, the SC band struc-
ture. Usually, SCs are classified according to the number of “free” dimensions, i.e., dimensions larger
than the de Broglie wavelength: they range from bulk nanomaterials (3D), nanosheets or quantum wells
(2D), nanorods or quantum wires (1D) and quantum dots (QDs, 0D). Yet, another relevant parameter
to define quantum confinement is the spatial separation of the electron-hole pair which is simplified as
the exciton Bohr radius, r¢ [m]:
A e, - € - h?

- 1.9
o= (1.9)

where €, (g0) is the material (vacuum) permittivity [F/m], h the Planck constant [J-s], mey is the re-

duced mass of the exciton [kg] and e is the elementary charge [C]. SCs having a dimension smaller than

the exciton Bohr radius fall into strongly confined regimes, while others are named “weakly confined SCs”.
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Figure 1.4: Effect of the quantum confinement on the SC structure, density of states and energy levels.
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As pictured in Figure 1.4, the reduction of the SC dimensionality has three principal effects: 1) the
formation of discrete energy levels, 2) a band gap expansion and 3) an enhanced exciton binding energy.
Because of quantum confinement, electron and hole motions are reduced in one or more dimensions
leading to a reduced number of available states. While for 3D SCs, the DOS is proportional to the square
root of the energy, it becomes independent of the energy for 2D materials, inversely proportional to the
square root of the energy for 1D structures and described as a Dirac function for 0D QDs. Besides, the

deviation of the band gap for confined SCs compared to their bulk counterparts follows: 2

AE e (1 + 1) (1.10)

98¢ L2 \mr  m}

where E, is the band gap [eV], h is the Planck constant [J-s], ¢ a coefficient depending on the dimension-
ality of the model, L is the size of the SC in the confined dimension [m|, and m} and mj, are the electron
and hole effective masses [kg]. Therefore, one can easily tune the optical band gap of SC nanomaterials
by controlling their size, which is of great interest for device development.?6 Additionally, SC nanostruc-
tures are often surrounded by organic capping ligands bound to the surface for stabilizing their size and
shape. This structure becomes the source of another type of confinement for small SCs, called dielectric
confinement. 7 Since organic capping ligands exhibit a lower optical permittivity than the inorganic core
the electric field screening between electrons and holes is reduced. Hence, if the SC material is thin

enough, it can further enhance the photogenerated charge interactions.

1.2.2 Excitons and biexcitons in quantum-confined SCs

The combination of quantum and dielectric confinement results in strongly bound electron-hole pairs.
The Coulomb attraction between a negatively charged electron in the CB and a positively charged hole
in the VB gives rise to the formation of a so-called exciton. Excitons are, by nature, electrically neutral

quasi-particles and are usually divided into two categories: Wannier-Mott (WM) nd Frenkel excitons.

e WM type excitons are weakly bound quasi-particles with a radius encompassing the unit-cell and
are mainly found in inorganic SCs with a high permittivity.?® WM excitons can move freely in the
system and the electron is viewed as orbiting around the hole, which is analogous to the Schrodinger

equation of the hydrogen atom. For 3D materials, its kinetic energy is given by:2?

E(n) = (1.11)

n2

where n is a positive integer designating the principal quantum number and Ay is the exciton
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binding energy [eV], which is equals to:

mr-m;
Ay = S ‘R 1.12
mo - €2 - (mf +mj) " (1.12)

where m} and m} are the electron and hole effective masses [kg], ¢ is the material permittivity
[F/m] and Ry is the Rydberg energy of the hydrogen atom (13.6 eV). The exciton binding energy
is inversely proportional to the medium relative permittivity but also depends on the electron and
hole effective masses, which are affected by the material band structure. Typical inorganic SCs
display Ay increasing with the band gap, but below the thermal energy at RT (usually 2-25 meV).
Therefore, excitons split easily upon collisions with phonons, providing a balance between free
carriers and WM excitons. In quantum-confined SCs, the exciton motion is constrained in space
and Bohr’s relationship does not hold anymore. In fact, exciton binding energies in quantum wells

largely overcome the values predicted by the model.?°

e Frenkel excitons arise from localization of electrons and holes within the unit cell breaking the
prerequisites for being described by Bohr planetary model. Localization of the charge carriers
results in small and strongly bound excitons. Frenkel excitons are found in organic or molecular
crystals with small dielectric constants and large charge carrier effective masses. In opposition to
the free WM excitons, they propagate in the material by hopping from site to site. They also
exhibit high exciton binding energies, up to one eV, making them stable at RT. Finally, Frenkel
excitons are prone to couple with the lattice (comparable to the formation of small polarons) and

can be further localized by self-trapping.

Additionally, a particular class of excitons arises in organic crystals or bilayer SCs: charge-transfer (CT)
excitons. A CT exciton is a bound electron-hole pair occupying two adjacent molecules separated by an
interface, a junction or any boundary.?! Due to their spatial separation, CT excitons possess an electric
dipole moment, unlike WM or Frenkel excitons. The breaking of a CT exciton into separated free carriers

is a crucial step for OPV systems.

Because of the strong overlap between the electron and the hole wavefunctions, excitons display large
absorption coefficients. The absorption intensity is proportional to the exciton binding energy and is even
enhanced for quantum-confined structures. As displayed in Figure 1.5, the excitonic absorption peak
appears below the band edge, with a difference corresponding to A,. While this peak may be convoluted
with the rise of the continuum band absorption in 3D inorganic SCs, the two features become easily

distinguishable for organic or quantum-confined materials with large Ay. Optical transitions to higher
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Figure 1.5: Contribution from the exciton state (red dashed line) and the continuum band (blue dashed
line) to the absorbance spectrum of a SC. Highlighted in green is the exciton binding energy.

exciton energy levels (n > 1) are usually more complex to track due to their lower intensities and the

overlap with the free carrier absorption.

Finally, interesting physical phenomena are observed at high photoexcitation densities for SCs having
stable excitons. At high carrier densities, the distance between two neighboring excitons becomes close
to the exciton diameter, leading to exciton-exciton interactions. These interactions could create electron-
hole plasma,3? Bose-Einstein condensates at low temperature, 3 or, more widely, give rise to biexcitons.3*
Biexcitons are quasi-particles resulting from the attractive interaction between two excitons and are
the subject of extensive studies in quantum-confined SCs.3° 37 The biexciton binding energy, A, [eV],
corresponds to:

Axx = 2Ex - Exx (113)

where Fy and Fy are the energy states for the single and the biexciton [eV], respectively. In 2D quantum

well structures, theoretical studies predict a ratio of 0.228 between A,y and A,.38
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1.2.3 Photoexcited states dynamics in quantum-confined SCs

This section discusses the recombination pathways of organic or quantum-confined SCs governed by
exciton dynamics. Since excitons are regarded as single entities, they generally recombine through

monomolecular or bimolecular processes (Figure 1.6).

Confined semiconductor

1. 2. 3.

Figure 1.6: Schematic illustration of the most common carrier recombination processes in confined SCs:
1. Trap-assisted recombination. 2. Exciton radiative recombination. 3. Exciton-exciton annihilation.

e The exciton trapping process is akin to the SRH recombination described earlier. Either the electron
or the hole is trapped in a mid-gap state while the energy serves to promote the other carrier to
the continuum band.3? Once localized, the charge carrier likely goes back to the ground state by
heating the lattice. Importantly, surface states, such as under-coordinated atoms, are prone to act
as trap centers. This process is favored in SC nanomaterials because of their high surface-to-volume
ratio. Therefore, most of the quantum-confined structures exhibit a core-shell configuration, or are

synthesized with capping ligands, to passivate the surface and reduce the number of defects. 404!

e Similarly to the band-to-band recombination for free carriers, excitons can return to the steady-
state by emitting a photon. The photon energy is slightly smaller than the band gap, with a shift
corresponding to the exciton binding energy. As argued before, excitonic emission intensities are
enhanced due to the spatial overlap between the charge carrier wavefunctions. In addition, the

recombination rates become faster as the exciton binding energy increases.
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e The most common bimolecular recombination process is exciton-exciton annihilation. As Auger
recombination, a first exciton recombines non-radiatively by transferring its energy to a second,
neighboring, exciton that is promoted to a higher energy level or split into free carriers.*? Exciton-
exciton annihilation becomes the dominant recombination pathway for biexcitons because of the

vicinity of the two quasi-particles.

Tuning the ratio between exciton and free charges is of great interest for optoelectronic devices. This ratio
depends on the exciton binding energy but also on the excitation density.*3 On the one hand, enhanced
exciton binding energy increases the probability of radiative recombination, which is advantageous for
LEDs. On the other hand, due to the Coulomb attraction between the electron and the hole, the charge
separation is more challenging, preventing the subsequent charge collection for light-harvesting applica-
tions. Therefore, finding a way to control the size, and therefore the degree of quantum confinement, of

the SC becomes crucial.

1.3 Lead halide perovskite nanocrystals

Over the past 15 years, lead halide perovskites (LHPs) have received considerable attention from the sci-
entific community for photovoltaic applications. First exploited in dye-sensitized solar cell structures, *44°
LHP solar cells are now manufactured as thin-film solid-state devices with the perovskite acting as the
light absorber and the charge transporting material. 6 Today, LHP-based devices are one of the most
efficient single-junction solar cells, with a power-conversion efficiency reaching 25.7%.47 Besides, in 2015
Kovalenko and his group reported an easy colloidal synthesis of all-inorganic LHP nanomaterials dis-
playing tremendous potential for light-emitting applications.*® Seven years later, the external quantum
efficiency of perovskite LEDs has been pushed to 23% for red-,*° and green-emitting devices.?® This

chapter aims to provide an overview on the optoelectronic properties of bulk and confined perovskite

systems and highlight the peculiarities of LHPs.

1.3.1 Bulk perovskite structure and properties

The term “perovskite” originates from the mineral calcium titanate CaTiOg, discovered in 1839. Its
crystal structure consists of corner-sharing TiOg octahedra with Ca™ occupying the voids. However, the
referenced cubic structure obtained at high temperature is often distorted into tetragonal or orthorhombic
phases, causing a rearrangement of the unit cell at RT. Nowadays, all ABX3 compounds (Figure 1.7)
are labelled “perovskites”, making them one of the most abundant structural families. In the context
of optoelectronic technologies, the central atom B is a divalent cation (usually Pb?T), the coordinating

anions X are halides (C17, Br~ or I7), and A is either an inorganic (Cs*) or an organic cation (CH3NHj ,
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Figure 1.7: Perovskite ABXj3 structure with a cubic symmetry.

MA or CH(NHz)J, FA), which gives rise to a category of SCs called LHPs. The soft and dynamic
perovskite crystal structure results in facile post-synthetic ion exchange for tuning the optical and physical
properties.®! For example, the size of the A cation not only influences the optical band gap but the
stability of the perovskite phase. For small cations, such as Cs™, the octahedra are tilted, giving rise to
an orthorhombic phase at RT, while MAPbI3 retains its cubic symmetry.52°3 Predicting and controlling

the perovskite phase is crucial since it directly impacts their optoelectronic properties.

A simplified illustration of the LHP electronic structure is displayed in Figure 1.8, taking CsPbBr3 as
an example. Since the VBM and CBM lie at the same point in the k-space, LHPs are direct band gap
SCs exhibiting high absorption coefficients, a > 10* cm~! for MAPbI3,%® and sharp optical absorption
edges, < 15 meV.?% Therefore, only a thin LHP layer is required to absorb most of the incident photons,
reducing the energetic losses due to carrier recombination during transport. The VBM is dominated by
the halide p (70%) and the Pb 6s (25%) antibonding orbitals, while the CBM mainly consists of a mix-
ture of antibonding Pb 6p and other orbitals.?” As pictured in Figure 1.8, the original atomic orbitals
are close to the band edge rather than inside the band gap as for Si.°* Hence, the majority of the trap
states, caused by atom vacancies or interstitial defects, are located within the bands or close to the band
edges. ?®29 These shallow traps are less detrimental to the SC optoelectronic properties, % explaining why
LHPs are promising for light-harvesting applications, even with higher defect densities than conventional

Si.%! Computational studies have also shown that the band curvatures around the band edges are similar
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Figure 1.8: Schematic illustration of the band structure in LHPs and the origin of shallow trap states.
Inspired by Ye et al.®*

for VB and CB, resulting in equivalent and small electron and hole effective masses.%2 It is worth not-
ing that the CB is degenerated (i.e., split in two bands) around the CBM because of a large spin-orbit
coupling (SOC) from the presence of heavy lead and halides.®”-%3 Finally, the VB position, and therefore
the band gap, is easily modulated through halide exchange. The absorption onset increases from ~ 1.6
eV to ~ 3.0 eV when the size of the halide decreases (I — Br — C1).%4 One can span the entire visible
region by precisely adjusting the band gap energy with LHPs of mixed halide composition, which helps

in obtaining high power-conversion efficiencies. %°

3D LHPs display excellent PV performances, notably through their unique ability to produce and trans-
port photogenerated charge carriers. They feature long diffusion length due to 1) higher carrier mobility
than organic SCs and 2) extended charge carrier lifetimes. One of the key parameters accounting for
high carrier mobility is the generation of free electrons and holes after photoexcitation. Because of their
large optical permittivity (e ~ 6), LHPs, especially MAPbI3 used for PV technologies, display relatively
weakly bound excitons with a binding energy (Ax ~ 10-30 meV) smaller than or similar to the thermal
energy at RT.%6:67 Under solar irradiation, WM-type excitons are likely to split and form free carriers,
increasing the overall carrier mobility. As already stipulated, the exciton binding energy increases with
the material band gap, and lead chloride perovskites exhibit thermally stable excitons at RT (around 60

meV).% Nonetheless, these values remain almost two orders of magnitude lower than the ones observed
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in OPVs.% Besides, the photogenerated charge carriers in LHPs have intrinsic small effective masses:
m* =~ m? ~ 0.1 mg,%" where mg is the free electron mass. The carrier effective mass is directly related

to the mobility, p [em?-V~1.s71] under the Drude model:

(1.14)

where e is the elementary charge [C], and c is a scattering constant [s~!]. The reported mobility values
range from 1.5 to 60 cm?-V~!.s~! for MAPbBr3 and MAPDIs, respectively,”* 72 and are five to six orders
of magnitude higher as the ones found in OPVs. 69

However, the calculated mobility is insufficient to explain diffusion lengths up to several micrometers. 773
In addition, LHPs exhibit surprisingly long charge carrier lifetimes for direct band gap SCs. The origin
of the reduced recombination rates is highly debated in the literature, and four main reasons are usually

cited: 1) defect tolerance, 2) formation of large polarons, 3) photon recycling, and 4) Rashba effect.

e As already mentioned, trap states in bulk LHPs only have a minimal effect on the recombination
process. Indeed, the original atomic orbitals forming the CBM and the VBM lie within the bands,
and most defects are shallow by nature.’®°? As a consequence, trapped carriers can be thermally
re-excited to the energy bands without loss. LHP trap states also exhibit reduced capture cross-
section due to the low energy of optical phonons (16.5 meV in MAPbI3).7* Hence, carrier trapping

often requires the emission of multiple phonons, which considerably decreases its rate. 76

e In bulk LHPs, large polarons, i.e., polarons with strong binding energy compared to the phonon
frequency, are formed because of the ability of the perovskite lattice to screen charges.”” More
evidence for the polaron formation are brought by the hot phonon bottleneck observed for charge
carrier cooling.”® "™ Ultimately, charge carrier screening by polaron protects them against fast

recombination. 89

e Band-to-band radiative recombination is the spontaneous emission of a photon in any direction. In
some cases, the emitted photon can be re-absorbed by the same material, extending the observed
radiative lifetime and leading to so-called photon recycling or self-absorption. Photon recycling
in thin films is not uncommon,®" but requires high absorption coefficients, efficient PL, and a
small or no Stokes shift between the absorption edge and the emission peak. LHPs meet all the
prerequisites and some studies have shown multiple radiative emission-absorption events can occur
without energy loss.®? However, photon recycling only becomes dominant if the trapping rate is

very low (for well-passivated compounds) and/or at high carrier density.?
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e The Rashba effect describes a momentum-dependent splitting of the spins occurring under large
SOC and asymmetry of the crystal potential. Large spin-splittings have been reported in 3D
LHPs, leading to a displacement of the CBM in the k-space. 385 While the light absorption process
remains governed by a direct band gap, charge carrier recombination requires the absorption or
emission of a phonon and is slowed down. However, recent studies have claimed that the Rashba ef-

fect does not impact the charge carrier recombination in 3D LHPs as much as the other factors. 76:86

One point that has not been discussed until now is the ability of light-harvesting devices to extract the
energy of hot charge carriers. The relaxation of hot carriers via phonon emission induces heat, interpreted
as a loss of energy. Solar-cell devices exploiting the excess photon energy can greatly overcome the
Shockley-Queisser limit of 33% and reach up to 66% efficiency.®” For bulk LHP films, hot carrier cooling
strongly depends on the carrier density and for 1.5 eV excess energy varies from 0.4 ps for low carrier

7988 (Carrier cooling rates are considerably slower than

concentration to 30 ps for high carrier densities.
ones observed for other metal chalcogenides films and have been assigned to a hot phonon bottleneck
effect. 3?0 The reasons accounting for the slower relaxation include large polaron screening, acoustical
phonon upconversion and large energy separation between optical and acoustic phonons suppressing the

13,89,01

relaxation pathways. It has also been shown that the charge carrier diffusion length reaches 600

nm within ten picoseconds,“? allowing efficient charge carrier extraction for higher carrier densities.?3%4

1.3.2 Moving towards perovskite nanocrystals

Traditional SC nanocrystals are binary compounds, mixing metals (Pb, Cd, In, Ga) and chalcogenides
(S, Se, Te) or pnictides (P, As), and are widely exploited to build electronic devices.%% As discussed
previously, NC optical properties are controlled via the degree of quantum confinement by varying the
material size and shape. Similarly, perovskite nanocrystals (PNCs) can be obtained with sizes ranging

from a few to several tens of nanometers and exhibit exciting properties.

Schmidt et al.”” reported the first synthesis of colloidal PNCs in 2014 with the formation of an ensemble
of MAPbBr3 NCs capped with ammonium bromide. The colloidal solution was stable for weeks in organic
solvents and displayed a photoluminescence quantum yield (PLQY) close to 20%. After careful ligand
tuning to passivate the NC surface, the PLQY of the same colloids has been pushed to 83% in less than
two years.?® Yet, the major breakthrough came in 2015 with the publication of a hot-injection procedure
resulting in monodisperse and cubic CsPbX3 (X = I, Br, Cl) NCs (Figure 1.9).%8 All-inorganic PNCs

were less sensitive towards oxygen and moisture than their organic-inorganic counterparts and exhibit
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Figure 1.9: A) CsPbXj3 NC colloidal solutions under UV lamp. NCs B) emission and C) absorption
spectra for various sizes and compositions. D) Time-resolved PL decays for the samples displayed in C.
Taken from Protesescu et al.*®

PLQYs of up to 90% without specific post-synthesis treatment. Nowadays, typical CsPbX3 NCs are
surrounded by oleylamine (OAm) and oleic acid (OA) ligands and are dispersed in an apolar (hexane,
dodecane, toluene) solvent. The NC narrow size distribution is controlled by the temperature at which
the precursor is injected and by the subsequent purification step to discard bigger particles. The PL is
tunable across the entire visible spectral range through halide exchange and temperature control (higher
injection temperatures result in larger NCs with smaller band gaps). %’ To date, green-emitting CsPbBrj
and red-emitting CsPbl3 NCs with near-unity PLQY are reported with an optimization of the capping

ligands and surface passivation strategies.'?® These improvements allow utilization of PNCs for light-

102 1 04

emitting devices, '°! photodetectors, lasers, 193 catalysis, 194 computing, 1% and also solar cells (even if

the efficiency is limited by the large PNC band gap).106:107

Several factors may explain why PNCs show outstanding promises for optoelectronic applications. Firstly,
the perovskite band structure is defect tolerant and mostly shallow trap states are created. Therefore,
unlike metal chalcogenide QDs, PNCs do not require core-shell structures to passivate the surface. Sec-
ondly, because of the combination of quantum and dielectric confinements, perovskite NCs usually display
thermally stable excitons. For CsPbXs, the exciton Bohr radius increases from 5 nm (X = Cl) to 12
nm (X = I).%® Even if most PNCs synthesized with the hot-injection method have a size similar to or
slightly bigger than these values, they experience weak quantum confinement. Besides, the usual organic
capping ligands have a lower optical permittivity (¢ ~ 2 vs 5-6 for the perovskite core), increasing the
charge carrier interaction through dielectric confinement. '°%1%9 The exciton binding energy varies from a
few tens to several hundreds of meV, depending on the NC size or composition, and leading to an intense

and short PL accompanied by high absorption coefficients. Thirdly, narrow PL linewidths are observed
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(< 100 meV) because of the NC size homogeneity and the small phonon energy, which enhances the color
purity.®? Finally, similarly to bulk LHPs, the cooling rate is reduced at high carrier density for weakly
confined PNCs. Indeed, far fewer phonon modes are available to match the interlevel spacings, increasing
the hot phonon bottleneck effect. ! The formation of polarons may become faster than charge carrier
relaxation, which further reduces the cooling rates.!!! In this way, multiple studies have reported efficient

hot carrier transfer from PNCs to molecular acceptors adsorbed on their surface. 94112113

Traditional cubic PNC colloids have yet to face two significant challenges for subsequent optoelectronic
applications. Firstly, organic ligands only bind weakly to the inorganic core and become labile even in
apolar solvents. !4 This dynamic equilibrium between free and bound ligands eventually creates surface
trap states or NC aggregation. It is believed that OAm™, substituting Cs-sites at the surface, and
OA~, occupying surface halide vacancies to bind under-coordinated Pb atoms, have a chance to become
neutralized via a Bronsted acid-base equilibrium.''® Figure 1.10 highlights the surface chemistry of
CsPbBr3 NCs and the formation of surface defects via capping ligand desorption. Different strategies
have been established to passivate the surface: quaternary ammoniums to sustain the positively charged
ligands, 116 tightly bound alkylphosphonic acids,''” or zwitterions to suppress acid-base equilibria and
induce a chelate effect.''® However, a balance between small labile and bulky static ligands must be
struck since the latter isolates the PNCs and impede charge injection, resulting in less efficient devices.
Yet, the main drawback of PNCs remains the instability and low PLQY (< 20%) of CsPbCls particles.
The small size of the chloride anions destabilizes the perovskite structure and may induce deep trap

states, which restricts the development of blue LEDs.

1.3.3 Strongly confined perovskite nanostructures

One way to face the challenge of blue-emitting PNCs is by moving towards strongly confined CsPbBrj
systems. The PNC dimensions can be tuned by changing the experimental conditions (injection temper-
ature, solvent) and the length of the capping ligands.!!? For example, some groups have reported the
synthesis of strongly confined CsPbBrz NPIs (2D),12° NWs (1D), 2! or QDs (0D),*?? where at least one
dimension is smaller than the exciton Bohr diameter. Perovskite NPls turn out to be the most appealing
confined structure because their properties are quantized according to the number of inorganic monolay-
ers, similar to 2D perovskite materials. There are already synthesic approaches to precisely control the
plate thickness by regulating the precursor ratio.!?3124 Reducing the NPI thickness enhances the quan-
tum confinement of the charge carriers, which substantially affects the NC photophysical and optical

properties.
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Figure 1.10: Schematic illustration of the CsPbBrs NCs structure focusing on the surface defects
induced by ligand desorption and halide vacancies.

Firstly, CsPbBrs NPIs display extended band gaps, up to 3.0 eV, which are blue-shifted by 0.6 eV com-
pared to bulk systems. Their PL varies from violet-blue to blue-cyan (430-480 nm), depending on the
degree of confinement. Secondly, the spatial overlap of the electron and hole wavefunctions generates
tightly bound excitons, with exciton binding energies of up to 350 meV. 2> Hence, their absorption spec-
tra are dominated by intense excitonic feature below the band edge and perovskite NPls exhibit enhanced
radiative recombination rates with recombination lifetimes of around 2-8 ns. Finally, the combination of
quantum and dielectric confinement induces stable biexcitons with binding energies of up to 100 meV
for the smaller systems. 2% These thermally stable biexcitons considerably lower the energy threshold for

12

amplified spontaneous emission, 27 making strongly-confined PNCs attractive for lasing.

The charge carrier dynamics of CsPbBr3 NPIs are also substantially different from their bulk counterparts
because of their larger surface-to-volume ratio. Since more surface states act as deep traps, the PLQY is
limited to 50% and small NPIs are more prone to aggregation.'?® It has been demonstrated that halide
vacancies are the most common defects and their resulting under-coordinated Pb2+ atoms are susceptible
to inducing deep trap states. '°C Hence, some synthetic procedures include an excess of halide to enhance
the overall PLQY.'2* In addition, the PLQY could be pushed to 80% by coating the surface with a
polymer, '2® but it hinders charge injection or transfer for multi-layered devices. Finally, the broad surface

coated with organic ligands provides an additional pathway for charge carrier cooling. Hintermayr et al.
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have shown that perovskite NPIs display sub-300 fs cooling lifetimes, even for high carrier densities. %
They have argued that the phonon bottleneck, observed for weakly confined PNCs, is overcome by a fast
nonadiabatic energy transfer to the surface ligands. Hot charge carriers do not have to travel over a long
distance to find a surface state, and their excess energy is released as vibrations of the organic ligands. To
summarize, Table 1.1 provides an overview of the principal differences between bulk, weakly-confined

and strongly confined CsPbBrj3 discussed throughout this chapter.

Table 1.1: Comparison of the optical properties of bulk, large NCs and small NCs of CsPbBrj.
NB: Since the perovskite optical properties depend on their size and shape, the values displayed here are
an average of what is found in the literature.

Structure Eg [eV] | Ax [meV] | Ay [meV] | 7p, [ns] | PLQY [-] | Tcool

Bulk CsPbBrjs 24 40 - 1000 8% slow
Weakly confined NCs 2.55 60 < 20 10 > 95% slow
Strongly confined NCs 2.8 150 50 5 50% fast
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CHAPTER 2 -

Spectroscopic techniques

This chapter is centered on broadband fluorescence upconversion spectroscopy, the principal method used
in this thesis. After having an overlook of the available experimental techniques used for time-resolved
photoluminescence spectroscopy, the setup is described in great detail. Data acquisition and treatment
processes are illustrated with an example using a standard coumarin 153 dye solution. Furthermore, this
chapter introduces fs-transient absorption spectroscopy, the other ultrafast time-resolved technique used

in the following chapters.
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2.1 Time-resolved photoluminescence spectroscopy

2.1.1 Introduction

The term photoluminescence (PL) refers to light emission from a photoexcited compound. Taking the
example of semiconductor (SC) materials and what has been discussed previously, PL arises from the ra-
diative recombination between photogenerated charge carriers. In chemistry, PL is often divided into two
distinct categories: fluorescence and phosphorescence. The former results from a spin-allowed radiative
deactivation of the excited state and is usually fast (nanosecond or sub-nanosecond-scale) and intense.
Conversely, phosphorescence describes a quantum-mechanically “forbidden” transition, usually from an
excited triplet state to the singlet ground state, exhibiting slow rates (from 107 to 10° s7!) and low
intensities.

Typical PL measurements are performed by illuminating the sample with a continuous light beam and
by integrating the subsequent emission over a long time scale. These techniques are called steady-state

PL measurements and display the total amount of photons emitted by the sample:!
PL()) = / PL(A,£) - dt (2.1)
0

One of the most important photophysical parameters for light-emitting applications is the photolumi-
nescence quantum yield (PLQY or ®pr,). The PLQY is defined as the ratio of the number of photons

emitted, N [-], to the number of photons absorbed by the sample, N,ps [-]:

p, = 2 = =L (2.2)

where ky is the fluorescence rate constant [s™'] and Y k the sum of all relaxation processes [s~!]. Ideal
light-emitting diodes (LEDs) would have PLQYSs close to unity, meaning that all the absorbed photons are
subsequently emitted. Nonetheless, as already mentioned beforehand, photogenerated charge carriers can
recombine through non-radiative pathways, which competes with the radiative recombination and lowers
the PLQY. Experimentally speaking, the most common and the fastest way to measure PLQY is the
comparative method.? Here the integrated emission of the sample is divided by the integrated emission
of a standard dye with a known PLQY. To ensure reliability, the standard dye emission should be in the
same region as the sample emission, and both PL spectra should be recorded under the same conditions:
same instrumentation, same excitation wavelength, same absorption at the excitation wavelength...

While steady-state PL provides information on the excited state, it cannot help to understand the mech-

anistic and kinetic details of the photophysical processes. In time-resolved photoluminescence (TRPL)
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spectroscopy, the sample emission is monitored as a function of time after excitation by a short flash of
light. Coming back to SC materials, the PL intensity is proportional to the number of charge carriers
populating an emissive state. Hence, the PL decay is correlated to a population decay of this particular
state. To unveil the mechanistic details in SCs, the temporal resolution of TRPL techniques should
be faster than the excited state dynamics. For example, charge carrier cooling, which takes place on
a femtosecond time scale, and carrier trapping on a picosecond scale, require the utilization of pulsed
lasers. Some processes like solvation and photoinduced carrier transfer may also induce a change in the
fluorescence spectral shape. Therefore, being able to record two-dimensional (2D) spectro-temporal PL

(PL = PL(A,t)) is crucial as well.

2.1.2 Experimental techniques for time-resolved fluorescence spectroscopy

Multiple experimental techniques currently exist to measure PL dynamics, and they are divided into
two classes: electronic and optical. In the first category, the emitted photons are collected to produce
electrons, which are then recorded by fast electronic detectors. However, due to the photon-to-electron
conversion, these techniques are limited to a temporal resolution of a few picoseconds. To probe ultrafast
fluorescence dynamics, the emission of the sample can be recorded using nonlinear optics and femtosecond
lasers but these methods are usually more complicated and require high light intensities. Table 2.1

summarizes the main characteristics of the five methods described below.

Table 2.1: Summary of the most common TRPL techniques.

Spectroscopy technique | Temporal resolution | 2D Data | Signal intensity /replicability
TCSPC > 10 ps (often 1 ns)3 No Good/Good

Streak Camera > 1 pst Yes Good/Poor

Optical Kerr shutter > 200 fs6°8 Yes Very Poor/OK
FLUPS < 100 fs2714 No OK/OK
Broadband FLUPS < 100 fs15:16 Yes OK/OK

TCSPC — Time-correlated single-photon counting (TCSPC) is the most used and well-known TRPL
technique due to its low cost and simple operation. First, a light source (mode-locked laser, pulsed-laser
diode or light-emitting diode) excites the sample at a low photon fluence with a high repetition rate.
Then, the emitted photons are detected by a photomultiplier tube (PMT), and the time with respect
to the excitation pulse is measured by an increasing voltage ramp. Finally, the data are stored in a
histogram which displays the photon population over time. The main limitation of TCSPC is due to the
electronic detection, which limits the temporal resolution to hundreds of picoseconds. Besides, the PL is

only monitored at a single wavelength, and 2D spectro-temporal data have to be reconstructed.
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Streak Camera — Compared to standard TCSPC, streak cameras have a huge advantage as they yield

2D spectra in a single experiment. The emitted photons from the sample are collected and sent to a
diffraction grating, providing spectral discrimination. Then, the horizontally dispersed photons hit a
photocathode to produce electrons. The temporal resolution is achieved through the deflection of the
electrons by an increasing electric field. Finally, the deflected electrons hit a phosphor screen producing
an image recorded by a charge-coupled device (CCD) camera. Nevertheless, streak camera are expensive
and are also limited, in the visible range, to a temporal resolution of several picoseconds due to the

repulsion of the produced electrons.

Optical Kerr shutter — The fluorescence can be directly measured making use of the optical Kerr effect

to overcome the temporal resolution limitation from electronic methods. Under intense polarized light,
there is a change in the index of refraction of a non-isotropic material induced by the applied electric
field. In such an experiment, the fluorescence is set to a particular polarization, for example vertical,
by a first polarizer and then crosses a nonlinear medium before being blocked by a second polarizer.
Together, these three optics are called a Kerr shutter. Within a given time delay, an intense gate pulse,
horizontally polarized in this example, overlaps with the vertically polarized fluorescence in the nonlin-
ear medium. The gate beam induces a rotation of the fluorescence polarization due to the third-order
optical Kerr effect. The fluorescence is now allowed to cross the shutter and reach the spectrograph.
The temporal resolution of the setup only depends on the laser pulse duration and is faster than any
electronic detection-based technique. Still, since the optical Kerr effect is a x® nonlinearity, it requires
high intensity gate pulses and materials with high Kerr nonlinearities (such as CSs), which strongly limit

the intensity of the signal and the range of samples that can be measured.

Fluorescence upconversion — Similarly to the optical Kerr shutter, fluorescence upconversion spec-

troscopy (FLUPS) relies on nonlinear optical sampling. After excitation by a first laser pulse (pump),
the fluorescence is upconverted (or gated) by another ultrashort pulse in a nonlinear optical crystal
(Figure 2.1). The overlap between the fluorescence and the gate pulse generates a third pulse with an
energy corresponding to the sum of the energies of the two incoming photons (sum-frequency mixing).
Since sum-frequency generation (SFG) only occurs when the two incoming pulses cross the nonlinear
medium at the same time (temporal matching), the temporal resolution is comparable to the laser pulse
width. The time evolution is then obtained by setting a delay, Tqelay, between the excitation and the
gate pulse. Compared to the optical Kerr effect, SFG has a x? nonlinearity, and so the signal intensity
will be higher. Nonetheless, SFG also requires a high gate intensity and phase matching between the

fluorescence and the gate beam. In a nonlinear medium, the phase velocity depends on the wave fre-
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Figure 2.1: Schematic diagrams depicting the fluorescence upconversion process.

quency. Hence, phase-matching conditions should be adjusted according to the fluorescence wavelength.
Traditional fluorescence upconversion setups are, therefore, limited to recording fluorescence emission at
a single spectral point. In the next part, the conditions to obtain phase-matching over a wide range of

wavelengths and record spectro-temporal data in a single scan will be discussed.

2.1.3 Broadband fluorescence upconversion spectroscopy

To address the question of broadband SFG, one could look at the quantum efficiency of the upconversion

process, nnLo |-] 1516
NU(Z = LC) Wy *WwWpe - d2ff sin(Ak . L(./Q) 2
= — I = . S . . L 2.
"INLO Np(z=0) o Ia(z=0) Ne(Wy) - No(wr) * Ne(wa) [ Ak-L./2 ¢ (2:3)

where indexes F', G and U depict the fluorescence, the gate and the upconverted fluorescence beams,
respectively. N is the photon flux [photon/(s-m?)], L. is the crystal thickness [m], I is the intensity of
the gate beam [W/m?], w is the angular frequency [s™!], deg is the effective nonlinear susceptibility [-

], ne and n, are the extraordinary and ordinary refractive indices [-] and Ak is the phase mismatch [m~1].

The goal of a broadband FLUPS setup is to obtain high upconversion efficiencies over a wide range of
wavelengths while keeping a sub-picosecond temporal resolution. Hereafter, we highlight and discuss
three critical points for building the upconversion setup that fulfills these needs. 1) Since SFG is a
nonlinear optical process, the intensity of the gate pulse at the crystal position should be as high as
possible. Using the output of an ultrafast laser, a gate intensity of 70 uJ over 100 fs was obtained. 2) The
efficiency depends quadratically on the thickness of the nonlinear crystal. Nevertheless, thicker crystals
also induce larger group velocity dispersion and lower the temporal resolution of the setup. In addition,

the acceptance bandwidth of the crystal is narrowed when the length of the crystal is increased, which
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is detrimental for broadband applications. Here, a type I beta barium borate (BBO) crystal with L. =
100 pm was chosen to have a good compromise between signal intensity, short temporal resolution and
broad spectral coverage. 3) Ak, should be minimized over a wide range of wavelengths. In this way, the
fluorescence and the gate have perpendicular polarization to achieve type II phase matching. Moreover,
setting a large angle between the near-IR gate (A¢ = 1300 nm) and the fluorescence is crucial to get
broadband upconversion. In this setup, the gate is tilted by 18° at the crystal position, which also offers

a good temporal resolution over a broad range of wavelengths.

2.1.4 Experimental setup

The following setup used during this PhD thesis was purchased from LIOP-TEC and installed by Prof.
Nikolaus Ernsting from Humboldt University. !5 It was later adapted during this PhD thesis with the
help of Arnulf Rosspeintner. The setup displayed in Figure 2.2 will be described part by part in the
next section. The laser source was a chirp-pulsed amplification (CPA) Ti:sapphire laser (Libra-Coherent),
which generated 45 fs pulses centred at 800 nm with an average power of 3.4 mJ with a 1 kHz repetition

rate. The fundamental output was split into three beams for the FLUPS setup.
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Figure 2.2: Representation of the experimental FLUPS setup.
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Pump beam — The first beam was either sent to a white light-seeded optical parametric amplifier
(OPerA-Solo, Coherent called OPA-2 in Figure 2.2) to generate a tunable output in the visible/near
UV range (Aexc = 300-700 nm), or was frequency doubled to 400 nm by a type I BBO crystal. The light
polarization was adjusted afterwards by a A/2 plate and set to the magic angle (54.7°) to only consider
the population dynamics. The pump beam was attenuated to less than 1 uJ and focused by a lens (L)

on the sample position with an effective diameter of 200 ym.

Fluorescence collection — While most of the transmitted pump light was blocked by a long-pass fil-

ter, the generated fluorescence was amplified sevenfold and focused at the pinhole (P) position by a
Schwarzschild objective (M;/Mz). It was then separated according to its polarization by a calcite prism
(C). The vertically polarized light was imaged with an angle of 3° onto the BBO crystal, while the re-

maining was less deviated and stopped before Ms.

Gate beam — The second part of the laser output was used to pump another white light-seeded OPA
(called OPA-1 in Figure 2.2) to generate close to 130 p.J gate pulses at 1300 nm. The gate beam was set
to horizontal polarization and was widened and collimated by a pair of lenses (telescope Li-Ls) to obtain
an effective diameter of 3 mm. The pulse compression and tilt were achieved by a combination of three
prisms (Pry, Pry and Prs), while X represents the theoretical position of a fourth prism if a conventional
compressor was used. The tilt angle was adjusted to 3.55° at point X. The apex region was imaged onto
the BBO crystal with a demagnification of 5:1 by a lens (L4). In this way, the tilt angle was magnified

up to 18° at the BBO surface.

Sum-frequency generation and detection — As mentioned above, broadband SFG was achieved

through a) type II phase matching conditions between the vertically polarized fluorescence and the
horizontally polarized gate beam, and b) the large 21° angle between the fluorescence and the gate. The
two beams interacted inside a 100 um thick BBO crystal (EKSMA OPTICS), which had an optical axis
in the horizontal plane. The upconverted signal was focused onto a fiber by a concave mirror My, while
the frequency doubled gate beam and the non-upconverted fluorescence were blocked. Finally, the up-
converted fluorescence was separated by wavelength with an unfolded Czerny-Turner spectrograph and
detected by a CCD camera (Newton 920, Andor). The spectrograph and CCD camera calibration were
performed with a standard Hg lamp having characteristic spectral lines in the UV /Vis range at 365 nm,
398.3 nm, 435.8 nm and 546.0 nm. The gratings were set to span the 340 - 680 nm region but can be

adjusted afterwards for Vis/IR detection.
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2.1.5 Data acquisition and treatment

2D PL spectra were obtained with a computer-controlled delay stage (Physik Instrumente) on the pump
path controlled by a homemade LabVIEW program. Before each measurement, several dark spectra
at At = -10 ps were recorded and averaged to minimise the background noise. In addition, multiple
spectra (from 2 to 10) were averaged for 0.5 to 2 s integration time for the CCD camera to achieve a
good signal-to-noise ratio. The data were stored as 2D matrices where the number of counts is given as
a function of the time delay and the pixel number (P) of the CCD camera. Then they were treated with

a homemade Matlab routine.

Wavelength and intensity correction — Firstly, P was converted into wavelength (Ay/) using a cali-

bration curve recorded with a standard Hg lamp. Then, the gate energy (A¢ = 1300 nm) was subtracted
from Ay to obtain the “true” fluorescence wavelength, Ap. Furthermore, since the pixels of the CCD
camera have different energy widths (pixels in the UV have a larger energy width than pixels in the

visible), the number of counts had to be multiplied by A%, /\%.

Correction for group delay dispersion — For instantaneous fluorescence rise, the correction of the

group delay was performed by looking at the travel time difference between the transmitted pump beam
and the fluorescence signal. Otherwise, the group delay of light pulses through a given distance of fused
silica was calculated and adjusted to match the experimental data. Then, the shifted time delays were

interpolated to give the time corrected signal.

Time zero correction and temporal resolution — The SFG between the transmitted pump beam

and the gate produces an intense signal at time zero (fp). The temporal resolution of the experiment
was calculated by fitting the cross-correlation peak with a 2D Gaussian function. Finally, each time was

subtracted from tg.

2.1.6 Standard characterization of the setup

The characterization of the setup was accomplished with a solution of coumarin 153 (C153) in ethanol
since this dye has become a standard in the field. ' '® The concentration of C153 was adjusted to get
an absorption value of 0.6 at 400 nm in a 1 mm path length optical cuvette. Figure 2.3 shows a 2D
time-resolved emission spectrum acquired with a 400 nm excitation wavelength and some spectral slices
at different time delays. The CCD camera was set to a full-vertical and 2-horizontal binning mode so that

each pixel is 27 ym wide, corresponding to a sub-nanometer resolution in the visible range. The pump
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Figure 2.3: A) 2D time-resolved emission spectra of C153 in EtOH and B) comparison between the
emission spectral slices and the normalized steady-state PL for Aex. = 400 nm.

beam was set to the magic-angle, and attenuated to 0.3 mJ/cm?, the CCD camera integration time was
fixed to 0.5 ps, and 8 spectral slices were averaged. The filled 2D contour plot (Figure 2.3.A) shows
the dynamic solvation and the vibrational relaxation of the photogenerated carriers within the first 20 ps
(Amax = 490-520 nm), which is visible on the spectral slices (Figure 2.3.B) as well. After 100 ps, the
signal recorded with the FLUPS overlaps well with the steady-state emission obtained with the UV /Vis
spectrophotometer. Furthermore, the cross-correlation between the transmitted pump and the gate is
visible around 400 nm at time-zero. As mentioned previously, this peak was fitted with a 2D Gaussian
function to obtain the temporal resolution of the experiment (190 fs) and for time correction. Finally, the
noisy part around 650 nm arises from the frequency-doubled gate beam and prevents any quantitative
analysis in this region. However, A\g can be tuned from 1240 nm to 1360 nm only with a slight decrease

of the upconversion efficiency to shift this noise from 620 to 680 nm.

2.2 Ultrafast transient absorption spectroscopy

In this thesis, FLUPS was combined with ultrafast transient absorption spectroscopy (TA) for each work

presented in Chapters 3, 4 and 5.

TA is a time-resolved optical method used to probe the photogenerated excited states of a given material
with a sub-picosecond temporal resolution. In such experiments, a fraction of the charge carriers are
promoted from the electronic ground state to an excited state using a short laser pulse (pump). After a
given time delay Tgelay, @ weak white-light continuum (WLC) pulse is focused on the same sample area to
probe absorbance modification induced by the pump. The dynamics are obtained by modifying the time

delay between the pump and the probe, while the temporal resolution is given by the cross-correlation

95



CHAPTER 2 Spectroscopic techniques

between the two pulses. The TA signal is given by:

AA()\, Tdelay) = Aon(Tdelay) - Aoff (24)

where A, is the absorbance of the excited system [-] and A.g is the system absorbance with the probe
only [-]. In TA, the detected signal can be either positive (if the photoexcited system absorbs a part of the
probe pulse) or negative (if the amount of probe light reaching the detector is increased). There are three
types of contributions to AA: ground-state bleaching (GSB), stimulated emission (SE) and photo-induced
absorption (PIA) (Figure 2.4). GSB arises from the depletion of the ground state and the filling of one
or multiple excited states by the pump pulse, which reduces the absorption of the probe light at these
particular energies. Therefore, the GSB process is expressed as a negative signal and usually mirrors the
steady-state absorbance spectrum. Besides, the probe pulse can interact with the charge carriers in the
excited state to cause relaxation to the ground state via SE. As this process will increase the number
of photons detected by the camera, it is also seen as a negative signal overlapping with the steady-state
fluorescence. Finally, PTA covers all processes related to an additional absorption from the photoexcited
system (excitation to higher excited states, absorption from new species...) and appears as a positive

signal in the TA spectrum.

While fluorescence spectroscopy only probes the emissive population, the TA signal is a combination of
the electron and the hole population: it can be used to investigate carrier trapping into dark states,
charge carrier transfer or carrier relaxation from higher electronic states. But, as seen in Figure 2.4, TA
signal is a sum of multiple contributions that can overlap spectrally. Consequently, the interpretation is

less straight-forward than for TRPL data.

1, T T———en 1,0 [T — ——————-
x — Absorption 3
—— Emission
PIA , 0.8 - 0.5
PIA, 1 g o
> o
3 06 1 Too
£ P4
£ 04l 1 <
SE £ <-0.5
GSB 0.2 4
<3 -1.0 -
0.0 AT P [PTPTYTES FYTPLTYTTY FRTTTTRTN PISTETTTI PRTTYTTITY FYTTTITTI ITPTITTTY
400 420 440 460 480 500 520 540 400 420 440 460 480 500 520 540
Wavelength / nm Wavelength / nm

Figure 2.4: Left) Photophysical processes that can be probed using transient absorption spectroscopy:
GSB, SE, PIA. Center) Example of an steady-state absorption and emission spectrum and right) the
corresponding signals observed by TA.
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2.2.1 Experimental setup

The setup described below was developed by S. Pelet!® and modified by B. Wenger?? and J. Teuscher, J.

Risse, A. Marchioro and N. Banerji.?! A schematic representation of the setup is shown in Figure 2.5.
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Figure 2.5: Experimental TA setup.

The laser source was a CPA Ti:Sapphire laser (CPA-2001, Clark-MXT), which generated 120 fs pulses
centered at 778 nm with an average power of 1 mJ with a 1 kHz repetition rate. A part of the output was
used to excite the sample, either with the double frequency of the fundamental using a type I BBO crystal
or with the output of a Noncollinear Optical Parametric Amplifier (NOPA-Plus, Clark-MXT), which was
later re-compressed with a pair of SF10 prisms (pump beam). The rest of the output was focused onto
a CaFy crystal to generate the WLC (probe beam). The probe was split into a signal beam (attenuated
and focused on the sample) and a reference beam (sent to the reference camera). The signal and reference
beams were detected by two spectrographs (Princeton instruments, SpectraPro 2500i) coupled with two
CCD cameras (Hamamatsu S7030-0906). A chopper (500 Hz) was placed on the pump path to measure
the sample absorption with and without the pump beam. Similarly to the FLUPS setup, the TA dynamics
were obtained with a motorized delay stage controlled by a LabVIEW software. The temporal resolution
of the TA and the correction for group delay dispersion were measured after set of measurements with
the cross-correlation of the pump and the probe on a blank sample (glass substrate or cuvette filled with
solvent). For each measurement, the raw spectral slices were corrected by substituting a background

signal from an average of 50 spectra between Tgelay = -2 ps and Tgelay = -1 ps.
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2.2.2 Global analysis of the ultrafast data

Along this thesis, ultrafast processes were often investigated by applying a global analysis procedure for
the TA and FLUPS dynamics.?? Here the term “global” refers to simultaneous analysis of every spectral
slice of a given data set obtained by TA or FLUPS. By considering that the photoinduced processes are
first-order and evolve independently from each other, we can simplify the fitting equation to a sum of n

monoexponential decay functions weighted with different amplitudes (A,,):

S(A,t)=y0+ZAi(A)-eXp (t_t()) (2.5)

where 7; are the time constants for each processes and remain the same (i.e. are linked together) for every
wavelength. This sum is sometimes convoluted with a Gaussian function to account for the instrument

response function for studying processes on the sub-picosecond timescale:

Ti

S()\,t):;iAi(A)~exp(t_ﬁo)- | + ERF w (2.6)

Then, the A, are extracted and can be plotted versus the wavelength (A, (\)) to give the so-called
decay-associated spectrum (DAS). DAS becomes powerful to unveil the spectral dependence of processes

evolving on different timescales.
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CHAPTER 3 -

Characterization of lead halide perovskite

nanoplatelets

This chapter discusses the standard characterization of as-synthesized strongly confined CsPbBrs NPls
and serves as an introduction to chapters 4, 5 and 6, which will review the ultrafast excited state dy-
namics in detail. Firstly, the synthetic procedure is described and the CsPbBrs NPIs are characterized
with TEM, cyclic voltammetry and UV-Vis spectroscopy. The effects of the quantum confinement on the
photophysical properties are highlighted and typical TA and broadband FLUPS data are also examined.
Lastly, the conventional approaches to treat the NP1 surface and improve their long-term stability is

introduced.

This chapter is based on the studies “Fxciton, Biexciton and Hot Exciton Dynamics in CsPbBrs Colloidal

21

Nanoplatelets”* and “Direct Observation of Shallow Trap States in Thermal Equilibrium with Band-Edge

FExcitons in Strongly Confined CsPbBrs Perovskite Nanoplatelets”?

conducted equally by Dr. Vale and
myself. Dr. Vale wrote entirely the first manuscript while I wrote the second. The contribution of Dr.

Burgos-Caminal in the data analysis is also gratefully acknowledge.
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3.1 Introduction

Over the last 15 years, lead halide perovskite (LHP) materials with an APbXj structure (A = Cs™,
CH3NH5, CH(NHy);; X = Cl7, Br—, I7) gathered great interest for photovoltaic devices.?® Today,
perovskite-based solar cells power-conversion efficiency has been pushed to 25.7%, making them one
of the most efficient single-junction solar cells.® Likewise, nanoparticles of the same material, called
perovskite nanocrystals (PNCs), have become promising for light-emitting diodes (LED) and lasing ap-
plications.” '3 The most common all-inorganic PNCs are weakly confined three-dimensional nanocubes
with dimensions slightly larger than the perovskite bulk-exciton Bohr radius.'* The perovskite core is
surrounded by long-chain organic ligands, which play a crucial role in preserving the size and the shape of
the NCs. PNCs are particularly attractive for light-emitting devices because they display high absorption
coefficients (up to 10710 e¢m?),1® high photoluminescence quantum yields (PLQYs) (close to 100%), ¢
high color purity (< 100 meV emission line widths), and a broad color gamut through halide and size-
tunability. Nonetheless, because of the instability of CsPbCls NCs and ultra-small zero-dimensional (0D)

CsPbBrs compounds, cubic PNC-based devices show limited performance in the blue range.

Two-dimensional (2D) CsPbBrs nanoplatelets (NPIs) or one-dimensional (1D) CsPbBr3 nanowires (NWs)
offer a great alternative for blue-emitting devices by shifting the material band gap to the blue through
the quantum confinement of the charge carriers. A strong quantum confinement regime is achieved when
at least one dimension of the NC becomes smaller than its bulk-exciton radius (3.5 nm for CsPbBrs).
The NP1 or NW optical properties can be controlled by tuning the shorter dimension (e.g. the thickness
of the NPIs or the radius of the NWs), while the lateral size only plays a minor role.!”** Due to the
quantum confinement of the perovskite structure, NPls exhibit different photophysical behaviors when
compared to traditional PNCs. Notably, the charge carrier interactions are enhanced, leading to ther-
mally stable excitons and short fluorescence lifetimes. Nonetheless, because of the increased number of
surface trap states, PLQYs of perovskite NPIs barely reach 50%. 120 Therefore, there is an urge to fully

understand the physical and structural limitations of these materials to optimize the NPl-based devices.

Herein, a new synthetic procedure was reported for preparing quasi-1D CsPbBrz NPIs (23 x 4 x 1.8
nm) with a narrow size distribution. The NP1 colloidal solutions were characterized using steady-state
spectroscopy, highlighting the effect of the quantum confinement on their optical properties. These
NPIs display an extended band gap compared to other CsPbBr3 NCs, as well as larger exciton binding
energy and narrower PL line width, making them attractive for blue-emitting devices. However, we

also evidenced charge carrier trapping, which is detrimental to the device efficiency. Particularly, the
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importance of understanding their surface chemistry was evidenced by studying the effect of long-term
storage on the NP1 properties. Due to ligand desorption from the surface, the number of trap states
increases, lowering the material PLQY. Finally, the ultrafast charge-carrier dynamics were investigated
by discussing typical data obtained by broadband fluorescence upconversion spectroscopy (FLUPS) and
fs-transient absorption (TA). This section serves as an introduction to the next chapters, in which a

detailed analysis will be presented.

3.2 Results and discussion

3.2.1 NPI synthesis

Strongly confined CsPbBrs NPIs were synthesized following a previously reported procedure, 2! with some
adaptations (Scheme 3.1). For the cesium source, Cs;CO3 (2 mmol) was mixed with oleic acid (OA)
(2.5 mL) in l-octadecene (17.5 mL). The solution was degassed and dried under vacuum at 120 °C on
a Schlenk line for one hour. Then, to complete the formation of Cs-oleate, the solution was heated to
150 °C under an inert atmosphere for 30 minutes. The Cs-oleate solution is stable for months, but it

precipitates at room temperature (RT) and should be heated up to at least 100 °C before use.

At the same time, the lead bromide source was prepared by mixing PbBry (0.20 mmol), OA (1 mL)
and oleylamine (OAm) (1mL) in dodecane (5 mL). The passivation of the NP1 surface was achieved by
adding an excess of bromide via ZnBry (0.13 mmol) with the starting compounds. The lead solution
was degassed and dried under vacuum at 50 °C on a Schlenk line for 30 minutes. PbBrs was completely
soluble in dodecane by increasing the temperature to 150 °C under an inert atmosphere. Then, the
solution was slowly cooled down to RT before injection of Cs-oleate (0.2 mL) under vigorous stirring.
After 5 minutes, the reaction was quenched in an ice bath. To purify the NPls, 5 mL of dry isopropanol
(IPA) was added to the solution before centrifugation at 5000 rpm for 5 minutes. The precipitate

containing unreacted Pb?* and large NPls was discarded, and another 10 mL of dry IPA was added

, i
4 V4 V4 Vi V4 V4 Vi,
“““ 9.0,9.0.,9.9;

0 R 6 060604
Cs + PbBry, —mmmm NI 2 O 2 O %
o Pz ZnBr, , OA, OAm, in dod. N %% o//j‘o//‘.

Lofololo!

N

\_oa

Scheme 3.1: Synthesis of the CsPbBrs NPI colloidal solution.
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to the supernatant. After a second round of purification (5000 rpm, 15 minutes) to remove the excess
ligands, the precipitate (purified CsPbBrs NPIs) is dissolved in dodecane (2 mL) and kept at RT for
days. For further spectroscopic investigations the sample was diluted in dodecane and placed in an 1
mm optical path quartz cuvette (Type 61, FireflySci) to obtain an absorbance of &~ 0.6 at the excitonic

absorption peak.

3.2.2 Effect of confinement on CsPbBr; NP1’ optical properties

Transmission electron microscopy (TEM) images of the as-synthesized CsPbBr3 NPls are shown in Figure
3.1. The particles have a rectangular shape with a length, Ixp; = 23 + 7 nm and a lateral size, wnpi
= 4 4 2 nm, close to the exciton Bohr radius (3.5 nm).'* The NPI thickness could be estimated by
looking at the steady-state absorption spectrum (Figure 3.2, A and B). The absorption of the colloidal
solution in dodecane is dominated by a strong excitonic feature at 2.78 eV (448 nm) followed by a
continuous band absorption above 3.02 eV (< 410 nm). The transition energy of the excitonic absorption
corresponds to 3 monolayers (MLs) of CsPbBrs NPIs, with a total thickness of 1.8 nm.!® This excitonic
peak is a direct consequence of the strong quantum confinement of the charge carriers and agrees with
the 0.66 eV blue shift of the band edge absorption compared to bulk CsPbBrs.?? Compared to other
square-shaped 2D LHPs, 1923727 the as-synthesized NPIs are smaller (Vxp; = 166 nm?) with an additional
intermediate quantum confinement in the lateral direction, inducing even more confined charge carriers.
The electrochemical band gap obtained by cyclic voltammetry (CV), E, = 2.70 ¢V (Figure 3.2.C),
matches the optical observations. Compared to larger CsPbBrs NCs, the valence band maximum energy
is slightly increased to -5.48 eV but the conduction band minimum energy is even more shifted up (to

-2.78 eV), which results in a larger band gap.2® 3¢

Figure 3.1: TEM images of fresh CsPbBrs NPls.
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Figure 3.2: A) Absorption spectrum of CsPbBr3 NPls in dodecane with the best-fitted curve (red line)
using the quantum-well model described in the Appendices. Inset: second derivative of the absorption
spectrum. B) Absorption, excitation and emission spectra spectrum of a fresh NP1 solution. C) Voltam-

mogram of CsPbBrz NPls and the corresponding band edge energies. D) 2D time-resolved emission
spectra obtained by TCSPC.

The absorption can be fitted by a quantum-well model (Appendix, section A.1)3%32 to get an upper
estimation of the exciton binding energy, Ay, and the best fitting curve is visible in Figure 3.2.A. The
fit deviates from the experimental data at higher energies due to the second and the third excitonic
transitions at 3.10 eV (400 nm) and 3.35 ¢V (370 nm) in the continuum absorption. These higher lying
transitions limits the estimation of the binding energy and a more comprehensive formalism is needed
to account for the excitonic contributions. An exciton binding energy of A, = 334 + 12 meV is ob-
tained, which is a greater value than for other NPIs,?332 and one order of magnitude larger than for
bulk CsPbBr3 (40 meV).!* This enhancement cannot only be explained by the size confinement, but also
by a contribution from dielectric confinement due to the difference of optical permittivity between the

perovskite core (¢ = 6) and the surrounding organic ligands (¢ = 2).33:34

Besides, the colloidal NPls exhibit an intense, narrow and short-lived emission peak at 455 nm (Figure
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3.2, B and D), which is highly promising for blue-emitting devices. The PL lifetime is estimated to
be 8.6 & 0.1 ns by fitting the time-correlated single photon counting (TCSPC) data with an exponential
decay function (Appendix, Figure A.2), and is in the range of what has been reported for CsPbBrj
NPIs. 1932 At late times (Tgelay > 30 ns), the data deviate slightly from the fit, presumably due to shallow

35737 Using the comparative method with a

trap states causing delayed fluorescence (see next chapter).
standard coumarin-102 solution, the PLQY is estimated to be ~ 30% (Appendix, section A.1). This value
is lower than traditional PNCs due to the increased number of surface states acting as exciton traps. The
small PL full width at half maximum (84 meV) indicates weak exciton-phonon coupling, as expected for
strongly confined systems due to the restriction of certain vibrational modes.?* 4! In addition, the 46
meV (7 nm) Stokes shift between the excitonic absorption and the emission is smaller than the theoretical

value for 0D quantum dots (QDs) with the same radius because the NPIs are not equally confined.? The

origin of the Stokes shift is intriguing for strongly confined particles and will be discussed later on.

Finally, the shoulder on the red side of the PL is a typical signature of trap states for strongly confined
NCs. 304344 TCSPC data (Figure 3.2.D and Appendix, Figure A.3) confirm that this tail does not
result from the presence of different particle sizes because the same time constant is applied to fit each
wavelength. Besides, the second derivative of the absorption (inset Figure 3.2.A) has a single minimum
around the exciton transition, and the absorption spectrum is flat in the 2.0-2.6 eV region, suggesting
a homogeneous particle size distribution and the absence of bulk or bigger CsPbBrs NPIls. Finally, the
emission spectrum does not shift with time, indicating that there is no energy transfer from different

particle sizes.

3.2.3 Ultrafast signatures of CsPbBr3; NPls

As for every other semiconductor, the excited state dynamics in LHP NPIs depend on the density of
photogenerated charge carriers. In CsPbBrs NPls, the exciton binding energy greatly overcomes the
thermal energy (kp-T) at RT, so it can be safely considered that electron-hole pairs (excitons) constitute
the primary photoinduced species. Consequently, instead of talking about the charge carrier density, it
becomes more relevant to use the average number of excitons per NP1, (Ny) [-]. (Ny) is proportional to

the density of photons per unit area, j [cm™2]:

(Nx) =j - ox (3.1)

where o is the absorption cross-section at the excitation wavelength [cm?]. This value is calculated using

a procedure based on Poisson statistics. 4> 47 The probability, P(n), of having n excitons in a single NP1
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is given by:

P(n) = (3.2)

Moreover, since multi-exciton annihilation is expected to be fast (7 = 10-15 ps, see chapter 5), a
maximum of one exciton remains per NP1 for 74e1ay > 50 ps. Knowing that the PL intensity is proportional
to the number of NPIs containing one exciton, the PL amplitude at late time delays (7gelay = 100 ps)

can be fitted with Equation 3.3 to obtain oy:
PLiax = A-[L — P(0)] = A- {1 - exp(—(NQ)} —A. {1 - exp(—j : UA)} (3.3)

For Aexe = 400 nm, o499 = 3.4-1071° cm? (Figure 3.3, A and B), which is one order of magnitude
smaller than for traditional PNCs. This difference is explained by the smaller particles volume and the
lower density of states at 400 nm. '®4® Yet, this value is still three to four orders of magnitude greater than

traditional CdSe/CdS/CdTe QDs,* which makes LHP NPIs more suitable for light-harvesting devices.
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Figure 3.3: A) FLUPS spectral slices (Aexe = 400 nm) at 7gelay = 100 ps for different excitation
intensities. B) PL intensity obtained by fitting the spectral slices with a Gaussian function and the
best fitted curve obtained from Equation 3.3. C) Dependence of the PL intensity on (Nx) with a line
illustrating the linear regime.
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Finally, (Vy) is calculated for each pump intensity using Equation 3.1. As expected for an ensemble of
independent NPls, the PL intensity increases linearly with (Ny) for low excitation densities since more
and more NPIs are photoexcited. For (Ny) > 1, the PL intensity deviates from the linear regime and
reaches a plateau. This deviation is a typical signature of exciton-exciton annihilation, which will be
discussed in more detail in chapter 5. Unless mentioned otherwise, (Ny) is kept below 0.2 to avoid multi-

exciton interactions since it gives a probability of 1.7% to have more than one exciton per NPI.

This thesis mostly combines broadband FLUPS with fs-TA to study the charge carrier dynamics in
CsPbBrs NPIs . As mentioned previously, FLUPS data are rather straightforward since the PL intensity
only depends on the emissive population. Nevertheless, since the TA signal is a combination of electron
and hole populations, it can unveil more complex processes. The following paragraph overlooks the
typical response of CsPbBr3 NPIls with FLUPS and TA spectroscopies. Some open questions are also

raised and will be answered in the next chapter.

The transient PL of CsPbBrs NPls (Figure 3.4.A) overlaps well with the steady-state emission spec-
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Figure 3.4: 2D A) broadband FLUPS and C) TA spectra acquired at a low excitation intensity, (Ny) <
0.2. Dynamic slices of B) FLUPS and D) TA at the peaks maxima.
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trum showing a maximum intensity at 455 nm. The PL shape remains identical over time, meaning that
the signal comes from a unique population set. A broad size distribution of NPls would have induced
an energy transfer from the smaller (with a bigger band gap) to the bigger particles (with a smaller
band gap) over a few picoseconds resulting in a shift of the PL towards the red side.??®2 The origin
of the 48 meV Stokes shift between the excitonic absorption and the main emission is unexpected for
a strongly confined system and will be addressed within the next chapter. The PL decay at low pump
intensity could be well fitted with a three-exponential decay function (Figure 3.4.B) with associated
time constants (and relative amplitudes) of 4.8 + 0.2 ps (40%), 43 + 4 ps (15%) and 3.5 £ 0.2 ns (45%).
The origin of the first, fast decay, remains poorly understood and will be one of the points discussed
within chapter 4. The two slower decays are usually assigned to exciton trapping into defect states and
radiative recombination, respectively.!?37:53 The exciton recombination lifetime estimated by FLUPS is

two times smaller than the value obtained by TCSPC because of the short time window.

The TA spectra (Figure 3.4.C) show one negative feature at 448 nm alongside two positive peaks around
435 (PIA-1) and 465 nm (PIA-2). The negative signal is a typical ground state bleaching (GSB) signature
since it matches with the steady-state absorption, and its amplitude is proportional to the population of
excitons in the lowest excited state. The GSB signal grows within the temporal resolution of the setup
(250 fs) and can be fitted with a two-exponential decay function with associated time constants (and
relative amplitudes) of 25 + 1 ps (21%) and 3.0 = 0.1 ns (79%) (Figure 3.4.D). The decays corroborate
with the FLUPS data and are related to exciton trapping and radiative recombination. The broad
positive signal on the blue side of the GSB (PIA-1) is a consequence of the strong quantum confinement
and is related to a forbidden exciton transition, which is activated by the presence of charge carriers in
the lowest excited state (“free” excitons).** Since this transition depends on the exciton population, it
follows the same decay dynamics as the GSB signal. Finally, PIA-2 around 465 nm is believed to arise
from the Coulomb interaction between an exciton with excess energy produced by the pump pulse and
a “free” exciton generated by the probe.®# 56 Since the TA spectrum at early times is analogous to the
second derivative of the absorption spectrum (Appendix, Figure A.5), this feature is assigned to the
biexcitonic Stark effect and is often used to calculate the biexciton binding energy. The fast, ~ 0.3 ps,

decay is highly debated in the literature and will be discussed in the next chapter.

3.2.4 NPP long-term stability and surface passivation

Before moving on to a more in-depth study of the ultrafast photophysical processes in CsPbBr3 NPls,
the question of the particle long-term stability need to be addressed. Firstly, it directly affects the

reproducibility and reliability of the optical measurements, and secondly, it is crucial to enhance LHP
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stability for optoelectronic applications.

Looking at the colloidal solution absorption and emission spectra is the easiest and fastest way to de-
termine whether or not the NPI optical properties are altered over ageing. Figure 3.5.A shows the
steady-state absorption and emission of a freshly synthesized CsPbBrs colloidal solution and the same
solution after 80 days of storage under ambient conditions. Both display the same shape and are red
shifted by only 5 nm. Since aggregation from 3 to 4 NP1 MLs would lead to a much larger redshift of the
band gap (> 20 nm),!? it indicates that the NP1’ thickness is preserved. The small change is attributed
to a growth of the NPIs in the non-confined dimension, which does not affect the confinement of the
charge carriers. Even after 80 days, the absorption spectrum remains flat for A > 475 nm, denoting a

homogeneous size distribution.
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Figure 3.5: A) Normalized absorption and emission spectra of a fresh NP1 colloidal solution and after
80 days. Evolution of the normalized PL decay dynamics B) upon ageing and C) for different synthetic
procedures.

However, the PL dynamics are considerably affected after ageing, as can be seen in Figure 3.5.B. By
fitting the dynamics with a three-exponential decay function, it is evidenced that the relative amplitude

associated with exciton trapping (7p = 43 ps) increases from 15% to 40% over 80 days, lowering by more
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than 50% the PL intensity after 1 ns. A more accurate fitting strategy will be described in the next
chapter. This drop is ascribed to the formation of new surface trap states arising from the desorption
of capping ligands on the NPI surface. By looking back to Figure 1.10, ligand desorption results in
under-coordinated Pb?* or Br~ atoms at the surface, which then act as charge carrier traps and ulti-
mately lower the PLQY from ~ 40% to ~ 5%.°7°® It has already been shown that OA/OAm binding to
the perovskite surface is highly dynamic and is one of the main concerns for further applications.26:59-64

Since the exciton radiative recombination rate is two orders of magnitude smaller than charge carrier

trapping, preventing the last process is crucial to obtain efficient optoelectronic devices.

A way to reduce the proportion of trap states is by substituting the usual capping ligands with less

labile ones, such as quaternary ammonium, 5% 67

or by passivating the NPI surface with post-synthetic
surface treatment. 5% Here, the last option was investigated by adding an excess of bromide achieved
through adding ZnBrs in the lead-source solution before the synthesis to passivate the excess of lead
at the surface. This resulted in an increase of the PL intensity (Figure 3.5.C) and the reduction of
the relative amplitude associated with exciton trapping (from 25 to 13%), indicating the passivation of

the surface trap states. This is accompanied by an increase in the PLQY from ~ 30% for the pristine

CsPbBr3 NPIs solution to & 40% for the NPIs treated with ZnBrs.

3.3 Conclusion

In conclusion, homogeneous colloidal solutions of strongly confined CsPbBrs LHP NPls with 23 x 4 x 1.8

nm dimensions have been synthesized and characterized.

The combination of quantum and dielectric confinement of the charge carriers led to: 1) a larger band
gap between the valence and the conduction band (3.11 eV vs 2.45 eV for bulk CsPbBr3), 2) a strong
excitonic absorption (Aaps = 448 nm), 3) a large exciton binding energy (334 meV vs 40 meV for their
bulk counterparts), and 4) an intense, narrow (84 meV) and short-lived (8.4 ns) emission at Aoy, = 455
nm. In addition, the NPIs retained some bulk LHP properties, such as high absorption coefficients (10~1°
em? vs 107 - 10720 ¢cm? for traditional chalcogenide QDs) and a low intrinsic interband trap density.
Because of the increased number of surface states, careful synthetic procedures should be followed to
overcome the creation of new trap states. Under-coordinated Pb?t atoms lying at the surface could be
passivated by adding an excess of bromide during the synthesis, while new organic capping ligands could

be used to prevent ligand desorption from the surface.
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Altogether, these results are promising towards the use of CsPbBrs NPlIs for blue-emitting devices. Still,
there is a lack of understanding about the underlying photophysics and the charge carrier dynamics at
ultrafast time scales. To address these points, typical data obtained by broadband FLUPS and TA were
introduced and led to three central questions: 1) Why is there an additional, fast, decay for the PL
compared to the GSB dynamics observed by TA? 2) What is the origin of the Stokes shifted emission
in strongly confined NPIs? This shift indicates that different states are involved during absorption and
emission, but how are they linked together? 3) What happens if the excitation intensity is increased to
generate more than one exciton per NP1? 4) Is the presence of tightly bound excitons and long chain

organic capping ligands hindering charge separation?

3.4 Methods

3.4.1 Sample characterization

TEM — TEM images of the NPls were taken at the Brazilian Nanotechnology National Laboratory (Sao
Paulo) on a JEOL JEM 2100F microscope with an Orius camera (SC200). The samples were prepared by
drop-casting a small amount of the concentrated NP1 solution on a TEM grid covered with an ultrathin

carbon film.

UV-Visible absorption — Linear absorption spectra were taken on a Perkin Elmer Lambda 950 UV-

Vis-NIR spectrophotometer. Since the intensity and the location of the excitonic absorption is strongly
dependent on the CsPbBrsg NP1 dimensions, this method is helpful to quickly track any change in the
sample. Therefore, UV-visible spectra are taken before and after each ultrafast measurement to ensure

the stability of the solution.

Cyclic voltammetry — The electrochemical measurements were performed according to the protocol

reported previously for LHP nanocrystals. 70 Initially, 4 mL of CH,Cly (dried over 3 A molecular sieves
for 48 hours) was purged with Ny for 15 minutes to remove dissolved oxygen. Then, 100 mg of tetra-
butylammonium hexafluorophosphate electrolyte was dissolved by stirring under an Ny atmosphere. A
three electrode system was adopted: a platinum disk with a diameter of 1.4 mm as working electrode,
Ag/AgCl wire as the quasi-reference electrode (QRE), and platinum wire as the counter electrode. The
working electrode was polished with 100 ym alumina slurry, washed through cyclic voltammetry in HoSO4
0.5 M several times, rinsed with ultra-pure water and acetone, and dried under N airflow before each

experiment. The Ag/AgCl QRE was prepared by immersing an Ag wire (pre-cleaned with concentrated
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HNO3) in a solution of FeCls 0.25 M in HCI 0.20 M for 5 minutes. The electrode potential was cal-
ibrated by CV with a ferrocene standard (Appendix, Figure A.1, Ey = 0.403 £ 0.003 V vs Normal
Hydrogen Electrode). 150 pl of the NP1 suspension was directly added to the electrochemical cell and
stirred for 5 seconds before the measurements. CV experiments were performed from -2.2 to 1.6 V vs
Fc%/* with a scan rate of 50 mV.s~'. All these electrochemical experiments were carried out with a

potentiostat/galvanostat (Multi Autolab PGSTAT 101, Metrohm/Ecochemie).

Steady-state and ns PL — Steady-state PL and TCSPC measurements were carried out on a Horiba

Jobin Yvon Fluorolog-3 instrument and are suitable to assess the reliability and calibration of the FLUPS
signal. The excitation source for the TCSPC measurements was a nanoLED N-390, which had a repeti-
tion rate of 1 MHz, a pulse duration of 1.3 ns and an excitation wavelength of 390 nm. The transient PL

was detected with a PMT set at 90° relative to the excitation source.

Ultrafast characterization — Broadband FLUPS and TA measurements were acquired with the setups

described in sections 2.1.4 and 2.2.1. Here, the excitation wavelength was generated by frequency-doubling
the Ti:sapphire laser output (Aexc = 400 nm and 389 nm for FLUPS and TA, respectively). To only
consider the population dynamics, the pump beams were set to the magic angle (54.7°). The beams were
attenuated to 22 uJ/cm? at the sample position. The dynamics were taken from -1 ps to 1.2 ns with
time steps increasing from 0.02 ps to 20 ps. Generally, in these experimental conditions, the temporal

resolution of the instruments are 200 fs and 250 fs for FLUPS and TA, respectively.
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CHAPTER 4 -

Early excited state dynamics in lead halide

perovskite nanoplatelets

This chapter focuses on the charge carrier dynamics in strongly confined CsPbBrs NPIs within the first
few picoseconds. Firstly, a simplified model to fit the FLUPS and TA data is drawn and used to unveil
the presence of shallow trap states, altering the PL dynamics. Secondly, the Stokes shifted emission is
attributed to an ultrafast hole localization into confined hole states. Lastly, we show that photon recy-

cling cannot be ignored for highly concentrated NP1 solutions.

This chapter is based on the studies “Direct Observation of Shallow Trap States in Thermal Equilib-

71 and “Resonant

rium with Band-FEdge Excitons in Strongly Confined CsPbBrs Perovskite Nanoplatelets
Band-Edge Emissive States in Strongly Confined CsPbBrs Perovskite Nanoplatelets”? with the partici-
pation of Dr. Vale in the experimental planning as well as Dr. Burgos-Caminal and Aaron Terpstra in

the data analysis.
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4.1 Introduction

Inorganic lead halide perovskite nanocrystals (PNCs) have gained interest in the scientific community
over the last years. Here, the inorganic core is surrounded by long-chain organic capping ligands to
control the NC size and shape, and passivate the surface states. With large band gap tunability, narrow
photoluminescence (PL) linewidths and near 100% PLQY,*>% PNCs have become ideal candidates for
light-emitting diodes (LED) and lasing applications.” ! In addition to their potential for optoelectronic
applications, PNCs show complex photophysical behaviors making them fascinating for fundamental
studies. 27 Compared to more traditional and widely studied three-dimensional nanocubes, the size
of strongly confined PNCs, such as nanoplatelets (NPls), is reduced in one dimension, increasing the
Coulomb interaction between the photogenerated charge carriers. Their exciton binding energies, of a
few hundreds of meV,1%'7 overcome the thermal energy, resulting in stable and tightly bound electron-
hole pairs. Furthermore, strongly confined PNCs have an increased surface-to-volume ratio, and their
surface states become fundamental for the global charge carrier dynamics. So far, the PLQY of lead
halide perovskite (LHP) NPls barely exceeds 50% because of the increased number of under-coordinated
atoms at the surface acting as deep trap states.'®19 The increased proportion of capping ligands at the
surface also provides an additional pathway to dissipate the excess energy after photoexcitation: due
to the rapid phonon transfer into the organic ligands, ultrafast charge carrier cooling rates have been

reported for strongly confined PNCs, even under strong photoexcitation. 2

During the last chapter, the synthesis of strongly confined CsPbBr3 NPIls has been detailed and their
optical properties highlighted. Yet, some questions remain open: why are the dynamics assigned to ex-
citons in the lowest excited state different when observed by transient absorption (TA) and fluorescence
upconversion spectroscopy (FLUPS)? Besides, a 49 meV Stokes shift has been pointed out, indicating
that different states are involved in the absorption and the emission processes. While, for bulk semicon-
ductors, the Stokes shift is usually attributed to the vibrational relaxation to the lowest excited state,
there is not such a continuum of states in NPls experiencing strong quantum confinement (at least around
the exciton transition). What could explain this shift? Is it only due to the homogeneous particle size

distribution?

Throughout this chapter, the aforementioned questions were addressed by connecting our ultrafast spec-
troscopic data with what has been reported in the literature. Firstly, we set up a model for fitting the
TA and FLUPS signals at early time scales and unveiled the presence of shallow trap states close to the

lowest excited state, giving rise to reversible exciton trapping. The location of the shallow states appears

84



CHAPTER 4 Early excited state dynamics in lead halide perovskite nanoplatelets

to be directly affected by the nature of the capping ligands. Secondly, the discussion focused on the
short-lived PL observed by FLUPS, which overlaps with the exciton absorption. It was attributed to the
emission from excitons in the lowest excited state, while the main PL feature was assigned to the radiative
recombination between electrons in the conduction band (CB) and holes in a confined state. A procedure
to isolate the hole localization process was implemented, giving a time constant of 300 fs. It helps gaining
insights for understanding the TA data, which are complicated by an overlap of multiple contributions.
Finally, for highly concentrated NPI solutions, larger particles can re-absorb photons emitted by smaller
ones, leading to an extended Stokes shift and a redshift of the PL. In CsPbBrs NPI colloidal solutions,

photon recycling is an almost instantaneous process.

4.2 Results and discussion

4.2.1 Exciton trapping in shallow trap states

The characterization of fresh CsPbBrg NPIs has been discussed in the last chapter. Standard TA and
FLUPS two-dimensional (2D) spectra acquired at low fluence are shown in Figure 3.4 and are similar
for every batch prepared for these investigations. As mentioned earlier on, the PL dynamics exhibit a
fast decay on a few picosecond time scale that is not visible by TA (Figure 4.1.A). To explain this
difference, the physical processes underlying FLUPS and TA signals need to be understood. While the
PL intensity observed by FLUPS is proportional to the population of a given emissive state, the ground
state bleaching (GSB) probes the transition between the ground and the lowest excited states, whether
they are emissive states or not. Accordingly, the fast decay in the PL may arise from a rapid transfer
from excitons in the lowest excited states to localized shallow trap states. These shallow traps are, by
nature, lying close to the lowest excited state (< 15 meV) and cannot be distinguished spectrally using
TA spectroscopy. In this case, the thermal energy (kT = 25 meV) is sufficient to allow de-trapping of
excitons from the shallow traps back to the lowest excited state. The presence of trap states close to
the band edge has already been introduced to explain the delayed luminescence observed in lead halide
PNCs.2122 In addition, even if shallow trap states should not be as detrimental as mid-gap (deep) trap

states for the NC-based device performances, they can induce PL intermittency or PL blinking. 2326

Here, a simplified model (Figure 4.1.B) is proposed to fit the experimental data and verify this assump-
tion. The model applies to an ensemble of NPls excited with a low excitation intensity, (Ny) < 0.2, to

avoid multi-excitonic events. Four states are considered: 0 the ground state, X; the lowest excited state,

S the shallow trap state and D the deep trap state. After photoexcitation, the exciton population in
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Figure 4.1: Normalized GSB and PL decays obtained by TA (Agsp = 448 nm) and FLUPS (Ap, =
455 nm) at the A) picosecond and C) nanosecond time scale. B) Energy diagrams illustrating the model
proposed in the text. D) Simulated TA and FLUPS signals obtained by analytically solving the model.

X can 1) be trapped into S with a rate constant kg [s™!] (and de-trapped with a rate constant k_g)
[s71], 2) be trapped into D with a rate kp [s™!] (irreversible and leading to non-radiative recombination)
or 3) recombine radiatively with a rate constant ky.q [s7%]. Since 7¢ = 1/kg (a few picoseconds) and
7p = 1/kp (tens of picoseconds) are expected to be at least one order of magnitude different, the four
states model could be simplified into two unrelated three-state ensembles to get analytical solutions.
Hence, a proportion Nx , = a of NPIs without shallow trap states and Nx, = 1 — a of NPIs without
deep trap states are considered. Three energy levels are available for the first population set (labelled
X1 — D—0), and X1 — S—0 are set for the NPls free of deep traps. As already expressed by Bohn et
al.,?" a gives the proportion of NPIs having defects detrimental to the PL, most likely NPls with under-
coordinated atoms at the surface. Finally, it is assumed that X; and S are in thermal equilibrium since
the energy difference between the two states, AE [eV], is lower than the thermal energy kp - T at room
temperature (RT). Hence, the population distribution between X; and S follows a Maxwell-Boltzmann

distribution, and the back transfer rate constant k_g is related to ks via Equation 4.1.
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ks = k_s . exp(fAE/k:B . T) (41)

Right after hot carrier relaxation, all photoexcited carriers should be in the lowest excited states. Conse-
quently, the initial conditions are assumed to be Nx, + Nx,, = 1 and Ng = Np = 0. Then, the evolution

of the population of each state is given by:

dN
dfl = _krad : NX1 - kS : NXl + k_s : NS (42)
dN
dj‘jl/ = 7krad . NXI/ - kD . NX1/ (43)
dN.
=5 — kg Nx, —k_g - Ng (4.4)
dt
dNp
2 —kp-N 4.
= p - Nx,, (4.5)

In Equation 4.5, the non-radiative relaxation from D to 0 has been neglected because trapped excitons
do not contribute to the TA or FLUPS signals. Finally, the PL intensity is only proportional to the sum
of Nx, and Nx, , while the TA signal is a combination of Nx,, Nx , and Ng since these states cannot

be resolved spectrally (Equations 4.6 and 4.7).

Sigrrups = Vx, + Nx,, (4.6)

Sigra = Nx, + Nx,, + Nx, (4.7)

The simulated TA and FLUPS signals obtained by solving Equations 4.1-4.5 follow the trend of the
experimental data (Figure 4.1, D). Therefore, experimental data were fitted using the previous model
for a) different surface passivation strategies and b) various NP1 ages. The fitting procedure is described

in the Appendices (section B.1).

To study the impact of the NPI surface on the charge carrier dynamics, CsPbBrs NPIs with different
surface passivation strategies were synthesized: 1) conventional (or “pristine”) NPls with oleic acid (OA)
and oleylamine (OAm) as capping ligands, 2) NPls treated with ZnBry and 3) NPls with trioctylphosphine
oxide (TOPO) substituting OAm. It has previously been shown that adding ZnBry to the precursor
solution brings an excess of Br~ ions, reducing the number of surface trap states and boosting the
solution PLQY. 27?8 Besides, TOPO is believed to bind more strongly to the perovskite surface than OAm,
therefore improving the NP1’s long term stability. #2?:3° Figure 4.2 shows normalized PL decays and the

best obtained fits, and Table 4.1 summarizes the fitting parameters. Each sample displays similar rate
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constants, with associated time constants of 7¢ = 3-8 ps, 7p = 21-35 ps and T,aq = 1.2-1.4 ns for exciton

trapping into shallow states, exciton trapping into mid-gap states and exciton radiative recombination,

respectively. The trapping and recombination rates corroborate with previous reports,

3,21,22,27,31

and

are close to the results obtained by fitting the data with a three-exponential decay function (chapter 3).

It should be mentioned that 7,4 may be underestimated due to the short time window of the FLUPS

instrumentation, which makes it impossible to record PL dynamics after 1.2 ns.
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Figure 4.2: Normalized PL and GSB (bottom right) decays and best fits obtained with the proposed
model for different surface passivation strategies.

Table 4.1: Parameters from the fits displayed in Figure 4.2.

Passivation strategy | ks [s™!] | kp [s71] | krada [s7!] | AE [meV] | a
Pristine 1.4x10'" | 4.9%x10'° | 8.3x10% 10 0.19
TOPO 3.2x10' | 2.9x101° | 7.7x10% -2 0.20
ZnBr, 1.2x10" | 4.5x1010 7.5x108 10 0.05

Besides, AFE remains smaller than the thermal energy at RT for each sample and is close to the TA

spectral resolution: around 445 nm, a difference of 10 meV induces a shift of 1.6 nm, which is less than

2 pixels of the CCD camera. Interestingly, substituting OAm by TOPO induces a change of AE and
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imply that the nature of the ligands may shift the trap state location. More importantly, it means that
shallow traps are formed, at least partially, by surface states. The simulations show that the traps could
be slightly below (intraband) or above (interband) the lowest excited states. Still, further investigations
should be conducted to evaluate these preliminary observations. For example, obtaining temperature-
dependent early time PL dynamics may give crucial information on the trapping and de-trapping process.
Finally, as discussed beforehand, treatment with an excess of Br™ ions reduces the percentage of NPls
having deep trap states from 19 to 5%. As already argued, bromide ions can fill the halide vacancies at

the surface, which is one of the primary sources of defects for strongly confined PNCs. 2728

The long-term stability of NP1 colloidal solutions has been discussed in the previous chapter: the dynamic
nature of ligand binding on the perovskite surface results in mid-gap trap states. Here, the simplified
model is applied to monitor the effect of sample aging on the PL dynamics. The NP1 colloidal solutions
with a excess of bromide at the surface were stored for 80 days under ambient conditions, and ultrafast
PL measurements were performed after 10, 20, 40, and 80 days (Figure 4.3). A global fitting procedure
was applied on the FLUPS data to evaluate the five samples. The rate constants ky, ko, k3 and the energy
difference between S and X7, AE, were fixed to the initial values found previously, while the percentage
of NPIs having deep trap states, a, was fitted. The results of the global fitting procedure are displayed in
Table 4.2. According to the model, a increases from 0.05 for fresh solutions to 0.49 after 80 days. This
result goes along with a decrease of the PL signal intensity at 1 ns and corroborates the last chapter’s
argumentation. Besides, experimental data deviate from the simulation for the two older solutions, where
a becomes large. This is presumably due to an increased number of NPIls having both shallow and deep
trap states, giving rise to a competition between exciton de-trapping from S to X; with exciton trapping

from X; (or S) to D, which is not taken into account in this simplified model.

Table 4.2: Parameters from the fits displayed in Figure 4.3.

Sample age | ks [s71] | kp [s7] | kraa [s7!] | AE [meV] | a

Fresh 1.2x10* | 4.5x10'° | 7.5x108 10 0.05
10 days 1.2x10'" | 4.5%x10'° 7.5%x10% 10 0.22
20 days 1.2x10" | 4.5x10° | 7.5x10% 10 0.28
40 days 1.2x10" | 4.5%x10° | 7.5x108 10 0.38
80 days 1.2x10'" | 4.5%x10'° | 7.5x10% 10 0.49
Fresh (TA) | 1.2x10'! | 4.5x10° | 7.5x108 10 0.07
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Figure 4.3: Normalized PL decays and best fits obtained with the proposed model for different NP1
solution ages.

We have highlighted the effect of shallow trap states on the exciton dynamics but the nature of those
states remains uncertain. In 2D perovskites it has been suggested that the exciton fine structure exhibit
two peaks for so-called “bright” and “dark” excitons.??33 The dark states lie 8-10 meV below the bright
ones and might also be responsible for the fast radiative decay observed by FLUPS. More recently,
Gramlich et al.?* have reported a thickness-dependent dark-bright exciton splitting in CsPbBr3 NPls

using magneto-optical spectroscopy and revealed a 18 meV shift for 3 ML, which is greater than the
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values estimated here. At this point, it becomes crucial to investigate the temperature-dependent PL
dynamics of the NPls to distinguish between extrinsic (presence of shallow trap) and intrinsic (exciton
splitting) processes. Additional intensity dependence analysis might also be carried out to probe a state-

filling effect which would reveal the presence of shallow traps.

4.2.2 Origin of the Stokes shifted emission

Last chapter raised a question about the 46 meV Stokes shift (AEg) between the steady-state excitonic
absorption and emission spectra of CsPbBrs NPIs. The AFg indicates that there are two different states
involved in the absorption and the emission processes, which is puzzling since there is not a continuous
band at 448 nm but localized exciton states. Several explanations have been raised in the literature to
explain AEg in weakly confined PNCs, such as photon recycling due to the broad size distribution,??
formation of polarons inducing lattice relaxation,3¢ and the presence of a confined hole state (CHS).37

In the following paragraphs, these hypotheses will be investigated by combining FLUPS and TA data.

An elbow on the blue side of the emission peak is observed by FLUPS in the sub-picosecond time
scale (Figure 4.4a) and vanishes within the first picosecond. By isolating this signal (the procedure is
described in section 4.4.2), its shape is found to be close to the excitonic absorption with a maximum
at A = 445 nm. In addition, the decay of this peak matches the rise of the main emission with a time
constant of 7cys = 0.3 ps (Figure 4.4.B). As shown in the Appendices (Figure B.1), the isolated
signal is homogeneously broadened, indicating that only a unique population state is involved. The
NPIs were excited closer to the band edge to ascertain that the short-lived signal does not come from
carrier relaxation, even though the charge carrier cooling is expected to be ultrafast for such experimental
conditions (low excess energy and low exciton density).?° The PL dynamics and spectral slices for Aexc
= 435 nm are shown in Figure 4.4, C and D. The dynamics at Aprope = 455 nm remain unchanged
by pumping close to the band edge, but the dynamics of the short-lived signal are impossible to track
because of the overlap with the cross-correlation peak between the pump and the gate beam around t.
Nevertheless, by increasing the pump intensity a lengthening of the blue-shifted PL is observed, alike for
Aexe = 400 nm (and will be discussed in chapter 5). Thus, the blue-shifted elbow is attributed to the
radiative recombination of excitons in the lowest excited states, while the main emission comes from a
relaxation from states located 50 meV below. These states have been previously assigned to CHSs,37:38
which are dark in absorption due to a low density of states but bright in emission, explaining the size
dependence of AEg for PNCs. Brennan et al.?” have shown that AEg increases when the NC dimension
decreases, which is explained by a continuous expansion of the band gap due to quantum confinement

while the CHS energy levels remain constant. By fitting the lowest excited state and CHS dynamics
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(Appendix, section B.1), a mono-exponential decay (or rise) time constant of 290 + 20 fs is found,
corresponding to the hole localization into the CHSs. So far, emission spectra do not present a spectral
redshift which would be the signature of lattice-induced relaxation (or polaron formation). However, since
the polaron formation in weakly confined PNCs is close to the FLUPS temporal resolution, it cannot be

excluded yet.3?
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Figure 4.4: A) Absorption spectrum (black line), FLUPS spectral slices at 7Tqelay = 100 ps (green
dots) and 7Tqelay = 0.1 ps (purple dots), and isolated band edge emission (blue dots). B) Normalized main
emission (Aprobe = 455 nm) and isolated band edge emission (Aprobe = 440 nm) dynamics. C) Normalized
main emission dynamics for NP1 solutions excited at different wavelengths. D) FLUPS spectral slices for
Aexe = 435 nm and (Ny) = 3.3.

We then tried to support the assumptions drawn in the previous paragraph by analyzing the more complex
TA data, keeping in mind the time scale of the hole localization. Figure 4.5, A and B displays the
evolution over the first few picoseconds of the three main contributions observed by TA under weak
photoexcitation: GSB (450 nm), PTA-1 (440 nm) and PIA-2 (460 nm). There are three main points to be
borne in mind: 1) a growth of GSB and PIA-1, 2) a decay of PIA-2, which is formed instantaneously upon
photoexcitation and 3) a slight 2 nm (14 meV) redshift of the whole spectrum over less than a picosecond.

After one picosecond, all features have reached a plateau before decaying with the time constants reported
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in the last chapter. Interestingly, by fitting PIA-1 (PTA-2) with a convolution of a Gaussian function
and a mono-exponential decay (rise) function, a time constant of 7 = 0.29 ps is obtained, similar than
for the hole localization observed by FLUPS. To date, PIA-1 has been assigned to the forbidden exciton
transition activated by the presence of an exciton at the lowest excited state, while the red-shifted PIA-2
signal has been linked to the biexcitonic Stark effect induced by Coulomb interaction between the exciton
and all biexcitonic states.*%4? For that reason, the decay of PIA-2 is often tracked to get information
on the cooling process. 344 However, as already mentioned, charge carrier cooling in CsPbBrs NPIs is
expected to be faster than the temporal resolution of the TA setup (= 200 fs), especially with a 400 meV

excess of energy and at low carrier density.
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Figure 4.5: A) Early time scales TA spectral slices for Aexe = 389 nm. B) GSB (Aprone = 450 nm),
PIA-1 (Aprobe = 438 nm) and PIA-2 (Apobe = 462 nm) normalized dynamics. C) Decay associated
spectra obtained by applying a global fitting procedure with a three-exponential decay function on the
TA dynamics. D) Normalized, at Tqelay = 2.0 ps, TA dynamics around the GSB maximum.

Another way to estimate the proportion of hot carriers in the system is to fit the blue tail of the TA
spectrum and extract the carrier temperature (T.).%> The electron and hole temperatures are roughly

the same since the effective masses of the charge carriers are similar in LHPs. %647 Considering an excess
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energy of 400 meV, electrons and holes should have an initial T, = E/kp = 2320 K, where E and kp
are the excess energy per carrier [J] and the Boltzmann constant [J/K], respectively. By fitting the TA
data at Tqelay = 200 fs, the carrier temperature 350 K, which indicates the complete cooling of the charge
carriers by this time delay (Appendix, Figure B.2). Hence, the decay of PIA-2 with a time constant of

7 = 290 fs cannot be assigned to charge carrier relaxation to the lowest excited state.

Besides, a global fitting procedure with a three-exponential decay function was performed on the TA
data for A = 415-480 nm to investigate the spectral dependence of the different processes. The decay
associated spectra (Figure 4.5.C) associated to the fit show that A;, linked to the fast component (rcus
= 0.29 ps), is positive around PTA-2 (Apax = 455 nm) and negative around PIA-1 (Ayin = 444 nm),
confirming what has been observed by fitting individual traces. Our interpretation is that PIA-2 has
a predominant contribution from the Stark effect between “free” excitons produced by the pump and
all biexcitonic states. Then, once photoexcited holes are localized into CHSs, the interaction between
the two excitons is reduced, ultimately decreasing the PIA-2 signal intensity. Consequently, the decay
lifetime of the PTA-2 peak is related to the hole localization time constant. Note that hole localization
in CHSs should also induce a decay of the initial GSB signal with the same time constant, since the
CB-VB transition is no longer blocked. However, as shown in Figure 4.5.C, the positive and negative
components for A; overlap and cancel out around 448 nm, most probably because of the large bandwidths
of the VB-CB and CHS-CB transitions. By shifting the probed wavelength to the blue (or red) side of
the GSB, the VB-CB (or CHS-CB) transition is maximized, as shown in Figure 4.5.D. As expected, the
decay of the signal at the blue edge matches the rise of the one on the red side, supporting the conclusion
of a sub-picosecond hole localization from the lowest excited state. After one picosecond, all traces dis-

play the same dynamics (Appendix, Figure B.3), indicating that they are all correlated to the same state.

Some evidence for the localization of holes within the first picosecond have been shown, yet it cannot
explain the final observation related to the small, 14 meV, spectral redshift (Appendix, Figure B.4).
This value does not match the calculated A E, but is similar to the reported exciton-polaron interaction in
confined LHP systems.*® Similarly to what has been done for 2D MAPbI3, 2 more focused investigations
should be conducted to clarify the nature of the interaction between the perovskite lattice and the charge
carriers in weakly confined CsPbBrs systems. The localization of holes at Br atoms has already been
unveiled for weakly confined PNCs using time-resolved X-ray absorption spectroscopy.4® This localization
is ascribed to the formation of a small polaron, while electrons are delocalized in the CB. The structural
distortion of the PbBrg octahedra is believed to arise from the 18 meV LO phonon mode in CsPbBrs.%° It

remains unclear if and how polarons affect the charge carrier dynamics in such small systems. Rossi et al.
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have argued that since the exciton wave function and the lattice distortion from polaron exist in the same
volume, the influence of polaron is even greater than in weakly confined PNCs.*! In opposition, Weidman
et al. 1% have claimed that the polaron formation is incomplete in NPIs due to their reduced dimensions.
Therefore, additional investigations should be conducted to relate the hole localization process presented

here with the polaron formation.

4.2.3 Efficient photon recycling for concentrated solutions

Some studies in the field have argued that photon recycling and energy transfer are the main reasons
for the apparent Stokes shift observed in PNC aggregates or films.3%°1:52 However, colloidal solutions
are likely to inhibit the energy transfer due to the inter-particle separation caused by the capping ligand
shell. 5 Since the NPI size distribution is homogeneous, bigger particles, which have a narrower band
gap, can re-absorb the photons emitted from smaller ones, enlarging the external AFE,. To ascertain that
the previous observations are not a consequence of photon recycling, several NP1 solutions with different
concentrations were prepared. Because of the spatial overlap between particles for highly concentrated
NP1 solutions, these conditions should favor photon recycling and predict what could happen for NP1 thin
films. Here, four samples, NP1-0.3, NP1-0.5, NP1-1.2 and NPI1-1.6, were prepared and labelled according
to their absorbance at 400 nm (Appendix, Figure B.5). As expected, static absorption spectra do not
show any noticeable shift after normalization (Figure 4.6.A). Even for the highest NP1 concentration,
the size distribution remains homogeneous, and there is no sign of aggregation. Nevertheless, the PL
maximum is shifted by 8 nm between NPI1-0.3 and NPI-1.6, extending the apparent AFE, from 46 meV to
93 meV. In addition, the relative intensity of the blue-shifted emission vanishes progressively from NPI-
0.3 to NP1-1.6 (Figure 4.6, C-F). It is worth noting that the time constant for the hole confinement
remains unaffected for NPI1-0.3, NP1-0.5 and NPI-1.2 (Figure 4.6.B). It becomes clear that when the
NP1 concentration is high enough, the NPls experience photon recycling, akin to what has already been

t.39:5455 T addition, the absence

observed for films where the particle stacking is even more prominen
of PL spectral dynamics for NP1-1.6 indicates that the re-absorption process is faster than the temporal
resolution of the FLUPS instrumentation (< 150 fs). Since the time constant for photon recycling does
not match the reported decay lifetime for the band edge emission, this further excludes the photon re-
absorption process for being the cause of the Stokes shifted emission. To summarize, photon recycling
may increase the external Stokes shift in highly concentrated NP1 solutions but has only a minor or no
impact at all in diluted solutions. Therefore, it becomes crucial to differentiate the external (observed)

Stokes shift, which depends on the NC size distribution and concentration, with the intrinsic value,

presumably arising from hole localization.
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Figure 4.6: A) Normalized absorption (lines) and emission (dots) spectra for different NP1 concentra-
tions. B) Normalized band edge PL decays (Aprobe = 440 nm for NPI-0.5 and NPI-1.2 solutions. C-F)
FLUPS spectral slices for different NP1 concentrations.

4.3 Conclusion

The previous sections discussed the physical processes occurring in the first few picoseconds in freshly

synthesized CsPbBrs NPls, combining multiple ultrafast spectroscopic techniques.
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Firstly, it has been unveiled that the charge carrier dynamics are affected by the presence of traps states
lying close to the lowest excited state. The exciton trapping to the dark states is fast, 3-8 ps, and re-
versible at RT, causing the lengthening of the overall PL decay.?!%657 The data were fitted by drawing
a simplified model for an ensemble of uncorrelated NPIs and highlighted the importance of the organic
capping ligands on the trap state density and on the location of the shallow states. These results not
only pointed out the importance of having control of the NP1 surface chemistry to passivate trap states,
but that a complete understanding of the trapping mechanism is crucial as well for improving device

performances.

Secondly, the origin of the 49 meV Stokes shift between the excitonic absorption and the PL maximum
was investigated. On the sub-picosecond time scales, the PL is a convolution of two emission peaks
centered at 445 nm and 455 nm. The former was assigned to the recombination of excitons in the lowest
excited state and decays quickly (rcps = 300 fs) with the same time constant as the rise of the second,
and more intense, feature. This transition was assigned to the rapid localization of band edge holes into
CHSs, which are dark in absorption but bright in emission. The existence of CHSs has already been
brought up by Brennan et al. to explain the Stokes shift dependence on the size of the PNCs.3” Further-
more, even if the interpretation of TA data is challenging due to the overlap of multiple contributions
with large bandwidths, a global fitting procedure was performed to demonstrate that the decay of the
PIA-2 band, previously assigned to charge carrier cooling, is more likely due to the confinement of the
holes into the CHSs. The predominant contribution of PIA-2 is the biexciton Stark effect between “free”
excitons and excitons produced by the probe. Further investigations should be conducted to relate the

hole localization process presented here with the polaron formation.

Finally, it has been showed that the external Stokes shift was increased by 50 meV for highly concentrated
NP1 solutions due to photon recycling. When the NPls are stacked together, the bigger particles, with
narrower band gaps, can re-absorb the emitted photons from smaller ones, shifting the PL to the red.
This effect has already been reported for PNC films?36>4 and is faster than the temporal resolution of the

instrumentation (< 150 fs).

In summary, these findings show the utility of combining ultrafast spectroscopic techniques for under-
standing the complex photophysical processes occurring in LHP NPIs. However, this broad picture is
only valid under weak photoexcitation for an ensemble of un-correlated excitons. For some applications,
such as lasing, the exciton density increases and it is crucial to understand and predict carrier-carrier

interactions. This will be the focus of the next chapter.
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4.4 Methods

4.4.1 Sample preparation

For each set of measurements, the NP1 solution was prepared according to the detailed procedure described
during chapter 3. An excess of bromide on the surface was achieved by adding ZnBrs salt to the lead
precursor solution. It has been previously showed that it helps reduce the number of surface trap states
and increase the long term stability of the NPls. The samples were diluted in dodecane to obtain
an absorbance of 0.5 at 400 nm in a 1 mm optical path quartz cuvette right before the spectroscopic

measurement to avoid, as much as possible, ligand desorption from the NPI surface.

4.4.2 Experimental measurements and data treatment

Ultrafast characterization — Broadband FLUPS and TA measurements were performed with the se-

tups described previously. For most of the experiments, the excitation wavelength (Aexe = 400 nm and
389 nm for FLUPS and TA, respectively) was obtained by frequency-doubling the laser output, which
gives the most stable beams. Additional FLUPS measurements were conducted using Aeye = 435 nm
to ascertain that the sub-picosecond time scales dynamics are not linked to the cooling of hot carriers.
However, setting the excitation wavelength close to the probed region prevents quantitative analysis in

the 425-445 nm region due to the cross-correlation between the transmitted pump beam and the gate at tg.

Band edge emission isolation — A homemade procedure has been written to isolate the short-lived

and blue shifted emission. Firstly, for each time delay, the spectral slices (PLyorm) were normalized at A
= 455 nm. Then, PLyorm (Tdelay = 0-20 ps) was subtracted from PLyorm at late times (7gelay > 100 ps) to
suppress the signal coming from the radiative recombination of single excitons in the lowest excited state.
An average of 5 slices around Tgelay = 100 ps was used for the subtraction to increase the signal-to-noise

ratio.
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CHAPTER D -

Multiexciton processes in lead halide

perovskite nanoplatelets

This chapter reviews the response of strongly confined CsPbBr3 NPls under strong photoexcitation
regimes combining broadband FLUPS and TA. The presence of thermally stable biexcitons is firstly
unveiled and their main properties discussed. Then, the influence of the exciton density on the hole

localization into confined hole states is investigated.

This chapter is based on the studies “Fzciton, Biexciton and Hot Ezciton Dynamics in CsPbBrs Colloidal
Nanoplatelets”' and “Resonant Band-Edge Emissive States in Strongly Confined CsPbBrs Perovskite

2”2

Nanoplatelets”* conducted equally by Dr. Vale and myself. Dr. Vale wrote entirely the first manuscript

while I wrote the second.
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CHAPTER 5 Multiexciton processes in lead halide perovskite nanoplatelets

5.1 Introduction

Perovskite nanocrystal (PNC)-based devices are one of the most promising materials for lighting technolo-
gies.? 8 PNCs exhibit high photoluminescence quantum yields (PLQYs), narrow and tunable emission
bandwidths along with high absorption coefficients.”® Strongly confined PNCs, such as two-dimensional
nanoplatelets (2D NPIs), have also gained interest over the past years for non-linear applications. %12 In
such semiconductors (SCs), the charge carriers experience quantum confinement because of the reduced
dimension(s) of the perovskite structure. Since the bulk-exciton radius for CsPbBrs is rp = 3.5 nm,
strongly confined CsPbBr3 NCs have, at least, one dimension smaller than ry. Confinement of the charge
carrier is further enhanced by the organic ligands binding the perovskite surface. These capping ligands
have a lower optical permittivity (g9 &~ 2) than the inorganic core (g9 & 6), giving rise to a dielectric

confinement. Strongly confined PNCs offer unique photophysical properties because of the enhanced

carrier-carrier interactions leading to stable single and multi-excitons.

For example, some studies have already reported biexciton binding energies up to several tens of meV for
small PNCs, overcoming the thermal energy at room temperature (RT).13!% The term biexciton refers
to a quasi-particle formed by the attraction between two excitons inside the same molecule. There are
two primary ways to generate biexcitons: 1) under a strong photoexcitation regime which can produce
multiple excitons per nanoparticle, or 2) by absorbing a high-energy photon (greater than twice the band
gap), which can generate two free excitons via carrier multiplication. > 17 Biexciton states are linked to
optical gain through population inversion and amplified spontaneous emission (ASE) in SC NCs; the
biexciton lifetime can vary from a few picoseconds to hundreds of picoseconds, depending on the shape,
size and composition of the PNCs.'® 2% Usually, biexciton lifetimes are limited by the rate of exciton-
exciton annihilation, a process comparable to Auger recombination for bulk SCs.2!:22 This non-radiative
process, where the first electron-hole pair recombines by transferring its energy to a second electron-hole
pair which is excited to a higher energy level, becomes the main efficiency loss pathway for devices under

large exciton densities.

Therefore, understanding the response of the lead halide perovskite (LHP) NPls under high carrier density
is crucial for specific optoelectronic applications, such as lasing. Here, broadband fluorescence upconver-
sion spectroscopy (FLUPS) was combined with femtosecond transient absorption (TA) spectroscopy at
high excitation intensities to investigate as-synthesized CsPbBrs NP1 colloidal solutions. Firstly, we high-
lighted the signatures of stable and emissive biexciton species on FLUPS and TA spectra. The methods

used to isolate the biexciton signal were then discussed, yielding a calculated biexciton binding energy of
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~ 70 meV, which is close to the theoretical prediction for 2D biexcitons in quantum well structures. By
fitting the biexciton signal decay, the lifetime was estimated to be 11 ps, and was assigned to the time
constant for exciton-exciton annihilation. Secondly, we investigated the influence of the pump intensity on
the hole localization process, which was discussed in the last chapter. By increasing the exciton density,
the hole localization from band edge states to confined hole states (CHSs) becomes slower, presumably
due to the filling of CHSs. Finally, we showed that hot carrier cooling and photon re-absorption remain

faster than the temporal resolution of the setups, even under strong photoexcitation conditions.

5.2 Results and discussion

5.2.1 Biexciton properties

The standard characterization of CsPbBrs NPls, as well as the FLUPS and TA dynamics under low
excitation intensity, were discussed in the previous chapters. Here, the focus is set on the optical response
of the NPls when the excitation intensity is increased to generate more than one exciton per particle.

The number of exciton per NP1, (Ny), is estimated using Poisson statistics (Equations 3.2-3.3) and
taking into consideration the fact that the absorption cross section, o490 = 3.4 - 1071 cm?, does not
change between the two broad excitation wavelengths Appups = 400 nm and Arp = 389 nm. The 2D
FLUPS and TA spectra for different excitation intensities are shown in the Appendices (Figure C.1 and
2). As seen in Figure 5.1, increasing the pump intensity greatly affects the PL spectral shape within
the first tens of picoseconds. On the blue side of the peak, the emission previously assigned to band edge
recombination (Apax = 445 nm) is more pronounced and decays within the first five picoseconds. The

dependence of the hole localization process on the carrier density will be discussed in detail later on. In
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Figure 5.1: Normalized FLUPS spectral slices for left) (Nx) = 0.2 and right) (Ny) = 5.7.
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addition, the PL becomes broader for a few tens of picoseconds on the red side. For Tgclay > 50 ps, the
PL overlaps with the spectra obtained under weak photoexcitation regimes. The emission broadening
arises from a second Gaussian component related to the presence of emissive biexcitons. A biexciton is a
quasi-particle formed by the attractive interaction between two single excitons and is likely to be induced
by the vicinity of the photogenerated charge carriers in such small PNCs. Biexcitons can recombine
radiatively to single exciton states by emitting photons with an energy slightly smaller than those arising
from single exciton recombination (Figure 5.2.A). This energy difference is seen as the biexciton binding
energy, Ay.. Hence, A, can be easily estimated using time-resolved PL techniques if the PL coming
from single excitons is deconvoluted from biexciton emission. The method used to isolate the biexciton
emission is described in section 5.4.2 and allows us to get a spectrum corresponding to the biexciton
alone (Figure 5.2.C). The shape of the biexciton emission matches the one for single excitons and has

a maximum at A = 467 nm, which gives a biexciton binding energy A, = 74 meV.
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Figure 5.2: A) Energetic representation of biexciton (yellow) and single exciton (green) radiative re-
combinations. B) FLUPS spectral slices at Tqelay = 100 ps and Tgelay = 1 ps with the isolated biexciton
emission for (Nx) = 5.7. C) TA spectral slice at Taelay = 0.2 ps for (Ny) = 4.0 and the best fitted curve

from the model presented in the text.
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Alternatively, A,y can be estimated by fitting the TA spectrum at early time scales (Figure 5.2.C). As
already discussed before, the positive feature (PIA-2) at 460 nm (2.69 e¢V) is ascribed to the biexciton-
induced Stark effect caused by Coulomb interaction between the exciton and all biexcitonic states. The
Coulomb interaction between the two single excitons produces a photoinduced absorption at lower energy
(Ex — 2 Ex — Axx). Consequently, by fitting the TA spectrum with a combination of two Gaussian
functions, one accounting for the bleaching of the first excitonic band and one for the Stark effect pho-

23 one can obtain Ay with:

E—-E\* E—E —AL\>
w w

where A; and As are the amplitudes of the ground state bleaching (GSB) and PTA-2 peaks [-], Fx is the

toinduced absorption,

AA(E, Tgelay = 0.2 ps) = —A; - exp

+ As - exp (5.1)

exciton transition energy determined by the static absorption spectrum [eV], and w is the line width of
the transition [eV]. Here, Ay, = 65 £ 7 meV, which is close to what was found by examining the FLUPS
data. It is worth mentioning that fitting the TA spectrum is an indirect method and may lead to larger

errors than those found using the method which isolates the biexciton emission.

The values calculated here greatly exceed thermal energy at RT and not differ much from from the satu-
ration value of 100 meV determined experimentally for CsPbBrs NCs by Castaneda et al.'* As expected,
Ay firstly increases when the size of the NC is reduced due to the enhanced interaction between the
photogenerated charge carriers. 242> Then the binding energy starts to decrease again for very small PNCs
because repulsive electron-electron and hole-hole interactions compete with the attractive nature of the
biexciton. For biexcitons in 2D quantum well structures, theoretical models predict a ratio Ay/Ayx =
0.228.26:27 From the NPI static absorption spectrum A, = 334 + 12 meV, resulting in A, (theoretical)
= 76 + 3 meV. This value matches the biexciton binding energy calculated by FLUPS, indicating that in
CsPbBr3 NPIls, the charge carrier interactions are similar to other quantum well materials. The presence
of stable biexcitons should be accompanied by a lower energy threshold for ASE, which is crucial for opto-
electronic applications, such as lasing. 2%:2® However, we did not detect any ASE at RT for these CsPbBr;
NPI colloidal solutions, even under the strongest photoexcitation (> 1.9 mJ/cm?) and for the highest
NPI concentration (absorption > 4 at 400 nm). Indeed, most studies reporting ASE for LHP-based
systems are conducted on thin films and not colloidal solutions to overcome losses due to nonradiative
exciton-exciton recombination (see below). Thin films offer a higher particle density which considerably
decreases the threshold value.?® Here, we were unable to obtain stable NP1 films by spin coating the
concentrated colloidal solution on a glass substrate because the NPIs tend to aggregate and form bigger

particles. Finally, it is worth mentioning that the A, values reported in the literature are still under
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debate due to the lack of direct evidence for biexcitons.?%3! As already expressed before, TA spectra
are often complicated to interpret due to their complexity, especially under strong photoexcitation, and
most of the temporal resolved PL setups are limited to the few tens or hundreds of picoseconds temporal
resolution hindering the direct emission from biexcitons. The presented method combining FLUPS and
TA techniques, should be more straightforward. More recently, polarization-dependent 2D electronic

spectroscopy have also been used to accurately estimate the biexciton binding energy.32:33

As mentioned before, one of the main limiting factors for ASE is the fast biexciton recombination through
exciton-exciton annihilation. In this process, the first exciton recombines non radiatively by transferring
its energy to the second exciton, which is subsequently excited to higher energy levels. The isolated
biexciton signal observed by FLUPS is displayed in Figure 5.3.A in order to study the biexciton re-
combination. The PL is well fitted by an exponential decay function with a time constant of 11.0 4+ 0.1
ps, indicating that biexciton recombination can be described using first order kinetics. In theory, the
radiative lifetime of n-excitons is related to that of a single exciton by Ty.xrad = Txrad /n2. Therefore,
the biexciton radiative lifetime is predicted to be one-fourth of the radiative lifetime under low pump
fluence. Since a value of 7y ;aq = 8.6 ns was previously found, the theoretical biexciton lifetime would be
Tyx,rad = 2.15 ns. Here, the experimental decay is at least two orders of magnitude faster and it is safe

to assume that exciton-exciton annihilation is the main deactivation channel for biexciton species.
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Figure 5.3: A) Isolated biexciton decays obtained by TA and FLUPS. B) Normalized, at Tqelay = 500
ps, GSB decays (Aprobe = 445 nm) at the lowest and the highest pump intensity.

The exciton-exciton annihilation process is also visible by TA when comparing the normalized GSB decays
for different excitation intensities (Figure 5.3.B). The effect of exciton-exciton annihilation is isolated by

subtracting the normalized GSB signal acquired under weak photoexcitation from the one under strong
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photoexcitation, and a lifetime of 10.2 £ 0.2 ps is obtained, which is close to the one obtained by FLUPS.
The exciton-exciton annihilation lifetime, 7 o), matches what has already been reported in the literature
for small PNCs.3* 7, A only depends on the NP1 thickness (or NC lateral size), not on the NC shape, and
decreases for smaller particles. 1920 This trend is explained by enhanced Coulomb interactions between
the charge carriers as well as the breaking of the energy and momentum conservation law for Auger-type
recombination under strong quantum confinement conditions.?" Interestingly, the recombination rate
observed in PNCs is much higher than for their metal chalcogenide counterparts because of the similar
effective masses between electrons and holes.193° In PbSe or CdSe NCs, heavy holes cannot be easily
re-excited, which reduces the exciton-exciton annihilation rate. It is also worth noting that the biexciton
dynamics do not depend on the excitation intensity (Appendix, Figure C.3), but the proportion of

biexcitons compared to single excitons increases under high photoexcitation regimes.

5.2.2 Influence of the exciton density on the hole localization

The previous chapter highlighted the presence of a short-lived emission peak, overlapping with the static
absorption (A = 445 nm) and blue-shifted compared to the principal one (A = 455 nm). This was assigned
to the recombination of excitons in the lowest excited state, while the Stokes shifted emission arises from
the localization of holes in CHSs. By isolating the blue-shifted PL, the hole localization time constant
was determined to be 0.30 ps, which corroborates with the decay of the PTA-2 feature in TA.

Nevertheless, as displayed in Figure 5.1, the PL signal around 440 nm is more pronounced and longer-
lived under high pump intensities. Thus, the influence of the carrier density on the hole localization

process was investigated by increasing the average number of excitons per NP1 from (Ny) = 0.1 to (Ny)
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Figure 5.4: Normalized dynamics of A) the isolated band edge emission (Aprobe = 455 nm) and B)
PIA-2 (Aprobe = 460 nm) for different excitation intensities. The best fitting parameters are summarized
in the Appendices.
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= 5.7. Figure 5.4 displays the normalized dynamics of the isolated band edge emission as well as the
normalized PTA-2 slices for each intensity. Firstly, it has to be mentioned that both signals rise “instan-
taneously”, within the temporal resolution of the setups, indicating ultrafast carrier cooling, even under
high pump intensities. This result is not surprising since Hintermayr et al. reported a hot carrier life-
time of < 300 fs for strongly confined CsPbl3 NPIs excited with 1.0 eV excess energy.3® They explained
the fast carrier relaxation to the band edge by suggesting that the energy transfer from the perovskite
core to the capping ligands is promoted by the high surface-to-volume ratio in confined NCs. Since the
NP1 dimensions in the study are even more reduced, and the excess energy is smaller (400 meV), the
relaxation rate should be further increased. All traces were fitted with a bi-exponential decay function
convoluted with a Gaussian function. The detailed procedure and the extracted parameters are reported
in the Appendices (section C.1). At low excitation intensity, the band edge emission (and PTA-2) decay
exponentially with a time constant of 0.35 £ 0.05 ps (and 0.30 + 0.02 ps). These lifetimes match those
for hole localization discussed in the previous chapter. An additional component, 75 = 2.0 £+ 0.2 ps (2.5
+ 0.1 ps for PTA-2) appears when (Ny) > 1 with a relative amplitude up to 42% (23%) at the highest

excitation intensity.

Many possibilities could explain the lengthening of the hole localization: a hot phonon bottleneck as for

36,38 39

bulk LHPs,3637 Auger heating due to exciton-exciton interactions,, polaron formation,>” or a state
filling effect. 404! The last effect may arise by saturation of the localized states with the large exciton
population created upon high photoexcitation intensities. Brennan et al.4? have shown that the density
of states (DOS) of the CHS in CsPbBr3 NCs is 50 times lower than the one of the CB edge, which would
lead us toward a state filling effect. Moreover, a hot phonon bottleneck is expected to only have a minor
(or no) influence due to the rapid energy transfer from the perovskite to the organic capping ligands.
Besides, a lifetime of 11 ps has been estimated for exciton-exciton annihilation, which is one order of
magnitude longer than the time constant for hole localization, also ruling out Auger heating for being
the main reason for the slower hole localization. Yet, the large density of excitons might also overcome
the lattice relaxation process, reducing the polaron formation rate discussed in the last chapter. Pieces
of evidence should be brought by ultrafast X-ray spectroscopy on the bromide atom.*? By looking more
carefully at Figure C.3, it has also been observed that the biexciton formation may be slightly delayed

at the highest pump fluence, following the trend for hole localization. This might indicate that biexcitons

are formed upon localization of holes, even if more evidences are required.

Finally, the impact of the carrier density on the photon recycling process is investigated. It has been

previously shown that photon re-absorption by bigger particles was faster than the temporal resolution
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Figure 5.5: 2D FLUPS spectra of different NP1 concentrations at (left) low and (right) high excitation
intensities.
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of the instrumentation for low excitation intensity and led to an extension of the external Stokes shift.
The same four samples, labelled NP1-0.3, NP1-0.5, NPI-1.2 and NPI-1.6, according to their absorption
at A = 400 nm, were studied. The pump fluence was set to the maximum (950 wJ/cm?) to generate
multiple excitons per NP1 (Figure 5.5). Even for the highest excitation intensity, the re-absorption of
photons by larger NPls remains faster than the temporal resolution of the setup as the spectral slices
for NP1-1.6 do not display the typical features corresponding to band edge emission. Yet, by probing
the isolated blue-shifted emission for NP1-0.3, NP1-0.5 and NPI-1.2 (Figure 5.6.A), it is clear that for
a similar excitation intensity, the hole localization becomes faster for concentrated solutions. Table
C.3 summarizes the parameters obtained by fitting the decays according to the procedure described
in the Appendices (section C.1). As has already been reported previously, each sample exhibits a bi-
exponential decay behavior with 7 ~ 0.3 ps and 75 =~ 1.5-2 ps, but the amplitude Ay decreases when
the NP1 concentration is increased. This difference is explained by looking at Figure 5.6.B, which
displays the dependence of the PL intensities after 100 ps on the excitation intensity. The absorption
cross-section of the solution, o400, is obtained by fitting the data with Poisson statistics (the description
of the fitting procedure is detailed in chapter 3). Table 5.1 highlights that o400 decreases by increasing
the NPI concentration. It has to be noted that o499 might be overestimated for NPI-1.2 and NPI-1.6
since a plateau is not reached, even at the highest excitation intensity. Consequently, for similar pump
intensities, the average number of excitons per NP1, (Ny), is inversely proportional to the concentration.

It ultimately leads to faster hole localization, as it has already been discussed.
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Figure 5.6: A) Normalized isolated band edge decays (Aprobe = 445 nm obtained at high excitation
intensity for different NP1 concentrations. The lines show the best fits obtained from the procedure
described in the Appendices. B) PL intensity at Tgelay = 100 ps with the fitted Poisson model (lines) for
different NP1 concentrations.

To understand the reason for the dependence of o) on the NPI concentration, one could estimate the
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average distance between two neighbouring NPIs, (d) [nm] by:*3

4
DA s N1 (5.2)

d) —
o (47N/3)*

where N is the particle density [NP1/cm3]. Furthermore, N is proportional to the NP1 concentration,

CNPI [mol/L]
Na

N = exp - i (5.3)

where N 4 is the Avogadro constant [mol~!]. Finally, the NP1 concentration is given by the Beer-Lambert

law:
A)\ ].03 . 111(10) . A)\
A 5.4
NP1 €-l NA~U)\-l ( )
where A is the absorbance [-], € is the molar attenuation coefficient [cm?/mol], [ is the optical path

length [cm], and o, is the cross-section [cm?]. Thus, by substituting Equation 5.4 and Equation 5.3
into Equation 5.2:

-1/
In(10) -AA) v (5.5)

(d) =0.554 - ( P
As reported in Table 5.1, for NP1-1.2 and NPI-1.6 (d) becomes smaller than the average NP1 length, Ixp
= 23 nm. In these samples, there is an overlap between the NPIls, which breaks the required conditions
for obeying the Beer-Lambert law. The NPIs cast shadows onto each other, reducing the amount of light
absorbed by the solution and ultimately decreasing the value of the global cross-section. Here, the term
global is introduced since the cross-section is a physical quantity for a given particle or molecule and must
be constant. To summarize, the hole localization becomes faster in highly concentrated NP1 solutions
because of the reduced number of excitons per particle caused by the spatial overlap between individual

NPIs. Even under high pump intensity, photon recycling remains faster than the FLUPS time-resolution.

Table 5.1: Absorption cross-section at the pump wavelength, o409, average distance between NPls, (d),
and average number of excitons per particle for a pump intensity set at 300 nJ, (Ny)s00n.s, for different
NP1 concentrations.

Sample | Ao nm | Ta00 / 1071% cm? | (d) / nm | (Ny)300 nJ
NPI-0.3 0.3 3.7+ 0.2 45 7.1 +£0.4
NPI-0.5 0.5 3.4 +0.2 37 6.5+ 04
NPI-1.2 1.2 1.4 £0.2 21 2.7+ 0.3
NPI-1.6 1.6 1.2 £0.1 17 2.2 +0.2

115



CHAPTER 5 Multiexciton processes in lead halide perovskite nanoplatelets

5.3 Conclusion

Throughout this chapter, the response of strongly confined CsPbBrs NPIs under strong photoexcitation
regimes was scrutinized combining broadband FLUPS and TA. The average number of photogenerated

excitons per NP1 was monitored with Poisson statistics and varied from (Nx) = 0.1 to (Nx) = 5.7.

For (Ny) > 1, the presence of stable biexcitons was unveiled, which show a red-shifted emission compared
to the main peak. A biexciton binding energy of Ayx = 74 meV was found by isolating the biexciton
contribution of the FLUPS spectrum, which matches the estimation made by fitting TA data at early
time scale (Agx = 65 &£ 7 meV). The values are close to the theoretical limit calculated for CsPbBrs
NCs,'* and agree well with the theoretical model for 2D biexcitons in quantum well structures, which
predicts A, = 76 £ 3 meV based on the exciton binding energy.?® These findings are promising for
lasing applications since high biexciton binding energies should be accompanied by low ASE thresholds.
However, we did not manage to synthesize stable NP1 thin films or obtain NP1 solutions with sufficient

particle density for observing ASE.

Then, to determine the biexciton recombination processes, the FLUPS and TA dynamics associated with
the biexciton population were fitted and resulted in first-order kinetic behavior with time constants of
11.0 + 0.1 ps and 10.2 £+ 0.2 ps, respectively. The biexciton recombination lifetime is solely due to

exciton-exciton annihilation since the biexciton radiative lifetime is expected to be much longer (> 2 ns).

Finally, even under high excitation intensities, hot carrier cooling and photon recycling remained faster
than the time-resolution of the setups (< 150 fs). Nevertheless, increasing the exciton density delayed
the hole localization process up to a few picosecond, most probably because of the low DOS of the CHSs

giving rise to a state filling effect.

Altogether, these results complement the investigations conducted under weak photoexcitation regimes,
highlighting the differences between CsPbBrs NPIs and weakly confined PNCs. Still, some applications,
such as photovoltaic devices, also require efficient charge carrier separation which is controlled by the
interfacial dynamics between the photoactive layer, here the perovskite, and the electron or hole acceptor.
The fundamental characterization of LHP NPls in a donor/acceptor configuration will be investigated

within the next chapter.
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5.4 Methods

5.4.1 Sample preparation

For each set of measurements, a fresh CsPbBrs NP1 solution was prepared following the procedure detailed
in chapter 3. Besides, 0.13 mmol of ZnBr; was added to the lead precursor solution to bring an excess
of bromide ions and passivate the NP1 surface. It resulted in a decrease of the number of defects as well
as an increase in long term stability of the solution. The samples were diluted in dodecane to obtain
an absorbance of 0.5 at 400 nm in a 1 mm optical path quartz cuvette right before the spectroscopic

measurement to avoid as much as possible desorption of ligands from the NP1 surface.

5.4.2 Experimental measurements and data treatment

Ultrafast characterization — Broadband FLUPS and TA measurements were acquired with the se-

tups described previously. The excitation wavelength (Aexe = 400 nm and 389 nm for FLUPS and TA,
respectively) was obtained by frequency-doubling the laser output, which gives the most stable beams.
The pump photon fluence was adjusted from 22 pJ/cm? to 950 pJ/cm? with a variable neutral density
filter to study multi-exciton dynamics. UV-visible absorption spectra were taken before and after each

measurement to ensure that the NPls were not deteriorated by high pump intensities.

Biexciton emission isolation — A homemade MATLAB procedure has been written to isolate the

short-lived emission observed on the red-edge of the main peak by FLUPS. Firstly, for each time delay,
the spectral slices (PLyorm) were normalized at A = 455 nm. Then, PLy o at early time scales (Tdelay =
0-50 ps) was subtracted from PLyomm, at Tdelay > 100 ps for the same photon fluence. In this way, the

emission of band edge single excitons was suppressed.
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CHAPTER O -

Charge carrier separation in lead halide

perovskite nanoplatelets

This chapter is devoted to investigating the charge separation mechanism between CsPbBrs NPls and
commonly used organic acceptors. Firstly, fast interfacial hole and electron transfer from the perovskite
band edge were unveiled, while charge recombination appears to be four orders of magnitude slower.
Moreover, hot carrier transfer from higher energy states is even enhanced, overcoming the charge carrier

cooling.

This chapter is based on the manuscript “Charge-separation Mechanism in Strongly Confined Quasi-
one-dimensional CsPbBrs Perovskite Nanocrystals” which has just been submitted. The contribution of
all co-authors is acknowledge. Dr. Vale participated in the experimental planning and data discussion.

Mr. Fonseca and Dr. Bettini obtained the cyclic voltammetry data and TEM images.
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6.1 Introduction

All inorganic cesium lead halide perovskite nanocrystals (PNCs), CsPbXj3 (X = Cl, Br, I), have emerged
as promising materials for optoelectronic applications.!® PNCs display large absorption coefficients and
high photoluminescence quantum yields (PLQYs),”? along with enhanced charge carrier lifetimes and
diffusion lengths, '° making them suitable for photovoltaics or to drive photocatalytic reactions.'' 3 Be-
sides these intrinsic properties, layered PNC-based devices also require fast charge separation (CS) and
slow charge recombination (CR) to efficiently extract the photogenerated carriers. Therefore, ultrafast
intermolecular charge transfer becomes crucial for obtaining efficient photovoltaic systems. Several stud-
ies have already shown rapid, a few picoseconds to 200 ps, interfacial electron or hole transfer from the
perovskite to organic molecules. 14 The interfacial charge transfer (ICT) is favored by the lability of the

20,21 which are substituted by the acceptor units on the PNC surface and give rise

usual capping ligands,
to donor-acceptor complexes. Additionally, efficient extraction of hot carriers has been reported due to
1) a strong electronic coupling between the perovskite hot states and the organic moiety, 2) long charge
carrier cooling rates in weakly confined PNCs.?2:23 The collection of energetic carriers, overcoming the

band gap energy, can push the solar cell efficiency beyond the Shockley-Queisser limit and is of consid-

erable importance.

Two-dimensional (2D) CsPbBrs nanoplatelets (NPls) offer a great alternative to the unstable CsPbCls
NCs for blue-emitting devices as their optical band gaps are widened due to quantum and dielectric
confinement. Besides, the 2D morphology gives rise to narrow and intense absorption and emission

2426 making them suitable for photocatalysis as well. While the disparities of the carrier dy-

peaks,
namics and carrier-carrier interactions between strongly and weakly confined PNCs have already been
discussed, the impact of the reduced dimensionality on the CS process remains unexplored. For example,
lead halide perovskite (LHP) NPls exhibit tightly bound excitons, due to enhanced Coulomb interaction,
which might hamper CS.2?” On the other hand, their larger surface area should promote the formation

28

of perovskite-acceptor complexes,?® as well as slowing CR due to carrier delocalization.?? Last but not

least, the ultrafast charge carrier cooling rates observed in strongly confined PNCs may be detrimental
for simultaneous hot charge carrier extraction.3’

Here, basic NPl-acceptor complexes were synthesized, using phenothiazine (PTZ) and p-benzoquinone
(BQ) as hole and electron acceptors, respectively. Ultrafast spectroscopic methods were applied to
understand the fundamentals of the CS process. Firstly, we unveiled that adding PTZ or BQ does

not change the NP1 size, shape and light absorption properties but induces a strong quenching of the
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PL. The quenching results from ICT and depends on the acceptor concentration. Then, broadband
fluorescence upconversion spectroscopy (FLUPS) was used to investigate the transfer of cold charge
carriers, i.e., carriers that have relaxed to the lowest excited state. Hole transfer (HT) and electron
transfer (ET) display sub-nanosecond time constants and compete with exciton trapping. Since the NP1-
acceptor complexes also exhibit long-lived, on the ps time scale, charge transfer (CT) states, CsPbBr3
NPIs become of great promises for light-harvesting devices. Finally, despite the ultrafast charge carrier

relaxation rates in LHP NPls, we demonstrated efficient hot electron and hole transfers.

6.2 Results and discussion

6.2.1 Standard characterization of charge carrier transfer

To investigate the ICT dynamics from strongly confined CsPbBr3 NPls to organic acceptor molecules,

NPl-acceptor complexes were synthesized by adding PTZ (or BQ) to the pristine NP1 colloidal solution.
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Figure 6.1: Absorption and emission spectra of pristine CsPbBrz NPIs alongside A) NPI-PTZ and
B) NPI-BQ complexes. For comparison reasons, the emission of the pristine solution has been reduced
hundredfold. C) TEM images of NPI-PTZ complexes: the complexes retain the neat NP1 shape and size
distribution (Figure 3.1).
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Upon sonification, organic acceptors are likely to substitute the capping ligands and bind to the per-
ovskite surface. 72331 Tt is worth noting that, the size, shape and light absorption properties of the NPls
do not change upon the addition of the organic compound (Figure 6.1). Furthermore, NP-BQ com-
plexes are more prone to aggregation and deterioration after days of storage under ambient conditions
(Appendix, Figure D.1), while the NPI-PTZ counterpart remain intact. Future works shall focus on
finding molecular acceptors that do not affect the long-term stability of the NPls, while keeping efficient
CS. Yet, PTZ and BQ are standard, cheap and well-referenced organic acceptors and are convenient to
study the fundamental aspects of the CS mechanism. The emission of NPl-acceptor complexes, when
compared to pristine NP1 solutions, is reduced by two orders of magnitude (Figure 6.1, A and B). This
PL quenching is assigned to a fast electron transfer from CsPbBrs to BQ (or from PTZ to CsPbBrj),
arising before excitonic radiative recombination. To match the literature, we will, from now on, rather
employ the terms electron transfer (ET) from the NPIs to BQ and hole transfer (HT) from the NPIs to
PTZ. Therefore, even tightly bound excitons are easily broken by the presence of organic acceptors con-
jugated on the NP1 surface. To ensure that the ICT is thermodynamically favored, the highest occupied
and lowest unoccupied molecular orbitals (HOMO and LUMO) levels of the molecular acceptors were
calculated using cyclic voltammetry (Appendix, Figure D.2). As displayed in Figure 6.2, the PTZ
HOMO and BQ LUMO levels lie within the semiconductor (SC) band gap, and induce large, and similar,
thermodynamic driving forces for HT (0.87 eV) and ET (0.85 eV).
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Figure 6.2: Schematic illustration of the estimated energy levels for CsPbBrs NPls, BQ (red) and PTZ
(blue) via cyclic voltammetry.
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In addition, by looking at Figure 6.3, A to C, it is clear that the PL quenching gets faster when the
acceptor concentration is increased. Indeed, increasing the acceptor concentration in solution reduces
the number of “free” CsPbBrs NPIs (particles without any acceptor on the surface). Since the signal
intensity is the global response of an ensemble of distinct NP1 colloids, the more NPl-acceptor complexes
are formed, the faster the overall PL decay is. Therefore, it is crucial to quantify, m, the average number
of molecular acceptors bound to a NP1 [-]. m is calculated by considering that the adsorption of acceptor

on the NP1 surface follows the Langmuir adsorption isotherm (Equation 6.1):2332

o="" _g .. Kacc[A]

NB . 1 +Kacc[A] (61)

where 6 is the mean fractional coverage of acceptors on a single NP1 [-], Np is the number of available

binding sites per NP1 [-], fjax is the maximum fractional coverage of acceptors on a single NP1 [-], K.
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Figure 6.3: Static emission spectra of NPl-acceptor complexes with different concentrations of A) PTZ
and B) BQ. Each trace has been corrected with the same constant. C) ns-PL decays of NPl-acceptor
complexes with different concentrations of acceptor molecules. D) Average number of PTZ (blue) and
BQ (red) attached per NP1 as a function of the acceptor concentration.
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the acceptor binding constant [-], and [A] is the acceptor concentration [mol/L]. Assuming that PTZ and

BQ can only bind to Pb?* on the NPI surface, the number of available sites is equal to:

NPl -
Ny=". 6 NPl2 WNPI (6.2)
4 T Topat

where Ixp; and wyp) are the length and the lateral size of the NP1 [nm], while 7"12;][': is the lead ionic
radius and is equal to 0.119 nm. Applied to these NPIs, Ng = 9750. Besides, the probability to have m

acceptors attached per NP1 is given by the binomial distribution:33
N m Np—m
P(m|N,0) = SO (1—09)"r (6.3)
m

The probability of finding a “free” NP1, P(0|N,6), is also equal to the ratio between the integrated PL
intensity of the NPl-acceptor complex solution (PL,..) and the integrated PL intensity of the pure NPls

solution (PLg), which gives:
PLaCC
PL,

B Ni | PLacc ([A])
m=Np-|1-— “PL, (6.5)

Figure 6.3.D displays the average number of acceptor molecules bound to the NP1 surface as a function

P(0|N,0) = =(1-0)Ns (6.4)

Therefore, m is computed via:

of the acceptor concentration. The PTZ (BQ) concentration should be equal to 0.45 mM (1.7 mM) to
obtain an average of one acceptor per NP1, and get values that can be compared to the literature. For
the highest acceptor concentrations, the proportion of particles without any acceptor on the surface is
less than 4%, explaining why the PL decay is faster than the time-correlated single-photon counting

(TCSPC) temporal resolution.

6.2.2 Cold charge transfer

Hence, ultrafast spectroscopic techniques are needed to investigate the CS mechanism in strongly confined
LHP NPIs. For example, FLUPS could be a powerful tool because the charge transfer can be directly
monitored by tracking the PL decay. Here, NPl-acceptor complexes were excited at A = 400 nm with a
low excitation intensity, (Nx) < 0.2, to avoid multi-excitonic contributions. Figure 6.4.A and B displays
the dynamics at A = 455 nm (emission maximum) for five samples: pristine NPls and NPl-complexes with
two different electron and hole acceptor concentrations to induce m < 1 and m = 3 acceptors per NP1
As already mentioned, the PL decay becomes faster upon the addition of PTZ (or BQ) because of the HT

(or ET) from the perovskite to the molecular acceptor. The emission intensity even vanishes before one
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Figure 6.4: Normalized PL dynamics (Apobe = 455 nm) for pristine NPIs and NPls with various
concentrations of A) PTZ and B) BQ and the best curves from the global fitting procedure described in
the text. C-G) Decay associated spectra arising from the global fitting procedure for each sample.
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nanosecond for the highest acceptor concentration, corroborating the TCSPC measurements. The ICT
time constant is estimated by applying a global fitting procedure for the five samples. The procedure is
discussed in section 6.4.3, the best fits and the resulting decay associated spectra (DAS) are displayed
in Figure 6.4. The PL dynamics follow a tri-exponential decay behavior for pristine NPls, with time
constants (and relative amplitudes) of 4 ps (A;, grey dots, 42%), 65 ps (As, black dots, 14%) and 2.3
ns (Ag, green dots, 44%). The values obtained here match what has already been discussed in chapters
3 and 4 and are assigned to charge carrier trapping into shallow and deep trap states and radiative
recombination, respectively. In addition, another component of 40 ps to 150 ps, attributed to ICT, is
needed to fit the NPl-acceptor complexes dynamics. As previously pointed out, the CS rate increases
with increasing acceptor concentration but remains always more than two orders of magnitude higher
than exciton radiative recombination. In addition, the relative amplitude of the ICT feature, shown in
blue for PTZ and red for BQ, grows from = 25% to ~ 50% by increasing the acceptor concentration, while
the relative amplitude of the radiative recombination drops from 44% (pristine NPIs) to 0% (NPls + 2.5
mM PTZ and NPIs + 9.0 mM BQ). Nonetheless, since the time constant for ICT and exciton trapping
are similar, it becomes tougher to deconvolute the two processes, and the global fitting procedure might
not be accurate. For example, for NPIs + 9.0 mM BQ, the amplitude associated with ET seems to be

the sum between the black and the red components.

Another approach is required to isolate the CS process and determine the percentage of charges transferred
to the molecular acceptor. In this way, it is assumed that the addition of PTZ or BQ on the NPI
surface does not create new trap states, which is supported by noticing that A; is independent of the
acceptor concentration. Therefore, the normalized PL decay of the pristine NP1 solution (called PLg)
was substituted from the normalized PL decays of the NPl-acceptor complexes (PL,c.) to isolate the
ICT contribution. Fourteen NPl-acceptor solutions were investigated varying the acceptor concentration
from 0.2 mM to 4.0 mM. Three key features should be highlighted from the resulting signals in Figure
6.5.A and B. Firstly, PL,.. — PLg decays over the first hundreds of picoseconds because, for NPl-acceptor
complexes, excitons are split; by fitting the signal with a exponential decay function, the HT and ET time
constants are calculated. Secondly, PL,.. — PL¢ reaches a minimum value near 150 ps, depending on the
acceptor concentration: this minimum value gives the percentage of photogenerated charges transferred to
the molecular acceptors. For example, if PL,.. — PLg reaches -1, it would mean that 100% of the charges
are transferred to the acceptor. Thirdly, PL,.. — PLg increases after a few hundreds of picoseconds for
acceptor concentrations higher than 2 mM because at this point all the excitons are trapped or have split
and the signal has reached 0, while PLg keeps decreasing due to the radiative recombination of excitons.

To sum up these points, the ICT time constants and the percentage of charge carrier transferred for
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Figure 6.5: Isolated A) HT and B) ET dynamics for different acceptor concentrations. C) “Cold” ICT
time constants and the percentage of charge carriers transferred depending on the acceptor concentration.

every acceptor concentration are displayed in Figure 6.5.C. For BQ concentrations smaller than 0.8
mM, the average number of acceptors attached to the NPI surface is too low to produce a noticeable
PL quenching. The HT (ET) time constant decreases from 200 ps to 50 ps (from 130 ps to 60 ps) by
increasing the PTZ (BQ) concentration and falls in the same range as what has been observed by TA for
weakly confined PNCs with less tightly bound excitons. 42329 The large exciton binding energy might be
balanced by substantial thermodynamic driving forces for CS and the strong electronic coupling between
charge carriers in NPls and molecular acceptors,?? providing an easy pathway to break the exciton. In
addition, up to 50% (32%) of the photogenerated holes (electrons) are transferred to PTZ (BQ) for an
acceptor concentration of 4 mM, which is promising for light-harvesting devices. To further enhance the
transfer yield, the next step would be to reduce the number of trap states in LHP NPls, as it competes
with the CS process. It has already been pointed out that the dynamic binding between the perovskite
surface and the organic capping ligands may be the principal reason for the presence of deep trap states.
However, it should be highlighted that substituting the usual OA and OAm with less labile capping

ligands might hinder the binding between the perovskite surface and the molecular acceptors.
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6.2.3 Charge recombination

The efficiency of donor-acceptor systems not only relies on their ability to separate the photogenerated
charges, but also to provide long-lived CT states for subsequent charge extraction. TA spectroscopy
appears more appropriate for probing the CT states since both holes and electrons contribute to the ob-

served signal. For instance, the negative ground state bleaching (GSB) feature arises from a combination
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Figure 6.6: Normalized GSB dynamics (Aprobe = 445 nm) of pristine NPls and A) NP1-PTZ and B)

NPI-BQ complexes. Decay associated spectra obtained by fitting the TA spectra of C) pristine NPls, D)
NPIs + 0.5 mM PTZ and E) NPls + 2.5 mM PTZ.
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of holes and electrons at the band edge and may give information on the remaining carriers after ICT.
Figure 6.6 displays the normalized GSB dynamics (Aprobe = 448 nm) obtained by ultrafast TA with
the best fits from the global fitting procedure performed on the NPI-PTZ complexes and their DAS. As
already discussed in chapter 3, the TA dynamics for pristine NPls are fitted with a bi-exponential decay
function with time constants of 21 ps for exciton trapping and 3.7 ns for radiative recombination. An
additional component associated to HT, with a time constant of 100-150 ps, is required to fit NPI-PTZ
complexes, corroborating the FLUPS measurements. Interestingly, for the highest PTZ or BQ concen-
tration, after 1 ns the GSB intensity keeps 20% of its initial value, indicating that there are some leftover
carriers at the band edge, even if the PL is quenched (Figure 6.4.A and B). Therefore, the CR rate
between holes in PTZ (or electrons in BQ) and remaining electrons (or holes) in CsPbBrs NPIs is slower
than the time window of the instrumentation. It should also be pointed out that the GSB decay on such

a late time scale might be due to a combination of CR and trapping of the leftover carriers.

Another way to probe the CR process is by tracking oxidized PTZ cations (or reduced BQ anions). While
reduced BQ anions do not seem to absorb in the visible or near IR (Appendix, Figure D.3), it has already

29,34 However, the

been reported that oxidized PTZ cations exhibit a slight absorption feature at 525 nm.
absorption feature is too weak, even under strong illumination, to allow any quantitative analysis of the
ultrafast TA data (Appendix, Figure D.4). Hence, the oxidized PTZ state was followed by nanosecond
flash photolysis (Figure 6.7). The NPI-PTZ complexes were excited near the band edge (Aoxc = 430

nm), and the signal was probed from 480 nm to 550 nm. The negative feature at 527 nm is assigned to

the oxidized PTZ photoinduced absorption and has a lifetime of 1 ps, assigned to back charge transfer,
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Figure 6.7: ns-TA dynamics of a NPI-PTZ complex solution around 525 nm for probing oxidized PTZ.
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29,35,36 1110t

or CR. Long-lived CT states have already been observed in nanorods and NPI systems,
probably due to the delocalization of the leftover carriers, which enables long-distance charge separation.
Therefore, CR is four orders of magnitude slower than CS, demonstrating that CsPbBrsg NPls are valuable

candidates for light-harvesting applications. Table 6.1 summarizes the main results obtain by combining

FLUPS, fs-TA and flash photolysis for an average of one PTZ or BQ per NPL

Table 6.1: Summary of the CT time constants, percentage of photogenerated charges carrier transferred
to the acceptor, charge separated state lifetimes, acceptor concentrations and acceptor binding constants
for an average of one acceptor per NP1

m=1 TCT,cold [I’IS] Charge sep. [%] TCR [HS] [A] [mM] Kacc [M_l]
NPI-PTZ 0.130 21 1000 0.45 690
NPI-BQ 0.120 15 - 1.7 130

6.2.4 Hot charge transfer

In photoactive materials, hot charge carriers are generated through absorption of high-energy photons,
in other words photons with energies overcoming the SC optical band gap. Hot electrons and holes are,
by definition, more energetic than band edge carriers. The relaxation of hot carriers to the lowest excited
state usually induces heat, which is in most cases perceived as a loss of energy. Therefore, being able to
use the excess energy before hot carrier relaxation is crucial for light-harvesting devices. It has been shown
that the efficiency of solar cell devices can greatly overcome the Shockley-Queisser limit and reach 66%
if hot charge carriers could be extracted.®” Some studies have already reported efficient, sub-picosecond,
hot carrier transfer from PNCs to organic acceptors.??23 But, while, under strong excitation regimes,
weakly confined PNCs experience a phonon bottleneck effect leading to long-lived hot charge carriers,
their NP1 counterparts display ultrafast charge carrier cooling,®® which is detrimental for extraction of

hot charges.

To investigate hot carrier transfer in CsPbBr3 NPIl-acceptor complexes, the PL rise dynamics are scru-
tinized by exciting NPI-PTZ complexes with 0.86 eV excess energy (Aexc = 340 nm, Figure 6.8). The
initial PL intensity (PL at Tgelay = 0.4 ps) drops by up to 50%, and the quenching intensity depends on
the PTZ concentration. Since FLUPS only probes emissive carriers, this drop accounts for an ultrafast
PL quenching, at least faster than the temporal resolution of the setup, and may point out hot HT. Hence,
the excess energy was further varied by pumping pristine NPls, NPI-PTZ and NPI-BQ complexes from
305 to 435 nm under a weak excitation regime. The acceptor concentration was set to 2.5 mM for the

NPl-acceptor complexes. To quantitatively analyze hot carrier transfer, a careful correction procedure
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Figure 6.8: PL dynamics of NPI-PTZ complexes excited at Aexc = 340 nm.

accounting for the dependence of the absorption cross-section on the pump wavelength must be set up.
Indeed, for low excitation intensities the raw PL intensity scales linearly with the number of photogen-
erated excitons and depends on both the pump intensity and the absorption cross-section. It becomes
impossible to control exactly the number of excitons per NPl when changing the excitation wavelength.
To overcome this issue the PL dynamics were treated with a procedure detailed in the Appendices (section
D.1). Basically, the PL intensity of pristine NPls was normalized after 0.5 ps and the same normalization
factor was used for the NPl-acceptor complexes to obtain the “corrected” PL dynamics (Figure 6.9, A
and B). In this way, if all the carriers relax to the band edge without being transferred to PTZ or BQ,
the corrected PL dynamics would reach the unity. Therefore, the percentage of hot carrier transferred

could be estimated by:

PL?LCC

%(Hot carrier transferred) =1 —
PLg

(6.6)

where PLg and PL,.. are the normalized PL of pristine NPls and NPl-acceptor complexes [-], respectively.

The corrected PL intensity of both NPl-acceptor complexes drops with increasing excitation energy,
indicating that more and more charge carriers are transferred before relaxing to the band edge. The
percentage of hot carrier transferred is shown in Figure 6.9.C. For close-to-resonant excitation, Aexc
= 435 nm, the ratio between PL,.. and PLg reaches the unity, as expected. Conversely, up to 65% of
hot holes (40% of hot electrons) are successfully transferred to PTZ (BQ) by exciting the NPl-acceptor

complexes with 1.3 eV excess energy. As it has already been argued, hot charge transfer competes with

137



CHAPTER 6 Charge carrier separation in lead halide perovskite nanoplatelets

A B
l...4.3,6...,....,....,....,....,....,...., R e AR n N e S R A B aRY
n nm am [
1.0— 400 nm* . 1.0
. 370 nm = #'-'M‘:"r‘\\.,.' s
1 0.8 gsg nm=", gt "J'w ‘ﬁ'hf 2 os
~ = 340 nm = -.._ =
S |- sonm et "‘v'-:.',,...-"-:ﬁ- 2
&06—- 305 nm .. .-" '_f'l —ar Q. 0.6
"m""lﬂ-nﬂ"n-;. S
(3] -
§oab ﬂmm o4
o . Mﬂm o
0.2 0.2
0.0 0.0
-1
Time / ps Time / ps
C
100 F T T T O I T T O O T
+ PTZ
+ BQ

<]
o

[22]
o

B
o

N
o

R
~
o
[
}
S
()
Y
(]
c
©
S
o
e
Q
=
B
]
(3]
-
o
I

o

I ETIERETA FR AU FRRRA FRRRA CRRRARTRRA RRTRA FRTRURRTRA CRTRUARTRAANRTH |

00 02 04 06 08 1.0 1.2
Excess Energy / eV

Figure 6.9: Corrected PL dynamics (Aprobe = 455 nm) of A) NPI-PTZ and B) NP1-BQ complexes
excited at different wavelengths. C) Hot charge carrier extraction efficiency dependence on the excitation
excess energy for an acceptor concentration of 2.5 mM.

charge carrier cooling, but the two processes cannot be distinguished by the FLUPS instrumentation.
However, Figure 6.10.A shows that, even for 1.3 eV excess energy, hot carrier cooling in pristine NPls
remains faster than the FLUPS temporal resolution (250 fs). Besides, Figure 6.10.B shows that the
addition of molecular acceptors does not slow down the cooling rate of the remaining charge carriers.
Therefore, by considering that hot charge carriers have a sub 250 fs lifetime, the hot HT time constant
should be faster than 150 fs to achieve 60% efficiency, which is three orders of magnitude faster than cold
charge transfer. This difference has been ascribed to a strong electronic coupling between the perovskite

22,38,39

hot states and the molecular acceptors combined with larger thermodynamic driving forces, making

strongly confined LHP NPIs promising for light-harvesting applications.
Yet, because of the ultrafast PL quenching, some fundamental questions remain open: is the hot carrier
transfer becoming faster at high excitation energies, or is the enhanced transfer yield explained by the

lengthening of the charge carrier relaxation? Is it possible to substitute conventional PTZ (BQ) with

molecular acceptors having lower HOMO (higher LUMO) levels to harvest the excess energy?
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Figure 6.10: PL rise dynamics (Aprobe = 455 nm) for A) pristine NPIs with different excitation energies
and B) pristine NPls and NPI-PTZ complexes excited at A = 305 nm.

6.3 Conclusion

To summarize, NPl-acceptor complexes were synthesized using standard organic molecules, BQ and PTZ,
and we investigated the CS mechanism at the NPI surface. While the NC structure was retained upon
addition of PTZ (BQ), a fast PL quenching was observed due to the HT (ET) from the perovskite band
edge states to the PTZ HOMO (BQ LUMO). Tightly bound excitons in CsPbBrs NPls are easily broken,

which is favored by large thermodynamic driving forces, 0.87 and 0.85 eV for the HT and ET, respectively.

ICT was then scrutinized using ultrafast spectroscopic methods. By isolating the PL decay arising from
carrier transfer, HT (ET) constants were found to be 130 ps (120 ps) for an average of one acceptor
molecule per NP1. The charge transfer process competes with exciton trapping into surface states, but
up to 50% (32%) of the photogenerated holes (electrons) were transferred to PTZ (BQ) for an acceptor
concentration of 4 mM. After the charge separation, NPl-acceptor complexes showed long-lived CT states,

~ 1 ps, which is promising for further charge collection.

Finally, with 1.3 eV excess energy, up to 65% of hot holes (40% of hot electrons) were transferred to the
PTZ HOMO (BQ LUMO) before reaching the band edge. Even with ultrafast charge carrier cooling rates
in LHP NPIs, hot carrier transfer is promoted, most likely due to enhanced electronic coupling between
NP1 hot states and the acceptor. Ultrafast hot charge carrier extraction opens the door for harvesting

photons of higher energies.

Altogether, these results show great promise for light-harvesting applications. Additional engineering
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should be conducted to tune and optimize the NPl/acceptor interface through a careful selection of
molecular acceptors. The main focus should be to enhance the electronic coupling between the NP1 and
the acceptor (cold and hot) while retaining their stability NPl-acceptor complexes. The CS yield could
also be improved by reducing the number of surface trap states in NPls with less labile capping ligands.

However, this might also prevent strong binding between molecular acceptors and the perovskite surface.

6.4 Methods

6.4.1 Sample preparation

CsPbBr3 NPls were synthesized according to the procedure detailed in chapter 3. The NP1 solution was
first diluted in dodecane to obtain an absorption of 0.5 at 400 nm in a 1 cm path length quartz cuvette
(FireflySci). 1 mL of the solution was kept apart to serve as the reference sample (also called pristine NP1
solution in the text). Then, a progressive amount of PTZ (from 0.2 mM to 4.0 mM) or BQ (from 0.5 mM

to 9.0 mM) was added in the vial, and the mixture was sonicated for 10 minutes at room temperature.

6.4.2 Sample characterization

Cyclic voltammetry — The electrochemical measurements to estimate the HOMO/LUMO level of PTZ

and BQ were performed with the same instrumentation as described in chapter 3. The acceptor solution

was set to a 2.3 mM concentration with a scan rate of 50 mV.s~1.

TEM — TEM images of the NPl-acceptor complexes were taken at the Brazilian Nanotechnology Na-
tional Laboratory (Sao Paulo) on a JEOL JEM 2100F microscope with an Orius camera (SC200). The
samples were prepared by drop-casting a small amount of the concentrated NP1-PTZ solution on a TEM

grid covered with an ultrathin carbon film.

Steady-state PL & absorption — Steady-state PL and TCSPC measurements were carried out on

a Horiba Jobin Yvon Fluorolog-3 instrument. The excitation source for TCSPC measurements was a
nanoLED N-390, which emits 1.3 ns long pulses centered at 390 nm with a 1 MHz repetition rate. The
sample emission was detected with a photomultiplier tube set at 90° relative to the excitation source.

Linear absorption spectra were taken on a Perkin Elmer Lambda 950 UV-Vis-NIR spectrophotometer.

Flash photolysis — Flash photolysis is analogous to femtosecond transient absorption (TA) spectroscopy

except with a time delay (and time window) in the nanosecond-microsecond range. Here, a frequency-
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tripled Q-switched Nd:YAG laser (Surelite, Continuum, 20 Hz repetition rate) was used to pump a tunable
optical parametric oscillator (OP0O-355, GWU) for producing 10 ns long pulses centered at A = 430 nm.
The pump intensity was reduced to 0.3 mJ/cm? using neutral density filters. The photoinduced signal was
probed each 10 nm between 480 and 550 nm by a continuous wave light beam (Xenon arc lamp) filtered
by a monochromator. After hitting the sample with an angle of 45°, the probe beam was collected by a
second grating monochromator (CS260, Newport) and sent to a Silicon Amplified Photodetector (PDA
100A-EC, Thorlabs), converting photons into electrons. The induced transient voltage was recorded by
a digital signal analyser (DPO 7104C, Tektronix), and the data acquisition was averaged over 5000 laser
shots to obtain a suitable signal-to-noise ratio. The data acquired with the probe only were subtracted

from the ones acquired with the pump and the probe to give the AT.

Ultrafast characterization — Broadband FLUPS and TA measurements were acquired on the instru-

ments previously described. The variable excitation wavelength on the FLUPS (Aexe = 305-435 nm) was
obtained with the output of a second optical parametric amplifier, which was focused on a 200 ym spot

and attenuated to 10 nJ at the sample position with a variable neutral density filter.

6.4.3 Data treatment

A global fitting procedure was applied to treat FLUPS and TA data for pristine NPIs and NPl-acceptor
complexes with different acceptor concentrations. The kinetic traces were cut before one picosecond to
exclude the contribution of hole localization (chapter 4) and focus on the ICT from relaxed carriers.
Firstly, the pristine NP1 sample was fitted with a tri-exponential decay function (bi-exponential for TA),
leaving the time constants free. The fast decay was assigned to reversible charge carrier trapping, the
second to trapping into deep trap states and the third radiative recombination. Then, the NPl-acceptor
samples were fitted with an additional component accounting for charge carrier transfer but keeping the

time constant for trapping and radiative recombination fixed to the initial values.
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The work presented here has been initiated by the installation of a broadband fluorescence upconversion

spectroscopy (FLUPS) setup along with Prof. Ernsting. Some additional adaptations were realized to

push the FLUPS potential to a broader range of applications. Then, the main goal was to combine it to

other spectroscopic techniques, principally fs-transient absorption (TA), to investigate ultrafast excited

state dynamics in semiconductors. Since the FLUPS and TA signals provide similar but complementary

results, combining their data becomes crucial to obtain pieces of evidence for understanding photophysical

processes. Besides, perovskite nanocrystals (PNCs) appeared to be a central piece for optoelectronic

applications since they have a band gap energy in the visible range, exhibit high absorption coefficients

with an intense and short photoluminescence (PL), but their photophysics remain poorly understood.

Figure 7 summarizes the charge carrier dynamics unveiled for colloidal CsPbBrs nanoplatelets (NPls).
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Figure 7: Summary on the photophysical processes observed for colloidal CsPbBrs NPls.
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In chapter 3, the synthesis of colloidal CsPbBrs NPls capped with long-chain organic ligands was de-
scribed. These NPIs were characterized with standard methods such as transmission electron microscopy,
cyclic voltammetry and UV-visible spectroscopy. The photogenerated charge carriers endured strong
quantum and dielectric confinements leading to an intense excitonic absorption at 448 nm, an enhanced
exciton binding energy (Ax = 334 meV) and a sharp and short-lived emission (7y,aq = 8.6 ns). Addi-
tionally, the light was shined on the role of the surface states: desorption of the capping ligands from
the NP1 surface led to under-coordinated Pb?* atoms, which acted as trap states (7p = 20-40 ps) and
reduced the photoluminescence quantum yield (PLQY). Overall, chapter 3 showed that CsPbBrg NPls
are excellent candidates for blue-emitting devices, but they require particular attention to passivate the
surface through post-synthetic treatment or capping ligand selection to further enhance the PLQY and

stabilize the particles.

Chapter 4 focused on the charge carrier dynamics in CsPbBrs NPls at early, femtosecond/picosecond,
time scales and under weak photoexcitation, (Ny) << 1. Because of the large surface-to-volume ratio,
strongly confined NPls displayed ultrafast, 7., < 200 fs, charge carrier relaxation by dissipating the
excess energy via vibrations of the organic capping ligands. Besides, the 49 meV Stokes shift arose from
the localization of photogenerated holes in confined hole states (CHSs), while the band edge emission
was short-lived, 7cys = 300 fs. The PL was also influenced by shallow trap states lying close to the
main emissive state, which caused a fast, 7¢ = 3-10 ps, and reversible exciton trapping. The nature
of the capping ligands may influence the energy location and density of the shallow states. Finally, for
highly concentrated solutions, efficient photon reabsorption by bigger NPIs were observed, enlarging the

external Stokes shift within the temporal resolution of the setups.

Conversely, the charge carrier dynamics under strong photoexcitation regimes, (Ny) > 1, were reviewed in
chapter 5. CsPbBrg NPIs displayed stable and emissive biexcitons with a biexciton binding energy close
to 70 meV. The biexciton recombination was dominated by exciton-exciton annihilation, 7 o = 11 ps.
Moreover, the hole localization process was slowed down to a few picoseconds at high excitation intensi-
ties, presumably because of the low density of states of the CHSs. This chapter shows that CsPbBrs NPls
have an outstanding potential for lasing applications but are still limited by the challenging synthesis of

stable NPI thin-films.

In chapter 6, the charge separation mechanism in CsPbBrs NPIs was investigated by adding phenoth-
iazine (PTZ) and p-benzoquinone (BQ) in solution, acting as hole and electron acceptors, respectively.

It resulted in the formation of NPIl-acceptor complexes which showed a PL quenching due to charge
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transfer from the perovskite core to the organic molecules. The transfer of cold charge carriers exhibited
a time constant of 7ot cola = 100 ps, and the back recombination was four orders of magnitude slower,
Tcr = 1 s, due to the carrier delocalization over the NPl length. Furthermore, hot charge transfer
rates, TaT,hot << 200 fs, overcame the ultrafast charge carrier relaxation. The fast charge separation
was promoted by a strong electronic coupling between the perovskite and the molecular acceptors, pro-
viding an efficient pathway to light harvesting. These results are of great importance for photocatalytic
applications, and further work should focus on engineering the NP1/acceptor interface and tuning the
capping ligands/acceptor chemistry. To enhance the separation yield, the binding of the acceptor on the

NP1 surface must be promoted while keeping low trap densities.

While this work emphasizes that CsPbBrs NPls are promising for optoelectronic applications, further
engineering should be performed to address the aforementioned limitations: surface passivation, film
formation, charge separation enhancement... The trapping dynamics must be fully characterized and un-
derstood to achieve these goals. For example, being able to settle the mechanisms of the hole localization
through fs x-ray spectroscopy would be of great use. Indeed, x-ray absorption or emission spectroscopy
could track the lead oxidation state, which contributes to the valence band orbital. To achieve this, a
collaboration with the group of Pr. Gawelda (Autonoma University of Madrid) has been started, and

proposals with the aim of obtaining beam time are ongoing.

Along this thesis, numerous disparities between PNCs of various shapes and sizes were also highlighted.
By slightly varying the synthesis protocol, one can easily obtain three-dimensional to zero-dimensional
PNC structures and assemble new devices with mixed perovskite dimensions. For example, controlled
carrier localization (or separation) can be achieved by energy cascades (or cascade transfer), which may
boost light-emitting device and solar-cell efficiencies. Besides, one may introduce functional electroactive
organic moieties as capping ligands. This approach follows recent studies on the role of the organic spacer
in 2D perovskites. It not only improves the material conductivity and provides a pathway for charge sep-
aration but also induces colossal changes in the charge carrier dynamics, such as fast PL quenching or

formation of CT excitons.

Finally, some developments of the spectroscopic setups could be carried out to broaden the range of
opportunities. Two main ideas came to mind over the last years. Firstly, one could add an optical cryostat
setup to the FLUPS and measure temperature dependence PL dynamics with a sub-picosecond temporal
resolution, which would be unique. For example, temperature dependence measurements would help the

fundamental understanding of exciton trapping or exciton-lattice coupling. However, the FLUPS setup
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would need to be considerably adjusted because of the numerous optics around the sample holder, notably
the Schwarzschild objective used to amplify and focus the sample fluorescence. Secondly, on the TA setup,
pump-push-probe experiments with a visible-pump and near-IR-push would have given supplementary
information on the carrier relaxation, exciton trapping (or de-trapping) and charge separation processes.
Yet, due to a lack of time and stability of our beloved 23 year old Clark laser, this setup has never been

materialized.
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Appendices

Appendix A - Characterization of CsPbBr; NPIs

A - Additional derivation

Quantum-well model

The quantum well model (Equation A.1) was used to fit the absorption spectra of strongly confined
systems, 2 and, particularly, CsPbBrs NPIs as displayed in Figure 3.2.A. Here, the absorbance from
the sample, Abs(E), is given by the sum of the excitonic absorption, X(F), and the continuous band

absorption, Cont(E), multiplied by a constant factor:

Abs(E) = cst - [X(E) + Cont(E)] (Eq. A.1)

And X(FE) and Cont(FE) are expressed by:

1 EF—-F w w? EF—-F
X(E) = — |ERF = 1 —= _ x Eq. A2
(®) QU{R < wy 2n)+}e){p(4nz n ) (Ea. A.2)
H E—-F,— Ay wy

where Ey is the exciton transition energy [eV], Ay is the exciton binding energy [eV], wy is the exciton
peak width [eV], w,, is the continuum edge width [eV], H is the continuum step height [-], and 7 is the

asymmetric broadening [eV]. The results of the fit are summarized in the Table A.1.
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Table A.1 - Extracted parameters from the fitted equations displayed in Figure 3.2.A

Parameters / unit Values
E. / eV 2.78 + 3-10~4
Ay [/ meV 334 £ 12
wy / meV 49 +£ 0.3
we / meV 286 + 3
H /- 8.45 + 0.08
n / meV 56 + 0.8
cst / - 0.123 £ 9-10~*

Cyclic voltammetry correction

To estimate the energy levels for the CsPbBrs NPls, it is more suitable to compute the values against
vacuum level:

E (vs. vac.) = —(Eopjreq +4.5)eV (Eq. A4)

The value of -4.5 eV refers to the Fc%/* correction to the vacuum level potential of the normal hydrogen

electrode (NHE).*

PLQY estimation

To estimate the PLQY of the CsPbBr3s NP1 solution, the comparative method was applied by connecting
the PL of the NPIs to the one of a known standard, Coumarin 102 (C102).° Both samples should emit in
the same energy range and be measured under the same experimental conditions (same setup, same day,
same temperature, same optical path length for the cuvette) to minimize the risk of errors. In addition,
each sample should absorb the same number of photons: the absorption values should be equivalent at
the excitation wavelength. Thus, C102 dye in ethanol was selected, which has a PL maximum at 460 nm

and a PLQY of 0.58 (Figure A.4).°

Then, a simple ratio between the integrated PL of the NP1 solution with the integrated PL of the dye

solution was done and the obtained value was multiplied it by the PLQY of C102.

To reduce the margin of error, one would be tempted to repeat this measurement for different dye
and NPl concentrations. However, due to the dynamic binding between the capping ligand and the
perovskite surface, NPls deteriorate at a low concentration (absorption < 0.2), which greatly reduces
the measurement range. Since PLQY measurements are not crucial to this work but are here to give a

general trend, it has been decided to measure the emission spectra at only one concentration.
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A - Additional figures
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Figure A.1: Cyclic voltammogram of ferrocene (vs. QRE) A) for different scan rates and B) QRE
potential calibration procedure.
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Figure A.2: PL decay (Aprobe = 455 nm) obtained by TCSPC (red line) with the best fitted exponential
decay function (black line).
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Figure A.3: Normalized TRPL spectral slices at different time delays obtained by TCSPC.
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Figure A.4: Absorption and emission spectra of C102 used to estimate the NPI’s PLQY.
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Figure A.5: TA spectral slices at Tgelay = 0.25 ps with the second derivative of the absorption spectrum.
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Appendix B - Early excited state dynamics in lead halide per-

ovskite nanoplatelets

B - Additional derivations

Fitting of the simplified model accounting for shallow trap states

A homemade Wolfram Mathematica procedure was written to fit the experimental data with the model
proposed in Figure 4.1.B. Firstly, the data before 500 fs were cut to ensure that all the photoexcited
carriers are in the lowest excited state. Then, the kinetic traces from 452 to 458 nm (444-450 nm)
were averaged and normalized at 7 = 500 fs. For each sample, the PL (TA) dynamics were fitted with
Equations 4.6-4.7. Nx,, Nx,, and Nx . were determined by solving the differential Equations 4.2-4.5

for a 0.5-1200 ps interval with the following initial conditions:
Nx,(r=05ps)=1—a; Nx,(1=05ps) =a; Nxz;(r=05ps) =0 (Eq. B.1)

Fitting of the early time dynamics

To fit the FLUPS and TA dynamics at the sub-picosecond time scale, a convolution of a Gaussian and
an exponential decay, d, (or rise, r) function was used (Equations B.2-5). The width of the Gaussian
dynamics, w, was fixed to the value obtained by fitting the cross-correlation signal between the pump

and the gate pulses (or the chirp in dodecane for TA experiments). The results are shown in Tables

B.1-B.3.
d=yo+ Ay -exp(—t/m) (Eq. B.2)
r=yo+ A1 [1 — exp(—t/1)] (Eq. B.3)
g= (10171-/2> ~exp[—2(t — t9)?/w?] (Eq. B.4)

Table B.1 - Extracted parameters from the fitted equations displayed in Figure 4.4.B

Parameters / unit | Band edge (FLUPS) | Main Peak (FLUPS)
Ay /- 1.82 + 0.04 1.33 £ 0.03
w / fs 190 190
T/ fs 290 £ 20 290 + 20
to /fs -104 £ 6 -104 £ 6
Yo / - -0.02 £ 0.01 -0.35 £+ 0.03
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Table B.2 - Extracted parameters from the fitted equations displayed in Figure 4.5.B

Table B.3 - Extracted parameters from the fitted equations displayed in Figure 4.6.B

Parameters / unit | PIA red (TA) | PIA blue (TA)
Ay /- 3.04 = 0.10 3.96 £ 0.12
w / fs 221 221
T/ fs 289 £ 11 295 £ 11
to /fs -199 £36 -204 £ 7
Yo / - 0.31 + 0.02 0.99 £+ 0.01

Parameters / unit | NPI-0.5 NPI-1.2
Ay /- 2.84 £ 0.16 | 3.12 £ 0.14
w / fs 221 221
T /s 320 + 30 260 + 20
to /fs -210 £26 -214 £ 19
Yo / - 0.01 + 0.01 | -0.01 £ 0.01

Carrier temperature calculation

To extract the carrier temperature the high energy tail of the TA spectrum at early-time (7 = 0.2 ps)
was fitted by a Maxwell-Boltzmann distribution (Equation B.2).” This distribution is often used to

approximate the Fermi-Dirac distribution function for hot carriers with energies higher than the Fermi

Energy level:

AA = Ay exp (T_i > (Eq. B.2)
c B

where E is the energy [eV], T, is carrier temperature [K], and kp is the Boltzmann constant [eV/K].
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B - Additional figures
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Figure B.1: Left) Isolated band edge emission spectral slices and right) dynamics.
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Figure B.2: TA spectral slice at 7 = 200 fs and the calculated carrier temperature from the procedure
described in equation B.2.
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Appendix C - Multiexciton processes in lead halide perovskite

nanoplatelets

C - Additional derivations

Fitting of the lowest excited state dynamics

To fit the traces in Figure 5.4, the PL and PIA-2 dynamics were normalized at 7 = 0.2 ps and fitted
with a bi-exponential decay function convoluted with a Gaussian function. The amplitudes and lifetimes
were fitted, while the Gaussian width and ¢y were fixed by fitting the cross-correlation signal between the
pump and the gate for FLUPS experiment (or the chirp in dodecane for TA experiments). To increase
the signal-to-noise ratio of the isolated band edge signal in the FLUPS an average of five dynamic slices

around 442 nm was calculated before normalization.

Table C.1 - Extracted parameters from the fitted equations displayed in Figure 5.4.A.

FLUPS / (Ny) | A4 71 / ps Ay | 72/ ps
0.1 1.0 | 0.35 £ 0.05 - -
04 0.97 | 0.36 = 0.06 | 0.03 | 1.5 &+ 2.7
0.6 0.96 | 0.33 £0.03 | 0.04 | 3.1 £ 2.5
1.1 0.92 | 0.35 £0.04 | 0.08 | 1.5 £ 0.7
2.2 0.81 | 0.32+0.04 | 0.19 | 1.4 £+ 0.3
3.2 0.77 1 032 £0.03 | 0.23 | 1.5 £ 0.2
5.4 0.58 | 0.32 £0.03 | 0.42 | 2.0 £ 0.2

Table C.2 - Extracted parameters from the fitted equations displayed in Figure 5.4.B.

TA / (Ny) | Az 71 / pS A, T2/ PS | Yo
0.2 1.0 | 0.30 &£ 0.02 | 0.001 | 2.5 £0.1 | 0.19
0.4 0.99 | 0.30 £0.02 | 0.01 | 2.5+0.1 ] 0.17
0.8 097 | 0.30 £0.02 | 0.03 | 2.5 +0.1 | 0.17
1.3 0.96 | 0.30 £0.02 | 0.04 | 2.5 +0.1 | 0.19
1.7 0.87 | 0.30 £0.02 | 0.13 | 2.5+ 0.1 | 0.17
2.0 0.85 | 0.30 £0.02 | 0.15 | 2.5 £0.1 | 0.19
2.5 0.80 | 0.30 £0.02 | 0.20 | 2.5+ 0.1 | 0.15
3.5 0.80 | 0.30 £0.02 | 0.20 | 2.5 £ 0.1 | 0.15
4.0 0.77 |1 0.30 £0.02 | 0.23 | 2.5 +£0.1 | 0.15
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Table C.3 - Extracted parameters from the fitted equations displayed in Figure 5.6.

Sample Ay T1 / ps A, T2 / ps

NPI1-0.3 | 0.43 +0.04 | 0.28 + 0.04 | 0.57 + 0.04 | 1.53 + 0.12
NPI1-0.5 | 0.60 + 0.02 | 0.28 + 0.02 | 0.40 + 0.02 | 1.67 + 0.16
NPI-1.2 | 0.95 + 0.05 | 0.29 + 0.02 | 0.05 + 0.05 | 1.13 £+ 0.89
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C - Additional figures
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Figure C.1: 2D FLUPS spectra at early time scales for (Ny) = 0.1-5.7.

167



APPENDIX C

0
s
o
-
~ L
% 1
_2 3 N
0.8 ps
L 1.6 ps
— 5 ps
-3f — 100 ps
420 440 460 480
Wavelength / nm
<Nx> =13
4 T T v T T T
o}
@
o
-
~ 4
<
0.2 ps
3 ——0.4 ps
-8 0.8 ps
1.6 ps
- —5ps
-12 _1|00 i I 1 1
420 440 460 480
Wavelength / nm
5
0 3
?
o
-
~ 5]
<
3_ I 0.8 ps
10 1.6 ps
L —— 5ps

—— 100 ps
420 440 460 480
Wavelength / nm

AA/A /103

AA/A /103

2 T T
0
2F — 0.1ps
— 0.2ps
~ —— 0.4 ps b
0.8 ps
-4 1.6 ps
— 5 ps
[ —— 100 ps T
-6 L L L L
420 440 460 480
Wavelength / nm
<Nx> =22
5 v T v T v
il
-5F
-10} 0.8 ps
1.6 ps
L 5ps J
— 100 ps
-15} P
1 M 1 M 1 M 1 M
420 440 460 480
Wavelength / nm
<N,>=4.0
5 L] - L] - L] L]
0
-5 — 0.1ps
. —0.2ps
— 0.4 ps
-10 0.8 ps
1.6 ps
L —5ps
— 100 ps
-15
1 1 1 1
420 440 460 480

Wavelength / nm

Figure C.2: TA spectral slices for (Ny) = 0.2-4.0.

168



APPENDIX C

A B
Erar .t T T T T T 1T T (Y e B L L AL IR
B 10 5" * <N>=0.7 | + <N>=0.2
N i T = <N >=11 =S = <N,>=04
T F ’ <N>=23 : 0.4} = <N,>=0.7
£ 08F *© =y " . <N>=34— E = <N>=1.1
5 el . s <N,>=57 > <N>=2.3
2 L] -..“—':.. :0:03'— <NX>=3'4_
0.6} L . 7] <N,>=5.7
; _-.::::'-7 . ® dc., \
=04t S I i
c - -. :.ll-'i.' I"I"‘-"- "o - o
T o h P u il >
[ [ 4 .
E 0.2+ ': - .ﬂ‘.-_.‘:,'.l.,:i_— X
> - .
><0'0....1....1....1..'..1 R e T
5 10 15 20 5 10 15 20 25 30
Time / ps Time/ps
C
T T T T T T T
3.0 _
+
2.5+ -
< 2.0 -
A
E15F . -
P
V10 -
+
0.5+ -
+
0.0+ * ] ] ] ] 1L
0 1 2 3 4 5 6
<Nx>/'

Figure C.3: A) Normalized and B) raw isolated biexciton PL dynamics (Aprobe = 465 nm) for (Ny) =
0.2-5.7. C) Average number of biexcitons per NP1 as a function of the average number of excitons.

169



APPENDIX D

Appendix D - Charge separation in CsPbBr3; NPls

D - Additional derivations

Isolation of the hot charge carrier transfer

A homemade procedure was set up to evaluate the dependence of the initial PL intensity of NPl-acceptor
complexes on the pump energy. As shown in Table D.1, the absorption cross-section slightly depends
on the excitation wavelength. Hence, it becomes challenging to generate the same number of excitons by
varying the excitation energy. To overcome this issue, PL dynamics of pristine NP1 solutions were col-
lected for each excitation wavelength and serve as a reference. Then, by considering that the pristine NP1
signal intensity was independent of the excitation wavelength and the raw PL dynamics were normalized
at 7 = 1 ps (Figure D.6). Then, the same normalization factor was applied to correct the raw PL for
NPl-acceptor complexes (Figure D.7). Finally, the percentage of hot carriers transferred was estimated

by taking the maximum of each “corrected” PL dynamics.

Side notes: a) This procedure is only valid if the pump intensity is low enough to avoid the generation of
multiple excitons. Thus, the excitation beam was set at 9 nJ for each wavelength. b) The beam deflection
from the organic acceptor in the 305-430 nm range was neglected . Since the absorption cross-section
of the organic molecules is four orders of magnitude smaller (Table D.1), this assumption should be
valid for low acceptor concentration. ¢) It has also been considered that the addition of PTZ or BQ does
not create new above band edge trap states, which could lower the PL intensity when pumping at high

excitation energy.

Table D.1 - Comparison of the CsPbBrs NPIs absorption cross-section obtained by Poisson statistics and
molecular acceptor cross-section reported in the Chemistry Webbook, ® at different excitation wavelengths.

Excitation wavelength [nm] | onpis [107!* cm?] | oprz [1071* cm?] | ogq [107* cm?]
305 0.92 £ 0.10 0.0014 < 0.0001
320 0.91 £+ 0.08 0.0017 < 0.0001
340 0.85 £ 0.09 0.0009 < 0.0001
355 0.75 £ 0.06 0.0003 < 0.0001
370 0.90 £+ 0.08 < 0.0001 < 0.0001
400 0.73 £+ 0.06 < 0.0001 < 0.0001
435 0.58 £ 0.03 < 0.0001 < 0.0001
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D - Additional figures
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Figure D.1: Absorption spectra of fresh and aged A) NPI-PTZ and B) NPI-BQ complexes.
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Appendix E - Symbols and abbreviations

o Absorption constant [cm™]

AA Transient absorption signal [-]

AFE Energy difference between X; and S [eV]

AEg Stokes shift [eV]

Ak Phase mismatch [m™!]

Ay Exciton binding energy [eV]

Ak Biexciton binding energy [eV]

€ Permittivity [F/m)]

€ Molar attenuation coefficient [cm?/mol]

n Asymmetric broadening [eV]

0 Mean fractional coverage of acceptors on one nanoplatelet [-]
Ormax Maximum fractional coverage of acceptors on one nanoplatelet [-]
A Wavelength [nm]

W Carrier mobility [em?-V~1.s71]

o\ Absorption cross-section at A nm [cm™!]

Tdelay Time delay [ps]

Tx,rad Single exciton radiative recombination lifetime [ns]

Ty, A Exciton-exciton annihilation lifetime [ps]

Tyx,r Biexciton radiative recombination lifetime [ns|

TCT,cold Cold charge transfer lifetime [ns]

TCT hot Hot charge transfer lifetime [ns]

TCR Charge recombination lifetime [ns]

Dpp, Photoluminescence quantum yield [-]

w Angular frequency [s71]

[A] Acceptor concentration [mol/L]

a Proportion of nanoplatelets containing deep trap states [-]
A Absorbance [-]

A - Ay Amplitudes [-]

c NPI concentration [mol/L]

(d) Average distance between two nanoplatelets [nm)]
deot Effective nonlinear susceptibility [-]

e Elementary charge [1.60-1071% C]
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Ep Fermi Level [eV]
E, Band gap [eV]
Ey Exciton transition energy [eV]
Eyx Biexciton transition energy [eV]
h Planck constant [6.63-10734 J-s]
h Reduced Planck constant [1.05-1073% J-g]
H Continuum step height [-]
Iy Initial light intensity [W/m?]
I(1) Light intensity at point [ [W/m?]
Ig Intensity of the gate beam [E/m?]
Density of photons per unit area [cm™?]
k Momentum vector [-]
Koo Acceptor binding constant [-]
kp Boltzmann constant [1.38-10723 J/K]
kp (Tp) Rate constant (lifetime) for exciton trapping into deep trap states [s~1 (ps)]
ks (7s5) Rate constant (lifetime) for exciton trapping into shallow states [s~! (ps)]

k_s (t_s) Rate constant (lifetime) for exciton de-trapping from shallow states [s™! (ps)]

kraqa (Traa)  Radiative recombination rate constant (lifetime) [s~1 (ns)]

l Optical path length [cm]

Inp1 Length of the nanoplatelet [nm]

L Dimension of the semiconductor [m]

L. Crystal thickness [m]

m Average number of acceptor molecules bound on the nanoplatelet surface [-]
mo Free electron mass [9.11-10731 kg]

mem Carrier/electron/hole effective masses [kg]

n Number of excitons per nanoplatelet [-]

Ne Extraordinary refractive index [-]

Ny Ordinary refractive index [-]

N Particle density [particle/cm?]

Ny Avogadro number [6.02:10%* mol~!]

Nabs Number of photons absorbed by the sample -]

Ny Number of available binding sites per nanoplatelet [-]
N, Charge carrier density [m~?]

Nem Number of photons emitted [-]
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(Ny) Average number of exciton per nanoplatelet [-]
Nx, Proportion of nanoplatelets without deep trap states [-]
Nx,, Proportion of nanoplatelets without shallow trap states [-]
Nx, Proportion of excitons in deep trap states [-]
Nx, Proportion of excitons in shallow trap states [-]
D Momentum [kg-m/s]

P Pixel number [-]

PLg Normalized PL of pristine nanoplatelets [-]
PL.cc Normalized PL of nanoplatelets-acceptor complexes [-]
ro Bulk-exciton radius [m]

Ry Rydberg energy of the hydrogen atom [13.6 eV]
T Temperature [K]

to Time-zero [ps]

T, Carrier temperature [K]

VNPl Volume of the nanoplatelet [nm?]

w Line width of a transition [eV]

We Continuum edge width [eV]

WNPI Lateral size of the nanoplatelet [nm]

Wy Exciton peak width [eV]

0 Ground state

ASE Amplified spontaneous emission

BBO Beta barium borate

BQ p-benzoquinone

C102 Coumarin 102

C153 Coumarin 153

CB Conduction band

CBM Conduction band minimum

CCD Charge-couple device

CHS Confined hole state

CPA Chirped pulse amplification

CR Charge recombination

CS Charge separation

CT Charge-transfer (state)
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Symbols and abbreviations

(Y
D
DAS
DOS
ETM
FA
FLUPS
HTM
GSB
ICT
IPA
LED
LHP
MA
ML
NC
NP1
OA
OAm
OPA
oPV
PIA
PL
PLQY
PMT
PNC
PTZ
PV
QD
QRE
RT

SC
SE

Cyclic voltammetry
Deep trap state
Decay associated spectrum

Density of states

Electron transporting material

Formamidinium CH(NHy)7

Fluorescence upconversion spectroscopy

Hole transporting material
Ground state bleaching
Interfacial charge transfer
Isopropanol

Light-emitting diode

Lead halide perovskite
Methylammonium, CH3NH;
Monolayer

Nanocrystal

Nanoplatelet

Oleic acid

Oleylamine

Optical parametric amplifier
Organic photovoltaic
Photo-induced absorption

Photoluminescence

Photoluminescence quantum yield

Photomultiplier tube
Perovskite nanocrystal
Phenothiazine
Photovoltaic

Quantum dot
Quasi-reference electrode
Room temperature
Shallow trap state
Semiconductor

Stimulated emission
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SFG
SOC
SRH
TA
TCSPC
TEM
TOPO
TRPL
VB
VBM
X1
WLC
WM

Sum-frequency generation
Spin-orbit coupling
Shockley-Read-Hall recombination
Transient absorption spectroscopy
Time-correlated single photon counting
Transmission electron microscopy
Trioctylphosphine oxide
Time-resolved photoluminescence
Valence band

Valence band maximum

Lowest excited state

White-light continuum

Wannier-Mott
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