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Resumé

L’étude fondamentale de la dynamique des porteurs de charges s’est révélée être d’un

grand intérêt pour l’optoélectronique en ouvrant la voie à de futurs développements.

Les processus clés qui déterminent la photophysique d’un matériau se produisent sou-

vent sur des échelles de temps très courtes. Afin de les caractériser, des techniques

de spectroscopie ultra-rapide à très haute résolution temporelle peuvent être utilisées.

Celles-ci s’appuient sur des lasers délivrant des impulsions ultra-brèves, de durées de

l’ordre de dizaines à des centaines de fs. L’une de ces techniques est la spectroscopie

térahertz résolue en temps (TRTS, en anglais), particulièrement utile dans l’étude des

semi-conducteurs en raison de sa sensibilité à la concentration et à la mobilité des por-

teurs de charge. Celle-ci peut également être utilisée pour étudier les vibrations de basse

fréquence et d’autres espèces photo-excitées, telles que les excitons. Dans ce travail,

nous nous concentrons sur les développements récents basés sur la photonique des gaz

qui permettent d’étendre la gamme de fréquences sondées de la technique jusqu’à plus

de 20 THz, ce qui lui vaut le nom de TRTS à ultra-large bande. Cette thèse est dédiée

à cette dernière et à son application dans l’étude de deux des sujets les plus actuels en

optoélectronique : les nanomatériaux et les pérovskites d’halogénures de plomb (LHP, en

anglais). La TRTS est employée le plus souvent en combinaison avec d’autres techniques

de spectroscopie. Les LHP sont devenus l’un des matériaux les plus étudiés ces dernières

années en raison de leurs performances photovoltäıques exceptionnelles et de la multi-

tude d’autres applications potentielles. Néanmoins, de nombreuses propriétés doivent

encore être pleinement comprises. Différentes versions de LHP de faible dimensionnalité

attirent de surcrôıt une attention croissante en raison de propriétés intéressantes, telles

que leur stabilité, leur rendement quantique d’émission ou les effets de confinement.

Les chapitres 1 et 2 sont introductoires. Le premier présente à la fois la théorie et la

littérature récente qui se rapportent aux chapitres suivants. Le deuxième donne des ex-
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RESUMÉ

plications détaillées sur la TRTS à ultra-large bande, l’analyse des données, le montage

expérimental et les particularités du substrat. Il offre également une description résumée

des autres techniques résolues en temps qui ont été utilisées. Les chapitres suivants sont

classés en fonction de la complexité et de la réalisation croissante du potentiel de la

TRTS à ultra-large bande. Chacun se concentre sur un matériau différent, dont la pho-

tophysique particulière est étudiée par TRTS.

Le chapitre 3 est une étude photophysique résolue en temps de nano-fils de Se. Ce

matériau suscite un grand intérêt pour ses applications potentielles, de la catalyse à

l’optoélectronique. Ici, nous étudions des échantillons en couches minces obtenus à par-

tir d’un nouveau processus de synthèse simplifié. La dynamique et la mobilité des

porteurs de charges sont investiguées pour la première fois en utilisant des techniques de

spectroscopie ultra-rapides.

Dans le chapitre 4, les LHP tridimensionnelles sont étudiées avec un intérêt pour l’évolution

initiale des porteurs de charge, y compris le refroidissement des porteurs chauds et la

formation de polarons. L’étude se concentre sur l’augmentation de la photoconductivité

qui peut être observée dans des LHP de compositions diverses au cours de la première

ps suivant l’excitation. Un modèle complexe est proposé sur la base des observations des

dépendances de la fluence et de la longueur d’onde et qui permet d’unifier la description

des mécanismes précédemment identifiés.

Enfin, le chapitre 5 se concentre sur l’étude des perovskites 2D où les effets de con-

finement diélectrique et quantique modifient complètement la photophysique, conférant

au matériau un fort caractère excitonique. Alors que les deux chapitres précédents se

focalisent principalement sur l’utilisation de la dynamique TRTS à fréquence moyenne,

ici des spectres résolus en fréquence ainsi que la spectroscopie de conversion ascendante

de fluorescence à large bande sont également utilisés dans l’étude de la dynamique de

conversion entre porteurs et excitons.

Mots-clés: spectroscopie THz à ultra-large bande, photonique des gaz, pérovskites

d’halogénures de plomb, pérovskites 2D, nano-fils de Se, photophysique, dynamique des

porteurs de charges, polarons, excitons.
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Abstract

The fundamental study of charge carrier dynamics has been shown to be of great inter-

est for optoelectronics, paving the way forward for future developments. Often, some

of the key processes that determine the photophysics of a material occur on very short

timescales. In order to study and characterize them, we can use time-resolved spectro-

scopic techniques on the ultrafast timescale. These generally rely on pulsed lasers with

ultra-short pulse lengths, in the order of tens to hundreds of fs. One such technique is

time-resolved THz spectroscopy (TRTS), especially useful in the study of semiconductors

due to its sensitivity to charge carrier concentration and mobility. Nonetheless, it can

also be used to study low energy vibrations and other photoexcited species such as exci-

tons. In this work, we focus on recent developments based on gas photonics that easily

enables the extension of the probed frequency range towards 20 THz and beyond, giving

it the name of ultra-broadband TRTS. This dissertation revolves around the technique

and its application to study two of the hottest topics in optoelectronics: nanomateri-

als and lead halide perovskites (LHPs). This is often done in combination with other

spectroscopic techniques. LHPs have become one of the most studied materials in recent

years due to their outstanding performance in photovoltaics and their multitude of other

potential applications. Nonetheless, many properties still need to be fully understood.

In addition, lower dimensionality variations of LHPs are gaining increasing attention due

to interesting qualities such as stability, emission quantum yield and confinement effects.

Chapters 1 and 2 are introductory chapters. The former introduces both the theory and

the recent literature that is relevant to the following chapters. Meanwhile, the latter

gives a detailed explanation of ultra-broadband TRTS, including data analysis, setup

description and substrate suitability. It also gives a summarized description of other

time-resolved techniques that were employed. The following chapters are ordered in

increasing complexity and realization of the potential of ultra-broadband TRTS. Each
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one focuses on a different material, exploring different photophysics that can be studied

with TRTS.

Chapter 3 is a time-resolved photophysical study of Se nanowires. These materials have

generated great interest for their potential applications, from catalysis to optoelectron-

ics. Here, we study thin-film samples obtained from a novel and simple solution-based

synthesis process. The charge carrier dynamics and mobility are studied for the first

time employing ultrafast techniques.

In chapter 4, bulk LHPs are studied with an interest towards the early evolution of

charge carriers, including hot carrier cooling and polaron formation. The study focuses

on the rise in photoconductivity that can be observed in LHPs of diverse composition

over the first ps after excitation. It proposes a complex model to unify previously re-

ported mechanisms based on the fluence and wavelength dependencies.

Finally, chapter 5 turns towards the study of 2D LHPs where the dielectric and quan-

tum confinement effects completely alter the photophysics, resulting in a strong excitonic

character. While the previous two chapters mainly focus on the use of frequency-averaged

TRTS dynamics, this one also makes use of frequency-resolved spectra as well as broad-

band fluorescence up-conversion spectroscopy to study the carrier-exciton dynamics.

Keywords: ultra-broadband THz spectroscopy, gas photonics, lead halide perovskites,

2D perovskites, Se nanowires, photophysics, charge carrier dynamics, polarons, excitons.
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Chapter 1

Introduction

This chapter gives an introductory review of the theoretical background and the relevant

topics for this thesis. It begins with an overview of semiconductor photophysics. Then,

it gives an introduction to nanostructured semiconductors and their special properties.

Finally, it details the properties of lead halide perovskites both in the bulk and 2D forms.
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CHAPTER 1. INTRODUCTION

1.1 Semiconductor photophysics

Semiconductors are the intermediate materials between metals and insulators. While

pure semiconductor crystals are insulators at absolute zero temperature, they can be

conductive with a higher or lower magnitude under different circumstances. Thermal

energy, impurities and defects, light excitations or high enough voltages can effectively

induce conductivity. These properties make them extremely useful for many applica-

tions from electronics to photovoltaics. In order to understand how the properties of

semiconductors arise it is necessary to start with the band structure.1,2

1.1.1 Band structure

The electronic structure of solids is divided into bands of allowed energy states and band

gaps of forbidden energies. These are a consequence of the interaction between electrons

and nuclei. The energy of the band gap is represented by Eg. If a band is half-filled

the material is a metal. In that case, the conductivity can be explained from all of the

close-lying available states. The system can often be approximated to a Fermi electron

gas and the conductivity (σ) can be obtained from Ohm’s law, with the form

σ =
Ne2τ

m
, (1.1)

where e is the electron charge, m is its mass and τ is the mean time between collisions

where the electric field acts on the carrier to accelerate it. This will be shown as part of

the Drude model in the next chapter.

As fermions, electrons follow Fermi-Dirac statistics due to the Pauli exclusion principle.

The distribution of occupied states follows

f(ε, T, εF ) =
1

exp[(ε− εF )/kBT + 1]
, (1.2)

where ε is the energy, εF is the Fermi level or chemical potential, T is the temperature

and kB is the Boltzmann constant. We can understand εF as the energy where a state

will have an occupancy probability of 50%. In addition, it defines the work needed to

add an electron to the material, provided we define a proper energy reference (vacuum,

SHE,etc.). In a simplified way, we can distinguish between a metal where a band is half

filled, and an insulator where one of the bands is completely filled and the next is empty.
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CHAPTER 1. INTRODUCTION

We generally define the filled band (at T = 0 K) as the valence band while the first

empty, or partially filled, band is the conduction band. At room temperature, intrinsic

semiconductors are a special case of insulators where the bandgap is small enough that

some electrons are promoted thermally according to Equation 1.2. This means that

some electrons are present in the conduction band and some vacancies (holes) are left in

the valence band (Figure 1.1). Electrons and holes are known as charge carriers, both

of them giving rise to the conductivity.

Figure 1.1: Scheme representing the band filling of a metal, a semi-

conductor and an insulator at room temperature. The Fermi level is

represented by the dashed line.

Electrons in a band are characterized by a certain momentum or wavevector (k). Thus,

band structures are typically plotted as a function of ε and k. This allows to directly

distinguish between a direct and an indirect semiconductor. The former is characterized

by having the conduction band minimum (CBM) and the valence band maximum (VBM)

aligned on the same k. In that case, a photon of angular frequency ω, where

Eg ≤ ~ω, (1.3)

is enough to produce the transition between the two band edges. On the contrary, in an

indirect semiconductor the CBM and VBM have a k mismatch. In that case, an optical

transition just across the bandgap requires a change in momentum much larger than the

one carried by a photon, which is negligible at optical energies. In that case, emission
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or absorption of phonons, quasiparticles corresponding to quanta of lattice vibrations,

can supply the necessary change in k. Thus, the transition can occur when

Eg ≤ ~ω ± ~Ω, (1.4)

where Ω, the angular frequency of the phonon, is typically much smaller than ω.

Figure 1.2: Difference in the band structure between a direct (left)

and an indirect (right) semiconductor.

Indirect transitions are dependent on temperature since it determines the availability

of phonons. In addition, being a two-step process, indirect transitions have a lower

probability than direct ones. This explains the enhanced absorption coefficients of di-

rect semiconductors such as lead halide perovskites compared to indirect ones such as

crystalline silicon.3

1.1.2 Phonons

As previously mentioned, phonons are energy quanta of lattice vibrations. n phonons

are generated when a vibrational mode is excited to the quantum number n. They

are analogous to photons in electromagnetic waves. Unlike electrons, phonons follow

Bose-Einstein statistics, where the phonon occupancy for a certain frequency Ω is given

by

n =
1

exp( ~Ω
kBT

)− 1
. (1.5)

Phonons are divided into transverse (T) and longitudinal (L) modes. The latter cor-

responds to oscillations in the propagation direction while the former corresponds to

14
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perpendicular ones. Equally, when there is more than one atom in the unit cell of a

solid, the phonons are further dived into optical (O) and acoustical (A) phonons, giving

a total of four kinds of phonons: LO, TO, LA and TA. Acoustical phonons correspond

to coherent oscillations with a net displacement of the center of mass, much like acoustic

waves. On the contrary, optical phonons correspond to out-of-phase oscillations. Their

name comes from the fact that they can interact with light. A representation of the four

kinds of modes is shown in Figure 1.3. Acoustical phonons generally have a lower energy

than optical ones.1

Figure 1.3: Schematic representation of the four kinds of phonons in

a 1D lattice.

1.1.3 Photoexcited states

As implied earlier, semiconductors can interact with photons to promote electrons be-

tween bands, leading to different photoexcited states or particles and quasiparticles that,

if present, occur at lower concentrations in the dark. These states include simple charge

carriers but also excitons and polarons as well as more complex ones such as plasmons

or polaritons that will not be treated in this text.

1.1.3.1 Charge carriers

As stated earlier, charge carriers are composed of electrons and holes. These can be

produced by promoting an electron between the bands through photon absorption. Oth-

erwise, they can already be present due to the thermal distribution or doping. In an

intrinsic semiconductor, the Fermi level lies in-between the two bands. Therefore, in

the dark, the only carriers present originate from thermal excitations according to the

Fermi-Dirac distribution (Equation 1.2). However, defects and impurities can change
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this, shifting the Fermi level. The presence of an impurity atom, replacing another from

the lattice with an excess or a lack of electrons, will constitute a source of electrons and

holes, respectively. These are also known as donor and acceptor impurities. In fact, the

intentional addition of these impurities is called doping, a key process in the technologi-

cal application of semiconductors. Furthermore, defects such as vacancies or interstitial

atoms can also act as acceptor and donor states. Many of these defects and impurities lie

at energies close to the band edge and can be observed as a tail of the optical absorption.

Moreover, defect states in the band gap can become traps for the carriers, as they lie

lower in energy than the band edge. Depending on the energy difference, these can be

classified into deep and shallow traps. Traps play an important role in the charge carrier

dynamics and recombination mechanisms.

Figure 1.4: Schematic representation of carrier photoexcitation and

the three types of recombination.

There are three main mechanisms for charge carrier recombination:

� Shockley-Read-Hall (SRH), also known as trap-assisted or simply monomolecular

16
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recombination, is characterized by a recombination rate that varies linearly with

carrier concentration. This is explained through the assumption that recombina-

tion takes place in recombination centers (traps) where carriers “fall” monomolec-

ularly.4,5

� Bimolecular recombination, where an electron and a hole recombine, potentially

through the formation of an exciton. This process is typically radiative, especially

in direct semiconductors. The recombination rate increases quadratically with the

carrier concentration since the process involves two carriers.

� Auger recombination, named after the Auger effect, involves three carriers where

an electron and a hole recombine transferring the energy to a third carrier that

becomes hot. It then relaxes back to the band edge through phonon emission.

Thus it is a nonradiative recombination mechanism and its rate is a cubic function

of the carrier concentration.2

From these models, charge carrier recombination can be modeled as

dN

dt
= −k1N − k2N

2 − k3N
3, (1.6)

where N is the carrier density and k1, k2 and k3 are the rate constants that predom-

inantly describe the three processes mentioned before. These may also include other

monomolecular, bimolecular or trimolecular processes, respectively.

Charge carriers are the source of photoconductivity (∆σ), the rise in conductivity upon

illumination. It can be defined as

∆σ = eNµ, (1.7)

where e is the electron charge, N the charge carrier density and µ is the mobility. This

can be further expanded to differentiate between electron (µe) and hole (µh) mobilities.6

∆σ = e (Neµe +Nhµh) . (1.8)

However, throughout this work, we will consider that the photoconductivity is either

dominated by one of the two or results from an average mobility. Under the Drude

model, that will be further explained in the next chapter, the mobility follows

µ =
eτ

m∗
, (1.9)
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where τ is a scattering constant and m∗ is the effective mass of the carrier. Logically,

this expresses the fact that the mobility is indirectly proportional to the mass of the

carrier. To understand the implications it is best to describe the origin and meaning of

the effective mass.

In the periodic potential of a lattice, electrons are accelerated under an electric field as

if they had an effective mass different from the mass of a free electron. At the band edge

ε(k) is often approximated to the parabolic relationship

ε(k) = ε0 +
~2k2

2m∗
, (1.10)

where the curvature of the parabola is

ρ =
d2ε

dk2
=

~2

m∗
, (1.11)

inversely proportional to m∗. Thus, carriers lying on high curvature valleys, typically at

the band edge, present a lower m∗ and a higher µ. When carriers are excited with ex-

cess energy the transition can occur at different k than the CBM. In addition, electrons

with excess energy can scatter towards other valleys interacting with phonons. In those

cases there will be a difference in µ between the relaxed carriers at the band edge and

the hot carriers.1,7 This can be used to explore hot carrier cooling through µ-sensitive

time-resolved techniques.

Typically, the effective mass in a semiconductor is lower than the free electron, with val-

ues usually in the 0.1-0.01 range.1 However, exceptions, such as heavy fermion materials,

exist.8

1.1.3.2 Excitons

Due to Coulomb interactions, electrons and holes can be bound into a quasiparticle

known as an exciton. Excitons are characterized by a binding energy Eb that describes

the strength of the interaction. Often, semiconductors show an absorption peak below

the bandgap energy that corresponds to the excitons, and the difference in energy is

given by Eb. In addition, excitons are neutral quasiparticles that can diffuse through

the crystal and carry energy. Depending on the strength of Eb, excitons can be divided
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into tightly bound Frenkel excitons and weakly bound Wannier-Mott excitons.1

Figure 1.5: An adapted Jablonski diagram, where the exciton state

and the electron-hole continuum are shown to correspond to the Ab-

sorbance (A(ε)) spectrum of a direct semiconductor (CsPbBr3) with a

clear excitonic peak.

Frenkel excitons are small tightly bound excitons localized on a single atom or molecule,

in the case of an organic semiconductor, presenting a large Eb. It can be understood as

an excited state that diffuses through hopping. These are typical of low dielectric mate-

rials, since the electron-hole correlations and, therefore, Eb increase as the permittivity

decreases.

Wannier-Mott excitons, on the other hand, show a much weaker interaction between

the electron and the hole, which are separated across a larger distance than the lattice

constant. These quasi-particles are generally understood as hydrogen atom-like systems

characterized by a Bohr radius given by Rb = ε~2
µe2

, where µ, not to be confused with the

mobility, is the reduced mass of the exciton, µ = ( 1
me

+ 1
mh

)−1.9 As the permittivity ε

increases, Rb increases, giving a more loosely bound pair due to the charge screening of

the carriers by the lattice. Consequently, Eb is lower and excitons tend to split into free

charges with thermal energy.

Exciton recombination generally proceeds through either monomolecular or bimolecu-
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Figure 1.6: Exciton recombination mechanisms.

lar pathways. Among the first, the most common and straightforward mechanism is

radiative recombination where the electron falls into the hole and emits a photon. Oth-

erwise, excitons can also undergo trap assisted non-radiative recombination, where one

of the carriers forming the exciton falls into a trap state and the other is promoted

into its respective band. This is, therefore, an Auger type of process, but it involves

only one exciton.10,11 Finally, the most common bimolecular recombination pathway is

exciton-exciton annihilation, another Auger process where an exciton recombines while

transferring its energy to a second exciton, which can either go to a higher excitonic

state or split into carriers.12–15

1.1.3.3 Polarons

When charge carriers are present in a polarizable solid, such as polar crystals or ionic

semiconductors, they form a quasiparticle known as a polaron. It can be described

as the combination of a carrier with its self-induced polarization of the lattice.16 The
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simplest theoretical description of polarons considers the interaction between carriers in

a parabolic band, without spin or relativistic effects, and LO phonons. These are the

so called standard or Fröhlich polarons. The theoretical background is based on the

work from Landau17 and Pekar,18 and finally derived by Fröhlich in 1954.19 From it, the

Fröhlich coupling constant (α) can be obtained as

α =
e2

~c

√
mbc2

2~ωLO

(
1

εinf
− 1

ε0

)
, (1.12)

where mb is the carrier effective mass in the band, ~ωLO is the phonon energy and εinf

and ε0, not to be confused with the vacuum permittivity, are the electronic and static

permittivities of the crystal, respectively.

Fröhlich polaron theories can be divided depending on their coupling regime (the strength

of α) into strong,18,20 weak19 and intermediate couplings, where the last one generally

includes all-coupling theories.16 Feynman’s path integral is regarded as the most suc-

cessful all-coupling approach.21

It is common to describe Fröhlich polarons as “large polarons” because the induced

polarization extends over more than a unit cell. On the other hand, there exists a

second type of polarons called “small polarons”. These are considered to be trapped by

their self-induced polarization in a region of the order of a unit cell. Therefore, they

are governed by short-range forces and the atoms immediately around it. In that case,

Fröhlich’s continuum approximation does not hold and must be treated in a different

way. It is worth noting that, since small polarons are trapped in a self induced potential

well, their transport properties are completely different. The movement is produced

through a hopping mechanism that is thermally activated. This means that it depends

on the availability of phonons and the mobility can be approximated to

µsp ∝ nph ∼ e−~ωLO/kBT , (1.13)

where nph is the phonon density, at low enough temperatures. This is the complete

opposite to Fröhlich polarons which exhibit a band-like transport limited by polaron-

phonon scattering. In that case, the mobility decreases with temperature similar to

µFp ∼ e~ωLO/kBT . (1.14)
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In general, the effective mass of a polaron can be expected to be larger than the bare

carrier due to the lattice displacement that it carries. As an example, in the weak carrier

regime, derived by Fröhlich, the effective mass is given by

m∗ =
mb

1− α/6
. (1.15)

Since α is always positive, with values in the 0.2-6 range, m∗ will be larger than mb.
16

1.2 Nanomaterials

We can define a nanomaterial as having at least one dimension reduced to the 1-100 nm

range. Depending on the number of dimensions that remain at bulk proportions we can

speak of 3D or bulk materials; 2D, such as nanoplatelets or thin films and quantum wells;

1D, like nanowires or nanotubes; and 0D, commonly known as nanoparticles, quantum

dots and nanoclusters. All of these structural confinements typically have strong conse-

quences on their properties, such as bandgap, wettability, conductivity, melting point or

light scattering.22 The origin of these changes can be divided into surface and quantum

confinement effects.23

Surface effects originate from the increase in the fraction of atoms lying on the surface

which occurs as the volume decreases. In a sphere, the surface scales with r2 while the

volume scales with r3. Therefore, at small enough volumes a large fraction of atoms

are at the surface. This fraction is also called dispersion. Atoms on the surface have

a lower coordination number, which means they are less stable and can form bonds

with adsorbing molecules. This is also the reason for nanoparticles presenting a lower

melting point.23 Furthermore, the increased dispersion produces a rise in the importance

of surface states.24 These may lie in the bandgap, behaving as traps and non-radiative

recombination centers.25

Quantum confinement effects directly affect the electronic structure of the material. As

the spatial dimensions of a semiconductor decrease to ca. the exciton Bohr radius, a

blue-shift of the absorption and emission spectra can be observed. Considering an “elec-

tron in a box” perspective, as the diameter of a particle becomes similar to the electron

wavelength the energy levels become increasingly discrete.26 Logically, the density of

states equally decreases. Depending on the number of dimensions that are affected, the
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density of states is altered in a different way, until reaching a molecular scenario for the

smallest clusters (Figure 1.7). In addition, the band edge is more strongly affected and

the result is a widening of the gap.27 Moreover, the effect is gradual. This means that

quantum dots emitting in all parts of the visible spectrum can be obtained from the

same composition just by varying the size.23 On the other hand, Kayanuma showed that

strong quantum confinement effects are to be expected from the moment the particle is

as small as twice the exciton Bohr radius.9

Figure 1.7: Schematic representation of the effects of quantum confine-

ment in the density of states depending on the number of dimensions.

Inspired from ref. [27]

There can be an additional effect called dielectric confinement. It is caused by the

strong decrease in permittivity from the semiconductor to the ligands used to stabilize

the nanostructure.28,29 This enhances correlations between electrons and holes that can

largely increase the exciton binding energy.

1.3 Lead halide perovskites

In the past decade a family of materials have attracted a large part of the photovoltaic

research effort and attention. These are the famous lead halide perovskites (LHP), also

known as hybrid organic-inorganic perovskites (HOIP), where the latter highlights that

some of the most used compositions contain organic cations. LHPs can be described

through the general composition ABX3, where A is a voluminous monovalent cation,
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usually methylammonium (CH3NH+
3 ) but also formamidinium (NH2CHNH+

2 ) or Cs+,

B is a divalent heavy metal cation such as Pb2+, and X is a halide (I−, Br−, Cl−). In

fact, the term “perovskite” includes all the possible materials with the ABX3 formula

showing a cubic crystalline structure formed by BX6 octahedra in the corners and the

A cation in the center (Figure 1.8).30–33 In addition, the structure includes several fam-

ilies of minerals including the original titanate perovskites like CaTiO3.34 However, the

purely cubic structure is usually present only at higher temperatures. In the case of

CH3NH3PbI3 for example, the organic cation has a higher degree of rotation in those

conditions, giving an overall cubic symmetry. Otherwise, the preferred orientations of

the cation distorts the unit cell into a rectangular prism giving a tetragonal phase at

ambient temperature and an orthorhombic phase at low temperatures.31,35

Figure 1.8: Example of a perovskite structure representation36 taken

from CaTiO3 crystallographic data.34 Notice that the distortion in the

structure is also present in this mineral.

LHPs have attracted a great deal of attention due to the fast improvement and high

power conversion efficiencies (PCE), with low processing costs, of perovskite solar cells

(PSC). This easy-to-handle material has allowed many research teams in fairly common

chemistry labs to carry out research at an accelerated pace. Between the years 2012

and 2020 the certified PCE of single junction PSCs has risen to 25.2%, in direct com-
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petition with well established technologies like silicon or CIGS.37 The first use of hybrid

perovskites in solar cells was reported by Miyasaka’s group in 2009 where it substituted

the dye in a dye-sensitized solar cell (DSSC) in the form of nanoparticles with a PCE

of 3.8%.38 The inherent instability of the material in contact with a polar electrolyte

limited its durability and efficiency. Further improvements were carried out by N.-G.

Park and coworkers39 until the idea of substituting the liquid electrolyte by the HTM

Spiro-OMeTAD, used before in solid state DSSCs, gave the appropriate stability to the

cell, showing even higher PCEs, reaching 9.7%.40 This was quickly followed by further

improvements by H. Snaith et al.41 going beyond 10% efficiency that rapidly escalated

into the rush towards 20% in the following years.35

Progress in the PCE has lost some momentum in the last few years and the focus has

partially shifted towards improving other aspects such as the stability or toxicity as well

as other applications such as light emitting devices, lasing or photodetectors.42 This

is why related systems such as 2D perovskites are attracting a lot of attention. To

conclude this introduction, we will review the properties of perovskites in the bulk and

in 2D confined systems, which are two of the main subjects of study in this thesis.

1.3.1 Bulk properties

LHPs have a sharp optical band edge with a strong panchromatic absorption, owing

to their direct bandgap, that is ideal for photovoltaic applications. Due to spin-orbit

coupling from the presence of heavy atoms, such as lead or iodine, the conduction band

is split into two, lowering the CBM.43 In addition, the width of the bandgap is extremely

tunable depending on the ionic compositions, with values that can range from 1.15 to

3.06 eV.42 For example, changes in the halide from I− to Br− or Cl− will increase the

bandgap due to a shift in the valence band.44 Similarly, a change in the metal from

Pb2+ to Sn2+ can decrease the bandgap. Interestingly, a gradual shift can be obtained

through partial substitution and mixed compositions. In the end, a large part of the

research effort has been directed towards the optimization of the right composition in

order to enhance stability and performance.42,45,46

Part of the reason why these materials have such an excellent photovoltaic performance

lies in the surprisingly long charge carrier lifetimes, for a direct semiconductor, typi-
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cally lying in the hundreds of ns to even several µs. It was shown that bimolecular

recombination was particularly slow compared to what is expected from the Langevin

model.43,47 This model establishes the limit for the ratio between recombination rate

and mobility, assuming that recombination will occur once the electron and the hole

enter their respective capture radii. However, the observed rates and mobilities picture

a recombination scenario that is up to four orders of magnitude slower. This is highly

desirable for photovoltaic applications and its origin has been extensively debated.43

Indeed, the combination of considerable mobilities,48 typically in the order of 1 to 100

cm2 V−1 s−1,48 with low recombination rates,49 give rise to long diffusion lengths and

efficient extraction in sub-micron films.50

Much attention has been devoted towards two possible explanations coming from ei-

ther a Rashba effect51,52 or the polaronic nature of the carriers.53–55 While the latter

will be given more importance in this dissertation, especially in Chapter 4, the former

is also worth mentioning. Briefly, spin-orbit coupling produces a spin-splitting of the

bands in the k dimension. However, this is not identical for the two bands, resulting

in a slight indirect nature of the bandgap. Thus, k preservation makes recombination

of relaxed carriers a slow process.56 In addition, some results suggest that the resulting

electronic structure makes recombination a spin-forbidden transition.57 Polarons, on the

other hand, would explain lower recombination rates from the screening effects of the

polarization clouds surrounding the carriers.53 Certainly, polarons are to be expected in

such an ionic material, but the evidence has been piling up in favor of the fact that they

are an important element in the description of charge carriers in LHPs. One of the first

hints came from the temperature dependence of the mobility, which was shown to follow

a T−3/2 dependence.58 This is typical of a mobility governed by acoustic phonon-electron

scattering instead of impurity scattering. The decreasing mobility with temperature is

consistent with the polaron picture. In addition, recent measurements of polaron for-

mation and calculations have improved the understanding.54,59 Furthermore, polaron

screening can help explain the long cooling times observed in these materials.55,60 In-

deed, hot carrier cooling is particularly slow for LHPs at high excitation densities. This is

usually explained through a hot phonon bottleneck effect, where the temperature of the

LO phonon bath reaches the temperature of the hot carriers and the cooling becomes lim-

ited by phonon decay.61,62 This can be combined with acoustic phonon up-conversion63
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and auger heating.61 Moreover, cooling times of over 100 ps have been observed and it

has been proposed that these hot carriers are also protected as large polarons, even from

cooling through the interaction with lattice phonons.55

One key parameter, and the major limitation, for LHPs is the stability of the most

useful compositions, which readily degrade under ambient conditions, especially in high

humidity environments.64 While improvements can be made in the halide composition65

or layer engineering,64 one of the most promising pathways is the use of layered per-

ovskites, a family of nanostructured materials also known as 2D perovskites.66–70

1.3.2 2D perovskites

The perovskite structure for the ABX3 composition is only obtained under the right

conditions. Given the radii RA, RB and RX of the three ions, we can define the Gold-

schmidt tolerance factor t = RA+RX√
2(RB+RX)

.71 For a 3D perovskite structure to be formed,

it has been empirically found that t must be between 0.8 and 1. Nonetheless, if other

stoichiometric proportions are used with larger cations, new structures can be formed

that no longer follow the rule.72 Consequently, these are no longer the 3D structures

of corner-sharing octahedra seen in Figure 1.8. Indeed, different lower dimensionality

structures such as 2D,73 where corner-sharing octahedra form a plane, 1D,74 where they

form a nanowire, or even 0D,75 where they are isolated, can be obtained. All of them

can be tuned in their properties depending on the composition. Furthermore, they are

not as limited by the Goldschmidt factor and give a larger flexibility to explore dif-

ferent property changes.72 Certainly, colloidal nanocrystals and nanoplatelets can also

be synthesized as nanostructured perovskites but their crystalline structure is based on

either the 3D or the 2D.76,77 Here, we are particularly interested in the 2D perovskites

as they have a deeper relation with photovoltaic research as well as equally interesting

photophysics.

One of the most studied 2D perovskites are those with the Ruddlesden-Popper (RP)

phase,79 which have an offset between the BX6 octahedra layers and have two monovalent

large cations per interlayer (Figure 1.9). The general formula for the pure 2D composi-

tion is given by R2BX4 where R is a larger monovalent cation, most commonly organic

for LHPs. An alternative phase is the Dion-Jacobson (DJ), where divalent cations are
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Figure 1.9: Crystal structure36 of PEA2PbI4,78 where PEA stands for

the phenethylammonium cation, a Ruddlesden-Popper 2D perovskite.

PbI6 octahedra form layers separated by the low dielectric organic

cations producing quantum and dielectric confinement.

used and the layers are aligned.80 Focusing on the RP 2D perovskites, simply 2D herein,

intermediate phases between 3D and 2D can be made with a mixture of small (A) and

large (R) cations. These are known as quasi-2D and their composition is described by

the formula R2An−1BnX3n+1, where n is the number of layers between spacers.81 The

2D perovskite electronic structure suffers a considerable quantum confinement with a

blue-shift of the band-gap. As n increases, for the quasi-2D compositions, the properties

become closer to the 3D case.

While enhanced stability is one of the key properties that introduced 2D perovskite to the

recent LHP research surge, there are other properties and applications worth mentioning.

2D perovskites are naturally ordered into a structure of barriers and quantum wells

(QW), much like other well studied artificial structures such as AlGaAs/GaAs QW

systems.82 Therefore, strong confinement effects are to be expected. On the one hand,

quantum confinement reduces the bandgap and diminishes the space for electrons and

holes, increasing the interaction. On the other hand, there is an additional dielectric

confinement where, unlike in a 3D lattice, the low permittivity of the organic spacer

screens poorly the electron-hole correlations and pushes further the exciton binding

energy to values in the hundreds of meV. In fact, variations in the organic spacer,

and thus its permittivity, can bring changes in the binding energy.29,83,84 All of these

point to a clear prevalence of excitons as the photoexcited species in 2D perovskites,
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contrary to their 3D counterparts, where charge carriers are the norm.43 This makes

them attractive for applications exploiting their excitonic character. First of all, 2D

perovskites may constitute an easy to synthesize model system for the study of strongly

bound excitons and the effects of dielectric confinement. In addition, other applications

such as light emitting diodes85 or even field effect transistors86 are being explored.81

Certainly, for solar cell applications, a free carrier character is preferable, which is why

most studies have focused on exploiting quasi-2D systems of at least n = 3, showing

improved stability while maintaining decent carrier mobilities and extraction.67,87,88
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(19) Fröhlich, H. Electrons in Lattice Fields. Adv. Phys. 1954, 3, 325–361.

(20) Evrard, R. On the Excited States of the Polaron. Phys. Lett. 1965, 14, 295–296.

(21) Feynman, R. P. Slow Electrons in a Polar Crystal. Phys. Rev. 1955, 97, 660–665.

(22) Jeevanandam, J.; Barhoum, A.; Chan, Y. S.; Dufresne, A.; Danquah, M. K. Review

on Nanoparticles and Nanostructured Materials: History, Sources, Toxicity and

Regulations. Beilstein J. Nanotechnol. 2018, 9, 1050–1074.

(23) Roduner, E. Size Matters: Why Nanomaterials Are Different. Chem. Soc. Rev.

2006, 35, 583–592.

(24) Forstmann, F. The Concepts of Surface States. Prog. Surf. Sci. 1993, 42, 21–31.

(25) Veamatahau, A.; Jiang, B.; Seifert, T.; Makuta, S.; Latham, K.; Kanehara, M.;

Teranishi, T.; Tachibana, Y. Origin of Surface Trap States in Cds Quantum Dots:

Relationship Between Size Dependent Photoluminescence and Sulfur Vacancy

Trap States. Phys. Chem. Chem. Phys. 2014, 17, 2850–2858.

(26) Leonid Gurevich; Luca Canali; Leo P. Kouwenhoven In Quantum Confinement VI:

Nanostructured Materials and Devices : Proceedings of the International Sympo-

sium, M. Cahay, S. Bandyopadhyay, J. P. Leburton, J. S. Harris, D. J. Lockwood,

Eds.; The Electrochemical Society: Pennington, New Jersey, 2001; Vol. 19.

(27) Alivisatos, A. P. Semiconductor Clusters, Nanocrystals, and Quantum Dots. Sci-

ence 1996, 271, 933–937.

31



CHAPTER 1. INTRODUCTION

(28) Ishihara, T.; Hong, X.; Ding, J.; Nurmikko, A. V. Dielectric Confinement Effect

for Exciton and Biexciton States in Pbi4-Based Two-Dimensional Semiconductor

Structures. Surf. Sci. 1992, 267, 323–326.

(29) Hong, X.; Ishihara, T.; Nurmikko, A. V. Dielectric Confinement Effect on Excitons

in Pbi4-Based Layered Semiconductors. Phys. Rev. B 1992, 45, 6961–6964.

(30) Jung, H. S.; Park, N.-G. Perovskite Solar Cells: From Materials to Devices. Small

2015, 11, 10–25.

(31) Green, M. A.; Ho-Baillie, A.; Snaith, H. J. The Emergence of Perovskite Solar

Cells. Nat. Photonics 2014, 8, 506–514.

(32) Stranks, S. D.; Snaith, H. J. Metal-Halide Perovskites for Photovoltaic and Light-

Emitting Devices. Nat. Nanotechnol. 2015, 10, 391–402.

(33) Grätzel, M. The Light and Shade of Perovskite Solar Cells. Nat. Mater. 2014, 13,

838–842.

(34) Liu, X.; Liebermann, R. C. X-Ray Powder Diffraction Study of Catio3 Perovskite

at High Temperatures. Phys. Chem. Minerals 1993, 20, 171–175.

(35) Da Como, E.; De Angelis, F.; Snaith, H.; Walker, A., Unconventional Thin Film

Photovoltaics; Energy & Environment; The Royal Society of Chemistry: Cam-

bridge, 2016.

(36) Momma, K.; Izumi, F. Vesta 3 for Three-Dimensional Visualization of Crystal,

Volumetric and Morphology Data. J. Appl. Cryst. 2011, 44, 1272–1276.

(37) Best Research-Cell Efficiency Chart, Photovoltaic Research, NREL., https://

www.nrel.gov/pv/cell-efficiency.html (accessed 11/18/2019).

(38) Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal Halide Perovskites

as Visible-Light Sensitizers for Photovoltaic Cells. J. Am. Chem. Soc. 2009, 131,

6050–6051.

(39) Im, J.-H.; Lee, C.-R.; Lee, J.-W.; Park, S.-W.; Park, N.-G. 6.5% Efficient Per-

ovskite Quantum-Dot-Sensitized Solar Cell. Nanoscale 2011, 3, 4088–4093.

(40) Kim, H.-S.; Lee, C.-R.; Im, J.-H.; Lee, K.-B.; Moehl, T.; Marchioro, A.; Moon,

S.-J.; Humphry-Baker, R.; Yum, J.-H.; Moser, J. E.; Grätzel, M.; Park, N.-G. Lead

Iodide Perovskite Sensitized All-Solid-State Submicron Thin Film Mesoscopic So-

lar Cell with Efficiency Exceeding 9%. Sci. Rep. 2012, 2, 591.

32

https://www.nrel.gov/pv/cell-efficiency.html
https://www.nrel.gov/pv/cell-efficiency.html


CHAPTER 1. INTRODUCTION

(41) Lee, M. M.; Teuscher, J.; Miyasaka, T.; Murakami, T. N.; Snaith, H. J. Effi-

cient Hybrid Solar Cells Based on Meso-Superstructured Organometal Halide Per-

ovskites. Science 2012, 338, 640–643.

(42) Saliba, M.; Correa-Baena, J.-P.; Grätzel, M.; Hagfeldt, A.; Abate, A. Perovskite

Solar Cells: From the Atomic Level to Film Quality and Device Performance.

Angew. Chem. Int. Ed. 2018, 57, 2554–2569.

(43) Herz, L. M. Charge-Carrier Dynamics in Organic-Inorganic Metal Halide Per-

ovskites. Annu. Rev. Phys. Chem. 2016, 67, 65–89.

(44) Tanaka, K.; Takahashi, T.; Ban, T.; Kondo, T.; Uchida, K.; Miura, N. Com-

parative Study on the Excitons in Lead-Halide-Based Perovskite-Type Crystals

CH3NH3PbBr3 CH3NH3PbI3. Solid State Commun. 2003, 127, 619–623.

(45) Saliba, M.; Matsui, T.; Domanski, K.; Seo, J.-Y.; Ummadisingu, A.; Zakeeruddin,

S. M.; Correa-Baena, J.-P.; Tress, W. R.; Abate, A.; Hagfeldt, A.; Grätzel, M.

Incorporation of Rubidium Cations into Perovskite Solar Cells Improves Photo-

voltaic Performance. Science 2016, 354, 206–209.

(46) Snaith, H. J. Present Status and Future Prospects of Perovskite Photovoltaics.

Nat. Mater. 2018, 17, 372–376.

(47) Wehrenfennig, C.; Eperon, G. E.; Johnston, M. B.; Snaith, H. J.; Herz, L. M. High

Charge Carrier Mobilities and Lifetimes in Organolead Trihalide Perovskites. Adv.

Mater. 2014, 26, 1584–1589.

(48) Herz, L. M. Charge-Carrier Mobilities in Metal Halide Perovskites: Fundamental

Mechanisms and Limits. ACS Energy Lett. 2017, 1539–1548.

(49) Bi, Y.; Hutter, E. M.; Fang, Y.; Dong, Q.; Huang, J.; Savenije, T. J. Charge Carrier

Lifetimes Exceeding 15 µs in Methylammonium Lead Iodide Single Crystals. J.

Phys. Chem. Lett. 2016, 7, 923–928.

(50) Stranks, S. D.; Eperon, G. E.; Grancini, G.; Menelaou, C.; Alcocer, M. J. P.; Lei-

jtens, T.; Herz, L. M.; Petrozza, A.; Snaith, H. J. Electron-Hole Diffusion Lengths

Exceeding 1 Micrometer in an Organometal Trihalide Perovskite Absorber. Sci-

ence 2013, 342, 341–344.

33



CHAPTER 1. INTRODUCTION

(51) Niesner, D.; Wilhelm, M.; Levchuk, I.; Osvet, A.; Shrestha, S.; Batentschuk,

M.; Brabec, C.; Fauster, T. Giant Rashba Splitting in CH3NH3PbBr3 Organic-

Inorganic Perovskite. Phys. Rev. Lett. 2016, 117, 126401.

(52) Etienne, T.; Mosconi, E.; De Angelis, F. Dynamical Origin of the Rashba Effect

in Organohalide Lead Perovskites: A Key to Suppressed Carrier Recombination

in Perovskite Solar Cells? J. Phys. Chem. Lett. 2016, 7, 1638–1645.

(53) Zhu, X.-Y.; Podzorov, V. Charge Carriers in Hybrid Organic–Inorganic Lead

Halide Perovskites Might Be Protected as Large Polarons. J. Phys. Chem. Lett.

2015, 6, 4758–4761.

(54) Miyata, K.; Meggiolaro, D.; Trinh, M. T.; Joshi, P. P.; Mosconi, E.; Jones, S. C.;

Angelis, F. D.; Zhu, X.-Y. Large Polarons in Lead Halide Perovskites. Sci. Adv.

2017, 3, e1701217.

(55) Joshi, P. P.; Maehrlein, S. F.; Zhu, X. Dynamic Screening and Slow Cooling of

Hot Carriers in Lead Halide Perovskites. Adv. Mater. 2019, 1803054.

(56) Maiti, A.; Khatun, S.; Pal, A. J. Rashba Band Splitting in CH3NH3PbI3: An

Insight from Spin-Polarized Scanning Tunneling Spectroscopy. Nano Lett. 2020,

20, 292–299.

(57) Zheng, F.; Tan, L. Z.; Liu, S.; Rappe, A. M. Rashba Spin–Orbit Coupling En-

hanced Carrier Lifetime in CH3NH3PbI3. Nano Lett. 2015, 15, 7794–7800.

(58) Karakus, M.; Jensen, S. A.; D’Angelo, F.; Turchinovich, D.; Bonn, M.; Cánovas,

E. Phonon–Electron Scattering Limits Free Charge Mobility in Methylammonium

Lead Iodide Perovskites. J. Phys. Chem. Lett. 2015, 6, 4991–4996.

(59) Bretschneider, S. A.; Ivanov, I.; Wang, H. I.; Miyata, K.; Zhu, X.; Bonn, M. Quan-

tifying Polaron Formation and Charge Carrier Cooling in Lead-Iodide Perovskites.

Adv. Mater. 2018, 1707312.

(60) Frost, J. M.; Whalley, L. D.; Walsh, A. Slow Cooling of Hot Polarons in Halide

Perovskite Solar Cells. ACS Energy Lett. 2017, 2, 2647–2652.

(61) Fu, J.; Xu, Q.; Han, G.; Wu, B.; Huan, C. H. A.; Leek, M. L.; Sum, T. C. Hot

Carrier Cooling Mechanisms in Halide Perovskites. Nat. Commun. 2017, 8, 1300.

34



CHAPTER 1. INTRODUCTION

(62) Yang, Y.; Ostrowski, D. P.; France, R. M.; Zhu, K.; van de Lagemaat, J.; Luther,

J. M.; Beard, M. C. Observation of a Hot-Phonon Bottleneck in Lead-Iodide Per-

ovskites. Nat. Photonics 2016, 10, 53–59.

(63) Yang, J. et al. Acoustic-optical phonon up-conversion and hot-phonon bottleneck

in lead-halide perovskites. Nat. Commun. 2017, 8, DOI: 10.1038/ncomms14120.

(64) Yang, J.; Siempelkamp, B. D.; Liu, D.; Kelly, T. L. Investigation of CH3NH3PbI3

Degradation Rates and Mechanisms in Controlled Humidity Environments Using

in Situ Techniques. ACS Nano 2015, 9, 1955–1963.

(65) Hieulle, J.; Wang, X.; Stecker, C.; Son, D.-Y.; Qiu, L.; Ohmann, R.; Ono, L. K.;

Mugarza, A.; Yan, Y.; Qi, Y. Unraveling the Impact of Halide Mixing on Perovskite

Stability. J. Am. Chem. Soc. 2019, 141, 3515–3523.

(66) Xiao, X.; Dai, J.; Fang, Y.; Zhao, J.; Zheng, X.; Tang, S.; Rudd, P. N.; Zeng,

X. C.; Huang, J. Suppressed Ion Migration Along the in-Plane Direction in Layered

Perovskites. ACS Energy Lett. 2018, 3, 684–688.

(67) Smith, I. C.; Hoke, E. T.; Solis-Ibarra, D.; McGehee, M. D.; Karunadasa, H. I. A

Layered Hybrid Perovskite Solar-Cell Absorber with Enhanced Moisture Stability.

Angew. Chem. 2014, 126, 11414–11417.

(68) Gangadharan, D. T.; Ma, D. Searching for Stability at Lower Dimensions: Current

Trends and Future Prospects of Layered Perovskite Solar Cells. Energy Environ.

Sci. 2019, 12, 2860–2889.

(69) Lu, J.; Jiang, L.; Li, W.; Li, F.; Pai, N. K.; Scully, A. D.; Tsai, C.-M.; Bach,

U.; Simonov, A. N.; Cheng, Y.-B.; Spiccia, L. Diammonium and Monoammo-

nium Mixed-Organic-Cation Perovskites for High Performance Solar Cells with

Improved Stability. Adv. Energy Mater. 2017, 7, 1700444.

(70) Ye, J.; Zheng, H.; Zhu, L.; Liu, G.; Zhang, X.; Hayat, T.; Pan, X.; Dai, S. Enhanced

Moisture Stability of Perovskite Solar Cells With Mixed-Dimensional and Mixed-

Compositional Light-Absorbing Materials. Solar RRL 2017, 1, 1700125.

(71) Goldschmidt, V. M. Die Gesetze der Krystallochemie. Naturwissenschaften 1926,

14, 477–485.

(72) Saparov, B.; Mitzi, D. B. Organic–Inorganic Perovskites: Structural Versatility for

Functional Materials Design. Chem. Rev. 2016, 116, 4558–4596.

35

http://dx.doi.org/10.1038/ncomms14120


CHAPTER 1. INTRODUCTION

(73) Stoumpos, C. C.; Cao, D. H.; Clark, D. J.; Young, J.; Rondinelli, J. M.; Jang,

J. I.; Hupp, J. T.; Kanatzidis, M. G. Ruddlesden–Popper Hybrid Lead Iodide

Perovskite 2D Homologous Semiconductors. Chem. Mater. 2016, 28, 2852–2867.

(74) Yuan, Z.; Zhou, C.; Tian, Y.; Shu, Y.; Messier, J.; Wang, J. C.; van de Burgt,

L. J.; Kountouriotis, K.; Xin, Y.; Holt, E.; Schanze, K.; Clark, R.; Siegrist, T.;

Ma, B. One-Dimensional Organic Lead Halide Perovskites with Efficient Bluish

White-Light Emission. Nat. Commun. 2017, 8, 1–7.

(75) Cha, J.-H.; Han, J. H.; Yin, W.; Park, C.; Park, Y.; Ahn, T. K.; Cho, J. H.;

Jung, D.-Y. Photoresponse of CsPbBr3 and Cs4PbBr6 Perovskite Single Crystals.

J. Phys. Chem. Lett. 2017, 8, 565–570.

(76) Protesescu, L.; Yakunin, S.; Bodnarchuk, M. I.; Krieg, F.; Caputo, R.; Hendon,

C. H.; Yang, R. X.; Walsh, A.; Kovalenko, M. V. Nanocrystals of Cesium Lead

Halide Perovskites (CsPbX3, X = Cl, Br, and I): Novel Optoelectronic Materials

Showing Bright Emission with Wide Color Gamut. Nano Lett. 2015, 15, 3692–

3696.

(77) Vale, B. R. C.; Socie, E.; Burgos-Caminal, A.; Bettini, J.; Schiavon, M. A.; Moser,

J.-E. Exciton, Biexciton, and Hot Exciton Dynamics in CsPbBr3 Colloidal Nanoplatelets.

J. Phys. Chem. Lett. 2019, 387–394.

(78) Billing, D. G. Bis(1-phenylethylammonium) TetraIodoplumbate(II). Acta Cryst.

E 2002, 58, m669–m671.

(79) Ruddlesden, S. N.; Popper, P. New Compounds of the K2NIF4 Type. Acta Cryst.

1957, 10, 538–539.

(80) Mao, L.; Ke, W.; Pedesseau, L.; Wu, Y.; Katan, C.; Even, J.; Wasielewski, M. R.;

Stoumpos, C. C.; Kanatzidis, M. G. Hybrid Dion–Jacobson 2D Lead Iodide Per-

ovskites. J. Am. Chem. Soc. 2018, 140, 3775–3783.

(81) Chen, Y.; Sun, Y.; Peng, J.; Tang, J.; Zheng, K.; Liang, Z. 2D Ruddlesden–Popper

Perovskites for Optoelectronics. Adv. Mater. 2018, 30, 1703487.

(82) Lin, C.-F.; Lee, B.-L. Extremely broadband AlGaAs/GaAs superluminescent diodes.

Appl. Phys. Lett. 1997, 71, 1598–1600.

36



CHAPTER 1. INTRODUCTION

(83) Chernikov, A.; Berkelbach, T. C.; Hill, H. M.; Rigosi, A.; Li, Y.; Aslan, O. B.;

Reichman, D. R.; Hybertsen, M. S.; Heinz, T. F. Exciton Binding Energy and

Nonhydrogenic Rydberg Series in Monolayer WS2. Phys. Rev. Lett. 2014, 113,

076802.

(84) Chen, P.; Bai, Y.; Lyu, M.; Yun, J.-H.; Hao, M.; Wang, L. Progress and Perspective

in Low-Dimensional Metal Halide Perovskites for Optoelectronic Applications.

Solar RRL 2018, 2, 1700186.

(85) Liang, D.; Peng, Y.; Fu, Y.; Shearer, M. J.; Zhang, J.; Zhai, J.; Zhang, Y.; Hamers,

R. J.; Andrew, T. L.; Jin, S. Color-Pure Violet-Light-Emitting Diodes Based on

Layered Lead Halide Perovskite Nanoplates. ACS Nano 2016, 10, 6897–6904.

(86) Matsushima, T.; Hwang, S.; Sandanayaka, A. S. D.; Qin, C.; Terakawa, S.; Fuji-

hara, T.; Yahiro, M.; Adachi, C. Solution-Processed Organic–Inorganic Perovskite

Field-Effect Transistors with High Hole Mobilities. Adv. Mater. 2016, 28, 10275–

10281.

(87) Tsai, H. et al. High-Efficiency Two-Dimensional Ruddlesden–Popper Perovskite

Solar Cells. Nature 2016, 536, 312–316.

(88) Quan, L. N.; Yuan, M.; Comin, R.; Voznyy, O.; Beauregard, E. M.; Hoogland, S.;

Buin, A.; Kirmani, A. R.; Zhao, K.; Amassian, A.; Kim, D. H.; Sargent, E. H.

Ligand-Stabilized Reduced-Dimensionality Perovskites. J. Am. Chem. Soc. 2016,

138, 2649–2655.

37





Chapter 2

Spectroscopic techniques

This chapter serves as an in-depth description of the ultra-broadband time-resolved ter-

ahertz spectroscopy setup built during this thesis. It describes the principles of THz gen-

eration and detection using gas photonics as well as the data acquisition and treatment

processes. Lastly, it gives an overview of the other time-resolved techniques employed

in this work.
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2.1 THz spectroscopy

2.1.1 Introduction

THz stands for the frequency range in the far infrared, i. e., with frequencies typically

in the 0.1 to 10 THz range. This constitutes the “THz gap”, referring to the classical

difficulty in accessing this part of the electromagnetic spectrum. It is situated between

the electronically available microwave and the optical infrared and visible radiations.

The use of THz radiation includes many potential applications including space explo-

ration, plasma fusion diagnostics, industrial characterization, communications, radar

scaled scattering simulation, medical diagnosis, imaging and, certainly, spectroscopy of

materials as well as chemical and biological systems. One of the key advantages of THz

waves relies upon the different absorptive responses coming from different materials.

While water or metals are completely opaque, insulators such as plastics or semicon-

ductors can be fully transparent. Furthermore, many materials show unique spectral

signatures that can be used to identify them. This can have relevant applications from

security imaging to industrial quality control.1 Nonetheless, it is on the spectroscopic ap-

plications where this text will focus, due to its importance in the study of optoelectronic

materials. THz radiation is sensitive to low energy transitions in molecules and materials

in all phases. In solid semiconductors it is especially useful for the characterization of

charge carrier dynamics. Additionally, it is sensitive to other resonant behavior such as

vibrations, intra-excitonic transitions and plasmon resonances.2

When it comes to THz ultrafast spectroscopy, two names are commonly found: THz

time-domain spectroscopy (TDS) and time resolved THz spectroscopy (TRTS). The for-

mer typically refers to the recording of THz spectra through the Fourier transform of

a waveform while the latter is used when pump-probe experiments are involved, thus

showing a “time-resolved” evolution. The two terms can sometimes be used interchange-

ably.

2.1.2 Classical time-resolved THz technologies

Although THz radiation can be obtained from different sources, including synchrotrons

and free-electron lasers, we are going to focus on the utilization of fs lasers for the gen-
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eration and detection of ultrafast THz pulses.

THz generation (and detection) can be explained using Maxwell’s equations for the

interaction of electromagnetic waves and matter

∇× E = −∂B
∂t
, (2.1)

∇×H = J +
∂D

∂t
, (2.2)

where E and H are the electric and magnetic fields, while B is the magnetic flux, J the

current and D the electric displacement. These equations can be expanded into

∇× E =
∂µH

∂t
, (2.3)

∇×H = σE +
∂εE

∂t
, (2.4)

where µ is the magnetic permeability, σ is the conductivity and ε is the permittivity.

In addition, it is important to note the relationship between D and the dielectric polar-

ization P , where D = ε0E + P , ε0 being the vacuum permittivity. This is given by the

relation between electric susceptibility χe and the relative permittivity (χe = εr − 1).

Therefore, P = ε0χeE.

As will be presented in the following sections, the generation of THz waves will arise from

the transient changes of either J , through a change in σ, or P , through non-linearities

involving χe.

2.1.2.1 Photoconductive antennas

Briefly, this method exploits the transient changes in σ upon ultrafast excitation of a

semiconductor generating free carriers. This semiconductor is submitted to an electric

field which accelerates the carriers producing a current J(t). This is a transient current,

as it builds up a polarization that opposes the electric field when electrons and holes

become increasingly separated. It is the transient nature of J(t) which produces the

emission of THz, similarly to how an alternating current in an antenna produces radio

waves. Likewise, in the THz detection using antennas, an ultrafast gating pulse is used

to generate free carriers between two electrodes that decay in 1 ps or less. Instead of

applying a DC bias, the incoming THz field is the one accelerating the carriers and
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producing a measurable current. This current can therefore be directly related to the

magnitude and sign of the passing THz field at the moment of the gate arrival. The

response time of the semiconductor has to be short compared to the changes in THz

electric field in order to obtain accurate measurements.3,4

2.1.2.2 Optical rectification and electro-optic sampling

The second, and most commonly encountered, method is based on the use of non-linear

crystals. Optical rectification is a second order non-linear process occurring in crystals

when an intense laser beam propagates through them under certain conditions. The

process can be understood by describing the electric field dependence of χe(E) with

the electric field. At high field the non-linear properties can be described as a Taylor

expansion of the scalar relationships

P = ε0χe(E)E = ε0(χe1 + χe2E + χe3E
2 + ...)E. (2.5)

The second order non-linear effects appear from the corresponding polarization term

Pnl2 = ε0χe2E
2. If we consider monochromatic light, we can obtain

Pnl2 = ε0χe2E
2 = ε0χe2E

2
0 cos(ωt)2 =

1

2
ε0χe2E

2
0(1 + cos(2ωt)). (2.6)

There are two clear terms, a DC polarization (1) and a second harmonic generation

(cos(2ωt)). However, this alone does not explain the generation of THz radiation. For

that we need to consider what happens when using short fs pulses. Due to the Fourier

transform relationship and the Heisenberg uncertainty principle, fs pulses are somewhat

broadband in the frequency domain and are formed by many different frequencies with

small differences between them. We can simplify that by considering the second order

polarization obtained with two frequencies ω1 and ω2.

Pnl2 = ε0χe2E1E2 = ε0χe2E
2
0 cos(ω1t) cos(ω2t)

=
1

2
ε0χe2E

2
0(cos((ω1 − ω2)t) + cos((ω1 + ω2)t)). (2.7)

This shows two new second order phenomena named sum and difference frequency gen-

eration. If the two frequencies are very close, such as in a fs pulse, the second term can

be approximated to the second harmonic generation while the first term produces a low

energy radiation that lies in the THz range. The shorter the fundamental pulses the
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more frequencies are used and a broader THz pulse can be obtained. Sub-10 fs pulses

can give very broadband pulses going up to 100 THz.5 Electro-optic sampling is based

on the same second order polarization. Without going into detail, the presence of the

THz electric field changes the polarization of a gate pulse that copropagates through the

crystal. This change in polarization can be directly related to the THz electric field mag-

nitude and sign in order to obtain the complete waveform. The most common crystals

for both generation and detection are ZnTe, GaP and GaSe but other materials such as

LiNbO3, LiTaO3, or organics like 4-N,N-dimethylamino-4’-N-methylstilbazolium tosy-

late (DAST) have also been used. These methods allow one to obtain strong and stable

THz pulses with good signal to noise, but are generally limited in bandwidth because of

phonon resonances and coherence lengths. The accessible range depends on the crystal

but the most common ZnTe typically gives access to the 0.5 to 3 THz range.

2.1.3 Ultra-broadband THz pulses through gas photonics

In order to obtain short and broadband THz pulses using standard fs lasers with pulses

in the order of several tens of fs it is best to avoid the use of crystals or antennas

that can limit the bandwidth through different mechanisms. In the past two decades,

a method of generating and detecting broadband pulses has been developed. Starting

from the first results in the year 20006 it is now possible to build a setup with broadband

capabilities without the need for extremely short pulses, that produces spectrally clean

results with a high time-resolution. The following section details the mechanisms by

which broadband THz pulses are obtained and detected in the work presented in this

thesis. Setup development has been a key part and many improvements have been

implemented over the years from the different results found in the literature. We will

also try to give a description of the particularities and problems that have to be taken

into account in order to build such a functioning setup.

2.1.3.1 THz generation through a two color plasma

THz generation through two color plasmas was initially thought as a four-wave mixing

(FWM) process,6 a third order (χe3) process through which a third frequency ω3 can

be obtained from two different frequencies ω1 and ω2 in the form ω3 = 2ω1 − ω2. If

the two original frequencies are the fundamental of a laser and its second harmonic,

the result is very similar to the optical rectification portrayed in the previous section,
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generating a THz pulse. Since the generation occurs in a gas with no phonon resonances

the bandwidth is only limited by the bandwidth (and length) of the original pulse.7

Although FWM serves as a good simple explanation it fails at explaining some of the

observed phenomena. For example, THz generation requires the generation of a plasma

and it increases as the plasma becomes stronger. In addition, it was found that the

process was maximized at certain phase shifts between the two colors. Also, the actual

origin of the χe3 nonlinearity in a gas plasma was unclear. In order to explain the

discrepancies, a transient current model was developed.8–10 In it, the THz emission

comes from the formation of a net transient plasma current under an asymmetric laser

field,

J = eNeve, (2.8)

where e, Ne and ve are the electron charge, density and net velocity, respectively. In

order to obtain a current surge that emits THz, a net drift velocity is needed. The

drift velocity is the average velocity a particle had during a certain period of time.

Furthermore, in order to produce a net current in a centrosymmetric system, such as

gases or their plasmas, it is necessary to break the symmetry. In other words, it is

necessary to obtain a net drift velocity for the generated electrons in a plasma. This is

achieved by mixing the fundamental and the second harmonic of a pulsed laser beam

considering their relative phase-shift. This can be shown from a semi-classical point of

view with a small simulation. Parting from a simplified combination of a monochromatic

fundamental (ω) and its second harmonic (2ω), the total electric field is given by the

equation

E(t) = E1 cos(ωt+ φ) + E2 cos(2(2ωt+ φ) + θ). (2.9)

Knowing that dv(t)
dt = eE

me
and considering that electrons appear after tunnel ionization

with v0 = 0, integration gives the velocity of electrons at a certain moment in time

expressed as

v(t) =
eE1

meω
(sin(ωt+ φ)− sin(φ)) +

eE2

me2ω
(sin(2(ωt+ φ) + θ)− sin(2φ+ θ)). (2.10)

The drift velocity of an electron can now be calculated as the average velocity over one

cycle with the operation

vd =

∫ 2π
ω

0 v(t)dt
2π
ω

. (2.11)
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This yields

vd =
eE1

meω
sin(φ) +

eE2

2meω
sin(2φ+ θ), (2.12)

when multiplied by -1 for the sake of simplification. This simplified model, in which

other aspects such as light polarization or spatial distribution are not considered, allows

one to demonstrate the THz output efficiency dependence on the phase-shift θ between

the two colors. A plot of the electric field E at the moment of ionization (t = 0) and the

drift velocity, vd, against phase φ is shown in Figure 2.1.

Figure 2.1: Laser electric field (Blue) and electron drift velocity

(Green) simulation for θ = 0 (Left) and θ = π/2 (Right).

Clearly, when looking around the maximum laser electric field, where tunnel ionization

is most likely to occur, there is a net drift velocity for θ = π/2. On the contrary, for

θ = 0 it cancels out. In fact, θ = π/2 is the optimum phase shift. It is worth not-

ing that θ can be easily modified in experiments through the different phase velocity

dispersion for the two wavelengths in air. Hence, different distances between the BBO

crystal and the plasma should yield different THz generation intensities. Indeed, exper-

iments show an oscillatory response of THz generation with distance (d) that can be

extrapolated to zero for the d = 0 case. This means that for θ = 0 the generation is

negligible since for d = 0 both colored pulses are still in phase. Thus, experiments are

in agreement with the transient current model while the polarization-based four-wave

mixing model predicts a maximum conversion for in-phase pulses.8,9 Interestingly, when

the phase shift does not optimize THz generation it optimizes third harmonic generation

(3ω).8,10 In conclusion, the BBO-plasma distance is a critical parameter to be optimized.
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Another parameter that should be taken into account is the polarization of the funda-

mental and the second harmonic. At phase matching conditions for optimum second

harmonic generation (SHG), the polarization of the ω and 2ω resulting pulses is per-

pendicular. Thus, they interact poorly, yielding a negligible THz generation. Hence,

the BBO angle is usually mismatched for optimum THz generation. The yield for such

conditions is lower than what could be obtained with optimum SHG at equal polariza-

tion, as shown in the literature.11–13 In order to attain such conditions an ultra-thin dual

wavelength waveplate (DWP) can be used between the BBO and the plasma. As ex-

plained in reference [11] an ultra-thin DWP allows to obtain paralleled ω and 2ω pulses

at optimum BBO phase matching conditions. In addition, the ultra-thin thickness min-

imizes the temporal dispersion assuring the overlap of the two pulses in time. It was

reported that an enhancement of 1.4 in total THz generation is expected, which could be

larger for longer pulses than the 20 fs ones reported in ref. [11] due to a better temporal

overlap. In addition, this stabilizes the THz polarization, critical for its detection.11,12,14

2.1.3.2 THz detection through air biased coherent detection

In order to detect broadband THz pulses it is imperative to avoid being limited by

phonon resonances in crystals, such as the ones used in electro-optic sampling, or the

carrier response, characteristic of photoconductive antennas. An ideal pathway is to rely

again on the use of gas photonics. Such method has been developed in Prof. Zhang’s

group under the name of air biased coherent detection (ABCD).15

As first described in ref. [15], ABCD makes use of a third order non-linear process.

Before adding any external bias, the interaction between the fundamental of a pulsed

laser with frequency ω (the gating beam) with itself and a THz field, focused in a gas,

generates second harmonics (2ω). This would be four-wave mixing for sum frequency

generation, the opposite to the generation process, and it is typically known as THz

field induced second harmonic generation (TFISHG).16 However, the 2ω photons are

also generated as a white light generation process through self-phase modulation involv-

ing only the gating beam. In turn, the additionally generated 2ω can interact with the

THz to modulate the total output. Let us consider simple linearly polarized laser fields

in the same polarization plane to describe it in the following way:
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The total 2ω electric field E2ω depends on

E2ω ∝ χe3ETHzEωEω + EWL
2ω , (2.13)

where Eω is the electric field of the fundamental, EWL
2ω is the 2ω electric field generated

through white light generation in a plasma filament and ETHz is the electric field of the

THz. The intensity that will be measured by a PMT (I2ω) is proportional to the square

of the electric field, yielding

I2ω ∝ (χe3ETHzIω)2 + IWL
2ω + 2χe3ETHzIωE

WL
2ω , (2.14)

where I is the intensity. Using a method of detection such as a lock-in amplifier or a

shot to shot difference, chopping the THz pulses at 500 Hz while the gating beam stays

at 1 kHz, the signal obtained follows the equation

∆I2ω ∝ (χe3ETHzIω)2 + 2χe3ETHzIωE
WL
2ω , (2.15)

where only the terms containing ETHz are present in one of every two pulses. The first

term in Equation 2.15 is incoherent, giving only information about the intensity of the

THz. Moreover, if the gating beam intensity is high enough to produce a plasma and,

thus, white light, the second term will arise and even be predominant. Furthermore, this

term is coherent and gives information about the electric field of the THz, allowing one

to obtain the complete waveform.17 However, a way to unequivocally measure the ETHz

and not ITHz is needed. This is where the external bias field of the ABCD method comes

into play. If we introduce an EBias term, we can obtain an additional 2ω component

coming through a third order non-linear process, known as electric-field induced second

harmonic generation (EFISHG)18 so that

E2ω ∝ χe3ETHzEωEω + χe3EBiasEωEω + EWL
2ω . (2.16)

Following a similar development as before and going beyond what is explained in ref.

[15] by combining it with ref. [17], we can consider the extra component of E2ω coming

from white light generation (EWL
2ω ).

I2ω ∝ (χe3ETHzIω)2 + (χe3EBiasIω)2 + IWL
2ω + 2χe3IωETHzE

WL
2ω +

+ 2(χe3Iω)2ETHzEBias + 2χe3IωEBiasE
WL
2ω . (2.17)
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Once again, using 500 Hz chopping on the THz beam and using a 1 kHz bias field the

differential signal can be extracted yielding

∆I2ω ∝ (χe3ETHzIω)2 + 2χe3IωETHzE
WL
2ω + 2(χe3Iω)2ETHzEBias. (2.18)

The two first terms are the same as seen previously. The third one, however, is new, fully

coherent and gives a stronger signal thanks to the EBias term. However, the incoherent

(χe3ETHzIω)2 term is still present. Alternatively, as originally described in ref. [15], the

THz beam can be maintained at 1 kHz and the bias field set to 500 Hz, giving opposite

electric fields for each THz pulse. This yields the treated signal described by

∆I2ω ∝ 4(χe3Iω)2ETHzEBias + 4χe3IωEBiasE
WL
2ω . (2.19)

In this case, only one fully coherent term gives information about the THz field. In addi-

tion, this term is twice as big due to the opposing polarity of the bias field. A second term

that does not depend on the THz field will also be present. This second term is constant

and will constitute an offset on the signal unless a low enough power is used for the gating

beam, removing the EWL
2ω term. This is what N. Karpowicz et al. probably consider in

ref. [15] for their treatment, obtaining only the first term. Nonetheless, this term is still

important to explain some of the offsets that can be observed during the use of the setup.

When choosing between the two different signal extraction methods, one has to consider

the advantages and disadvantages of each one. On the one hand, although the former

method is more straightforward in its configuration and extrapolation to pump-probe ex-

periments, it requires a high power of the gating beam to bury the incoherent term under

the then more intense coherent terms. In turn, this introduces a bigger noise and a very

strong EWL
2ω signal that saturates the PMT. This translates into a lower signal-to-noise

ratio for the former method. On the other hand, reducing the gating beam power makes

the latter method much more advantageous. Indeed, the offset term (Equation 2.19) can

be greatly reduced until it is insignificant while the signal is increased due to the factor

4 and the desaturation of the PMT. In addition, the noise is found to be lower, further

increasing the signal-to-noise ratio. Careful control of the polarization, the BBO-plasma

distance and the laser power for generation finally yields a 150 fs (FWHM) THz pulse

ranging from 0.5 to 25 THz (Figure 2.2).
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Figure 2.2: THz waveform (left) and spectrum (right) extracted

through the 500 Hz bias method in N2 (top) and butane (bottom)

atmospheres.

An additional way of improving the signal-to-noise ratio is through the use of a gas

with a higher non-linear susceptibility. As reported by X.-C. Zhang’s group19,20 the use

of gases, such as butane, with higher polarizability and, consequently, third order non-

linear susceptibility, yields up to a two orders of magnitude increase in the I2ω output.

We developed a hermetically sealed box, containing the electrodes, where the detection

process can be carried out with different gases at atmospheric pressure. Indeed, the

use of butane allows to improve the signal-to-noise by 2 to 4 times. However, in order

to carry out the detection, a window transparent to both the THz and the visible is

needed. The best affordable material is polymethylpentene (TPX�) which has several

absorption bands starting from 12 THz (See Figure 2.2.D). This improved the pump-

probe frequency-averaged dynamics measurements but introduced serious artifacts in

the photoinduced spectra. Diamond would be an ideal material for the window as it

shows a flat THz transmission. In fact, the implementation of a diamond window was
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underway at the time of writing this text.

2.1.3.3 Pump-probe experiments

In a pump-probe experiment, the sample is excited with an optical pump pulse and

probed in the THz. There are two intrinsic kinds of measurements that can be carried

out in TRTS:

Waveform measurements scan the probe-gate delay in order to obtain the full THz wave-

form. The resulting data can be Fourier transformed to obtain the frequency resolved

spectrum. Such measurements can be carried out without pump in order to obtain the

complex refractive index of a material as is typically done in THz-TDS. Alternatively, a

pump pulse can be used to obtain photoinduced spectra at a certain pump-probe delay.

As will be shown in the data treatment section, it is preferable to scan the pump-probe

and the probe-gate delays simultaneously. This ensures that all points of the waveform

have experienced the same time interval with respect to the arrival of the pump.

Frequency-averaged time evolution measurements are carried out maintaining the probe-

gate delay at a constant position, typically the maximum in ETHz. For these measure-

ments to be trustworthy it is mandatory to have a flat frequency response, obtained from

the waveform measurement, or, at least, to prove that the phase of the photoinduced

response (∆E) is not changing over time. Otherwise, waveform measurements at differ-

ent pump-probe intervals are necessary to first understand the evolution of the signal.

Ideally, the complete information is obtained through the realization of 2D maps where

a waveform is measured for each delay. These can be extremely costly in terms of time,

as the gate-probe delay has to be scanned for every pump-probe delay. Nonetheless,

they allow to better process and understand the data.21,22

When measuring the effects of photoexcitation with TRTS, it is generally needed to

obtain the dark THz field (E) and the photoexcited one (Eex), the difference, ∆E, be-

ing the induced change. In classical spectrometers based on optical rectification and

electro-optic sampling in ZnTe, it is common to measure E and ∆E separately.23,24 This

is acceptable for long and stable pulses with fast scanning rates. However, when using
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broadband pulses containing high frequencies it is mandatory to minimize any phase

error from measuring these two quantities separately. Some approaches have been al-

ready used before for electro-optic sampling25 and ABCD.26 We developed a different

approach taking advantage of our shot to shot acquisition card and the ability to choose

the Ebias flipping frequency.

As is depicted in Figure 2.3, we implemented a method consisting of chopping the pump

pulses to 500 Hz and setting the bias field at 250 Hz. This allows one to obtain ∆E

and E simultaneously, correcting for any drift on the pulse arrival that might occur.

In addition, it corrects for the noise occurring over seconds, as both components will

contain it, but it adds the shot to shot noise due to the difference operation. In the end,

the pros outweigh the cons and this is the measurement method used for all pump-probe

results in this thesis. In classical TRTS, ∆E can be obtained directly, by chopping the

pump at 500 Hz, which already can account for this noise cancellation. However, in an

ABCD configuration the need to compare between positive and negative field excludes

this possibility. Finally, the two possibilities are to either obtain E and Eex separately

or simultaneously. Certainly, the simultaneous acquisition has many advantages, being

the clear choice, and it is particularly important when acquiring spectra. An example of

the noise reduction due to simultaneous acquisition of a frequency-averaged pump-probe

scan is shown in the Appendix (Figure A.1).
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Figure 2.3: Pump-probe measurement method. The repetition rate

for the THz (yellow) is 1 kHz while the pump (green) is chopped to

500 Hz. A square bias field is set to 250 Hz to compare pulses one

position away from each other.

2.1.4 Setup

The following setup was built during this PhD thesis on top of a previously existing

setup, based on optical rectification and electro-optic sampling, which was built and

modified by Verner K. Thorsmølle, Jan C. Brauer23 and Arun A. Paraecattil.27 Prelim-

inary work was carried out by or in collaboration with Ahmad Ajdarzadeh.

The TRTS setup (see Figure 2.4) has been previously described in refs. [28, 29]. Three

beams were split from the fundamental output (45 fs pulse duration, λ = 800 nm, 1 kHz

repetition rate) of an amplified Ti:sapphire laser (Libra USP HE Model, Coherent) and

used for the TRTS experiments. The first beam was employed to pump a white light-

seeded optical parametric amplifier (OPerA Solo, Coherent) that provided the pump

pulses for the pump–probe experiment at tuneable wavelengths. Alternatively, the same

beam could be diverted to obtain 400 nm pulses through second harmonic generation in

a BBO crystal. The pump pulses were directed towards the sample through a divergent
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Figure 2.4: TRTS setup.

lens in order to broaden the beam. This ensured a homogeneous excitation of the

probed region. The more powerful of the two remaining beams (390 µJ per pulse)

was used to generate the probe beam, consisting of a train of short and broadband

THz pulses, through a two-color plasma method.8 The beam was focused with a fused

silica lens (f = 75 mm), and the second harmonic was generated with a 100 µm BBO

crystal. At the focal point, the electric field of the two-color beam was sufficiently

strong to form a plasma filament in nitrogen that radiated a broadband THz pulse (200

fs, 1–20 THz) that was subsequently collimated and focused with parabolic gold mirrors

onto the sample. The sample holder was contained inside a cryostat that can be used

for low temperature measurements. To maximize THz generation, a dual wavelength

waveplate was used immediately after the BBO crystal to obtain fundamental and second

harmonic beams of equal polarization after type 1 phase matching.11 The transmitted

beam went through two additional parabolic mirrors towards a homemade ABCD (air-

biased coherent detection) detector.15 Silicon wafers were used to filter the visible light

from the THz generation and pumping. The remaining beam (40 µJ/pulse) was used as

a gate for the detection, generating a second harmonic signal proportional to the THz

electric field measured with a PMT (PMM01, Thorlabs). The SHG process was carried

out in the ABCD detector through the use of an oscillating 2 kV bias at either 500 or
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250 Hz. This was generated with a function generator (wave Station 3122, Teledyne

Lecroy) and amplified with a high voltage amplifier (Model 2220, Trek). It was applied

across two electrodes separated by ∼1 mm. The process could be carried out in an

enclosed box with TPXTM windows, where the atmosphere was replaced with butane

gas.19 This configuration resulted in an increase in the sensitivity at the expense of

frequencies in the 12-20 THz range. It was used to increase the signal-to-noise ratio in

the frequency-averaged dynamics. This setup also has an additional OPA that can be

used to generate a push beam to carry out pump-push-probe experiments. The data

was acquired through a LabVIEW software (National Instruments).

2.1.5 Data analysis

In addition to the selectivity of TRTS to charge carriers and low energy resonances, one

of the inherent advantages of this technique lies in the possibility to extract additional

information such as charge carrier mobility or permittivity in a material. This can be

obtained from ∆E and E.

2.1.5.1 Data treatment

When investigating solid thin film samples of semiconducting materials for optoelectronic

applications, the quantity that is generally determined first is the photoconductivity

(∆σ). From it, other parameters such as carrier mobility or behavior can be extracted.

∆σ is the change in conductivity upon photoexcitation and it can be extracted from

TRTS measurements. Based on ref. [22] we can show how to obtain ∆σ from measur-

able quantities such as E and ∆E.

Assuming that ∆E is small compared to E and considering a thin film, we can use Ohm’s

law to relate the photoconductivity (∆σ(ω)) to the current density J(t) generated in a

material, with photogenerated charges, due the passing of a THz electric field (E(t)).

∆σ(ω) =
F [J(t)](ω)

F [E(t)](ω)
, (2.20)

where F is the Fourier transform operator, necessary to obtain the response in the

frequency domain.

F [f(t)](ω) =

∫ ∞
−∞

f(t)eiωtdt. (2.21)
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It can be shown that the current density is proportional to ∆E (See Section B.1, in the

Appendix).

J(t) = −ε0c(nA + nB)

L
∆E(t), (2.22)

where nA and nB are the refractive indexes of the layers before and after the photoactive

layer (typically air and the substrate) and L is its thickness. Thus, from Equations 2.20

and 2.22, we can obtain an equation for the determination of ∆σ(ω)

∆σ(ω) = −ε0c(nA + nB)

L

∆E(ω)

E(ω)
. (2.23)

This equation is valid under a steady-state condition, where ∆σ(ω) does not substan-

tially change along the duration of the pulse. However, this is not always the case,

especially at very short pump-probe delays. A solution was introduced by Beard et al.

in ref. [21] where a 2D map is produced and ∆σ(ω, τ) is obtained along the diagonal.

Alternatively, ∆E can be measured scanning simultaneously the pump-probe and the

gate-probe delays, allowing to obtain ∆E waveforms where all the data points have a

constant delay (τ) from the arrival of the pump.23,24 ∆E(t) and E(t) are easily obtained

through the methods previously mentioned. However, it is rather common to obtain

small to moderate offsets in the data. In E, the offset may come from the process ex-

plained in Section 2.1.3.2. On the other hand, ∆E may have an offset coming from

the pump light, especially if the second harmonic is used. These offsets, since they are

present at all delay times, are easily measured and subtracted.

In order to use Equation 2.23, the refractive indexes nA and nB must be determined. We

can approximate that the refractive index of air, or N2, is nA ≈ 1. However, the refractive

index of the substrate nB may have to be determined for the frequencies involved. This

can be obtained from a linear THz-TDS measurement of the transmitted THz pulse

through the sample (E) and one transmitted only through air (Eref ). Applying a fast

Fourier transform (FFT) operation to both signals, we can obtain their respective power

(P and Pref ) and phase (φ and φref ). The phase must be “unwrapped”, removing the

discontinuities typically present due to the result being in the range from -π to π rad.

An example is shown in the Appendix (Figure A.2). The refractive index can then be

calculated as

n = 1 +
c

2πωL
(φ− φref ). (2.24)
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Additionally, the absorption coefficient α can be calculated with the power:

α = − 1

L
ln(

P

Pref
). (2.25)

Figure 2.5: Difference in pulse arrival (left) when transmitted through

a 1 mm HDPE sheet (blue) and corresponding refractive index (right).

In Figure 2.5 we show the calculation of the refractive index of an HDPE sheet, necessary

for the measurements carried out in the following chapters. A flat response across the

different frequencies can be observed averaging ca. 1.543. Alternatively, if the two pulses

have the same shape it means that the phase velocity is equal at all frequencies, meaning

that the refractive index is equally constant. In that case a simpler equation can be used:

n =
c

L
∆t+ nref . (2.26)

From the difference in arrival time ∆t and the thickness L we can directly calculate

the refractive index of the sheet material. This equation is obtained directly from the

definition of refractive index as the relation between the speed of light in vacuum (c)

and the phase velocity in a material (Section B.2, in the Appendix). From this equation

we equally obtain n = 1.543 for HDPE. Likewise, a value of 1.54 can be found in the

literature.30

2.1.5.2 Models

Once the photoconductivity spectra have been obtained, it is useful to apply different

models to either extract further information or prove a hypothesis. Several models have
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been proposed over the past decades. Here, we review the most important ones, relevant

for the work that will be presented in the following chapters.

Drude model

The simplest and most commonly applied model is the Drude model. Originally proposed

by P. Drude,31 it considers a classical electron gas with an average scattering time

τ . We can start from a DC condition in order to obtain its conductivity σDC and

other parameters.4,32,33 This model considers that charge carriers will attain an average

velocity, the drift velocity vdr, by accelerating over the average time τ . We define the

drift velocity

vdr =
qEτ

m∗
, (2.27)

where qE is the Coulomb force applied on a charge carrier under an electric field E.

vdr is simply obtained by dividing the force by the effective mass m∗ (acceleration) and

multiplying by τ . We can use it to calculate the current density as

J = Nqvdr =
Ne2Eτ

m∗
, (2.28)

where N is the carrier density and knowing that q = −e for electrons (equally valid for

holes). Then, from Ohm’s law, the σDC is easily obtained as

σDC =
J

E
=
Ne2τ

m∗
. (2.29)

We can then define the plasma frequency ωp as

ωp =

√
Ne2

ε0m∗
, (2.30)

so that

σDC = ε0ω
2
pτ. (2.31)

Additionally, we can use Equation 2.29 to define the mobility µ as a function of τ , since

σDC = eNµ. (2.32)

Then,

µ =
eτ

m∗
. (2.33)
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Therefore, knowing the scattering time and the effective mass, the DC mobility can be

obtained.

We can now turn our attention to the frequency resolved σ(ω) that is obtained through

this model. One way to derive it is from the impulse-response formalism.34,35 Going

back to Ohm’s law, J(ω) = σ(ω)E(ω), we can use the convolution theorem to say that

J(t) =

∫ ∞
−∞

σ(t− t′)E(t′)dt′. (2.34)

In the impulse-response formalism we consider the electric field to be an instantaneous

impulse represented as

E(t′) = Eiδ(t
′), (2.35)

where Ei is the impulse magnitude. Thus, after substitution, the convolution gives

J(t) =

∫ ∞
−∞

σ(t− t′)Eiδ(t′)dt′ = σ(t)Ei. (2.36)

Now, the impulse-response can be defined as

J(t)

Ei
= σ(t) ≡ j(t). (2.37)

According to the Drude model, carriers scatter with a rate of 1/τ , meaning that their

impulse-response is damped with that rate so

j(t) = j(0)e−
t
τ Θ(t), (2.38)

where Θ(t) is the unit step function. It is the mathematical way of representing that

there is no current before t0. σ(ω) is the result of the straightforward Fourier transform

σ(ω) =

∫ ∞
−∞

j(t)eiωtdt. (2.39)

Which, upon substitution turns into

σ(ω) =

∫ ∞
0

j(0)e−
t
τ eiωtdt, (2.40)

where the step function is taken into account by truncating the integration to [0,∞).

It is considered that the electrons initially behave as perfectly free since the impulse is

greater than any other forces being applied to them. In addition, the impulse Eiδ(t),

by definition, is equivalent to an impulse of electric field Ei given during 1 unit of
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time. Therefore, with a similar reasoning as for σDC , the initial response is given by

j(0) = ne2/m∗. Solving Equation 2.40 gives the classical Drude formula with its variants

σ(ω) =
ne2

m∗
τ

1− iωτ
=

σDC
1− iωτ

=
ε0ω

2
pτ

1− iωτ
. (2.41)

The Drude formula shows a nice consistency, as it can also be obtained from a semi-

classical Boltzmann transport equation as well as from the Kubo-Greenwood formal-

ism.4,33 An example of a Drude fit for a Si wafer using the ultra-broadband THz setup is

shown in Figure 2.6. This also serves as a demonstration of the broadband capabilities

of the setup.

Figure 2.6: Real (red) and imaginary (blue) parts of the photocon-

ductivity measured on a silicon wafer 2 ps after photoexcitation at

λexc = 510nm. The response can be fitted to a Drude model (solid

lines).

Fitting the Drude equation to TRTS spectra can directly yield the carrier density and

mobility if the effective mass is known. It also identifies the material as a classical

material where charge carriers behave as a classical electron gas. The Drude model

has been successfully applied in different materials such as ZnO36 or GaAs.5 However,

semiconductors often present small deviations from the Drude spectrum. These can be
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modeled from extensions of the model such as the Cole-Davidson model

σ(ω) =
σDC

(1− iωτ)β
, (2.42)

where the parameter β has been added to account for a distribution of τ . This model

showed very good agreement with doped Si.37 Further modification into a generalized

Drude model (GD),

σ(ω) =
σDC

(1− (iωτ)1−α)β
, (2.43)

has been used to fully account for the spectral response in GaAs.21

Drude-Smith model

The Drude model considers that the scattering is randomized in all directions. Therefore,

on average, it can be considered that the carriers are stopped in the direction of the

electric field after each collision. This allows one to derive the Drude model using

vdr. However, it cannot be expected that this randomized scattering will occur in all

kinds of materials. Additionally, many materials show a strong deviation from the Drude

response, where the real part of σ(ω) has a maximum at zero frequency and the imaginary

part is always positive. Sometimes the real part shows actually a local minimum at zero

frequency and a negative imaginary part. This is especially common in nanostructured

or polycrystalline samples. Smith proposed a generalization of the Drude model through

Poisson statistics with the idea that carriers may retain some velocity after a collision.34

Since the probability of having n collisions in the interval (0, t) is given by

pn(0, t) =

(
t

τ

)n e− t
τ

n!
, (2.44)

we can rewrite the impulse-response function from the Drude model as

j(t) = j(0)e−
t
τ

[
1 +

∞∑
n=1

cn( tτ )n

n!

]
Θ(t), (2.45)

where cn is the fraction of the carrier’s velocity that is preserved after the nth collision

and it takes values ranging from [−1, 0] to model back-scattering. This means that part

of the impulse-response will change direction as the back-scatterings occur (Figure 2.7).

After Fourier transform and substitution, it gives the general formula

σ(ω) =
ε0ω

2
pτ

(1− iωτ)

[
1 +

∞∑
n=1

cn
(1− iωτ)n

]
. (2.46)
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This equation needs to be simplified in order to apply it to TRTS spectra. The typical

assumption is that carriers only retain velocity after the first collision. Therefore, only

c1 6= 0. As a result we obtain

σ(ω) =
ε0ω

2
pτ

(1− iωτ)

(
1 +

c

1− iωτ

)
, (2.47)

which is the classical Drude-Smith formula. Under this model the mobility should be

calculated as

µ = (1 + c)
eτ

m∗
. (2.48)

Figure 2.7: Comparison between the Drude (c = 0, red) and the

Drude-Smith (c = −1, blue) impulse-responses (left) and their Fourier

transforms (right, equivalent to σ(ω)). The imaginary part is given by

the dashed traces.

The Drude-Smith model has been applied to different systems such as Si nanocrystals38

or polycrystalline perovskite films39 and many others.40–43 It serves as a qualitative ex-

planation for the displaced maximum in Re[σ(ω)] observed in certain materials. However,

the model is often criticized for a) the lack of explanation concerning the approximation

that only the first scattering event retains a certain velocity and b) the ambiguous phys-

ical meaning of the parameter fits. These problems and possible solutions based on the

modification of the model were recently explored by Cocker et al.35

Lorentzian oscillator

THz absorption in solid state materials is not limited to the response of free carriers to

an electric field. Resonances such as the ones corresponding to excitonic transitions or
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Figure 2.8: Lorentz oscillator simulations for resonances centered (left,

ν0 = 5 and γ = 2) and outside (right, ν0 = 12 and γ = 5) the available

spectrum. The imaginary parts are given by the dashed curves.

involving lattice vibrations can also be observed. The simplest way to model a resonance

is through a Lorentzian oscillator

σ(ω) =
Aiω

ω2 − ω2
0 + iγω

, (2.49)

where ω0 is the resonance frequency, γ is its width and A its amplitude. In a way, the

Drude model has a very similar behavior to a Lorentz oscillator, since it corresponds

to the case where ω0 = 0.2 An example of a Lorentz oscillator response is shown in

Figure 2.8.

All these models are given in angular frequency (ω). However, the data is typically

presented in frequency (ν = ω
2π ). This has to be taken into account for data fitting

(Section B.3, in the Appendix).

2.1.6 Substrates

In order to carry out ultra-broadband TRTS measurements, it is necessary to find a

suitable substrate, flatly transparent to the THz pulses, as well as affordable and easy

to handle. Typically, what should be avoided are a) free charges, such as in metals or

heavily doped semiconductors and b) strong vibrational transitions, especially important

in materials presenting polar groups or ions. Polymers are one of the cheapest and easier

to obtain materials that can fulfill these conditions and be used as substrates. However,
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polar groups, giving a large transition dipole moment, should be avoided. The first poly-

mers to discard are those containing these, such as poly(methyl methacrylate) (PMMA)

or poly(ethylene terephthalate) (PET), or even any heteroatom, such as polytetraflu-

oroethylene (PTFE, Teflon®),44 since they involve complete or partial absorption of

the 1-20 THz spectrum, especially when using millimeter thick substrates. In the Ap-

pendix Figure A.3 we show the effects on the transmitted THz of a polystyrene (PS)

cuvette and a PTFE film. Thick sheets of PTFE absorb most of the THz frequencies

above 5 THz. Therefore, we considered simple polymers, such as polypropylene (PP),

polymethylpentene (PMP, TPX�), and high-density polyethylene (HDPE). In addition,

branching (of a few carbon atoms) will generally lead to higher degrees of freedom and

thus more vibrational modes to be excited. Indeed, HDPE, the simplest polymer, was

found to be the most transparent up to a frequency of 20 THz and was chosen as the

substrate to support the thin films in our experiments. Quartz is the substrate typi-

cally chosen for THz spectroscopy below 3 THz. However, it shows strong absorption

from phonon modes and is completely opaque over 5 THz. The spectra of the transmit-

ted pulses through the mentioned materials are shown in Figure 2.9. Occasionally, the

pulses transmitted through a sheet of material can have a larger amplitude, especially

at higher frequencies. This is most probably due to a slight change in the path and,

thus, the alignment of the THz beam onto the detector. This is an important issue if

the aim is to obtain absorption spectra of bulk materials. Nevertheless, this is not a

concern in this work since we are always studying the effects of photoexcitation on thin

films. Thus, the path length does not change substantially.

TPX® is an interesting material that is transparent both in the THz region, up to 12

THz, and the visible. It can be used for windows such as the one in our detection box.

2.2 Ultrafast transient absorption spectroscopy

Ultrafast transient absorption (TAS) is a spectroscopic technique based on the use of

ultra-short optical laser pulses with a FWHM on the order of tens to a few hundreds of

fs. In particular, a pump-probe setup usually makes use of a monochromatic pump pulse

to excite the sample and a white light continuum (WLC) pulse to probe the changes

undergone at different delay times after the pump. Similarly to TRTS, the difference
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Figure 2.9: THz pulse transmitted through the 3 candidate polymers

(left) and through the bad substrates PTFE and Quartz (right), all

of which have thickness of 1 mm. HDPE presents the flattest trans-

mission without important vibrational bands, such as the one at 13.7

THz present in both of the other aliphatic polymers. In fact, we can

clearly observe the far infrared vibrational bands reported for PP at

7.4 THz (248 cm−1), 9.6 THz (320 cm−1), 11.9 THz (396 cm−1), 13.7

THz (456 cm−1) and 15.8 THz (528 cm−1).45 This serves as evidence of

the frequency precision of the setup. Clearly, both PTFE and Quartz

cannot be used as substrates in an ultra-broadband THz spectrome-

ter, as they are totally or partially opaque to frequencies higher than

5 THz.

in time between pump and probe is achieved through a difference in optical pathlength

using a delay stage. The transient increment in absorption signal (∆A) is obtained

through the subtraction of an only-probe to a pump+probe measurement. Therefore,

positive signals are interpreted as more absorbance or less probe light coming to the

detector and negative signals as more light, from either less absorbance or stimulated

emission. In stimulated emission, the excited electron interacts with the electromagnetic

field of an incoming probe photon, emitting a coherent photon. Thus, the probe light

intensity increases. In addition, a reference beam is used to account for white-light

fluctuations. Defining the pump+probe reference (Irp) and signal (Isp) intensities and the

only-probe reference (Irnp) and signal (Isnp) intensities, ∆A is expressed as46
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∆A = − log

(
Isp
Isnp

Irnp
Irp

)
. (2.50)

2.2.1 Setup

The following home-built setup was originally developed by S. Pelet47 and later modified

by B. Wenger.48 Final modifications on the WLC were carried out by J. Teuscher, J.

Risse, A. Marchioro and N. Banerji.46

A Ti:Sapphire femtosecond laser (CPA-2001, Clark-MXR) was used to deliver pulses cen-

tered at 775 nm and having a FWHM of about 120 fs for an average peak power of 1 mJ

at 1 kHz repetition rate. The pump pulse could be tuned using a Non-collinear Optical

Parametric Amplifier (NOPA-Plus, Clark-MXR) and re-compressed with a pair of SF10

prisms. The pump size and intensity at the sample were measured with a beam profiler

(BC 106-Vis, Thorlabs) and an energy meter (Vega, Ophir). This allowed to calculate

the fluence. The WLC was obtained by focusing the fundamental 775 nm pulse from the

laser onto a CaF2 crystal. The WLC probe was split into a signal beam, focused on the

sample, and a reference beam. Both beams were then detected by two spectrographs

(Princeton instruments, SpectraPro 2500i) equipped with 512Ö58 pixel back-thinned

CCD cameras (Hamamatsu S7030-0906) and assembled by Entwicklungsbüro Stresing,

Berlin. Calibration of the spectrographs was carried out by placing interference filters

in the WLC beam (before splitting). A chopper at 500 Hz in the pump path was used

to distinguish between the only-probe and the pump+probe acquisitions. A LabVIEW

software (National Instruments) was used for the data acquisition. The software showed

in real time the WLC for both cameras and the resulting ∆A helping in the optimization

of the system.a The data obtained with this setup consisted of a matrix of ∆A values

for the different time-delays and wavelengths. Therefore, both spectra at different de-

lays and decay dynamics at different wavelengths could be obtained, similar to the 2D

frequency-time spectrum mentioned in the THz section.

aThe above equipment description was mostly taken from J. Risse’s thesis
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2.3 Broadband fluorescence up-conversion spectroscopy

Broadband fluorescence up-conversion spectroscopy (FLUPS) is an ultrafast time-resolved

technique that allows one to obtain photoluminescence spectra with sub-ps resolution.

The setup was purchased from LIOP-TEC and installed by Prof. Nikolaus Ernsting from

Humboldt University.49 The setup is managed by Etienne Socie and a further in-depth

description will appear in his thesis. Nonetheless, the following is an overview of how it

operates.

2.3.1 Setup

Time-resolved emission measurements were achieved using the same CPA Ti:sapphire

laser as for TRTS. Seventy-five percent of the beam was transmitted to a white-light-

seeded optical parametric amplifier (OPerA-Solo, Coherent) to generate 110 µJ gate

pulses at λ = 1300 nm. The rest of the original beam was frequency doubled to 400

nm by a type I BBO crystal and set to the magic angle (54.7°) to consider only the

population dynamics. A small beam stop and a 400 nm filter was placed after the

sample position to block most of the transmitted 400 nm pump light. The horizontally

polarized gate beam and vertically polarized fluorescence interacted in the 100 µm thick

BBO crystal (Eksma Optics), which had an optical axis in the horizontal plane. The

upconverted signal was generated by type II sum frequency generation since the two

inputs had different polarizations. This configuration is suitable for obtaining a broad

frequency range without any moving part. The large angle between the fluorescence and

the gate beam, here 21°, helped the phase matching requirement and the background-free

detection of the signal. The signal was focused onto a fiber by a concave mirror while

the frequency-doubled gate beam and the upconverted pump beam were sent away. The

fiber transmitted the light to an unfolded Czerny-Turner spectrograph (Triax 320, Jobin

Yvon). The incoming signal was separated by wavelength through a UV grating and

sent to a CCD detector (Newton 920, Andor). The dynamics of the fluorescence signal

were obtained with a computer-controlled delay stage (Physik Instrumente) in the pump

path. The time correction for the instrument response function (IRF) was calculated as

190 fs using the cross correlation between the pump and the probe.
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2.4 Nanosecond flash photolysis

Nanosecond flash photolysis (NFP) is a time-resolved technique similar in its observable

to TAS. However, whereas TAS is an ultrafast technique probing times below 2 ns, NFP

probes the transient absorption from tens of ns to ms. Thus, it is a good complement to

TAS in order to observe the decay of long-lived remnants that do not evolve in the TAS

time-scale. Typically, a pulsed laser with a FWHM of several ns is used to pump the

sample and the evolution of the system is probed with a continuous lamp. The incoming

light is detected with either a PMT or a photodiode and digitized with an oscilloscope.

∆A is calculated with

∆A = − log(
I

I0
), (2.51)

where I is the intensity with pumping while I0 is the original transmitted intensity. A

description of the system can be found in numerous publications.50

67



CHAPTER 2. SPECTROSCOPIC TECHNIQUES

References

(1) Rostami, A.; Rasooli, H.; Baghban, H., Terahertz Technology: Fundamentals and

Applications; Lecture Notes in Electrical Engineering; Springer-Verlag: Berlin Hei-

delberg, 2011.

(2) Ulbricht, R.; Hendry, E.; Shan, J.; Heinz, T. F.; Bonn, M. Carrier Dynamics in

Semiconductors Studied with Time-Resolved Terahertz Spectroscopy. Rev. Mod.

Phys. 2011, 83, 543–586.

(3) R. Alan Cheville In Terahertz Spectroscopy Principles and Applications, Susan L.

Dexheimer, Ed.; CRC Press: 2008.
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Chapter 3

Charge carrier dynamics and mo-

bilities in Se nanowires

This chapter introduces the simplest measurements that can be done with ultra-broadband

TRTS in combination with other techniques, comparable to how classical TRTS setups

would routinely operate. It is based on the paper Direct synthesis of selenium nanowire

mesh on a solid substrate and insights into ultrafast photocarrier dynamics,1 the product

of a collaboration with Wei Yan and Tapjyoti Das Gupta, previously in the group of

Prof. Fabien Sorin. They were responsible for sample preparation and non-spectroscopic

characterization as well as participating in the overall discussion. Here, we will focus

on the spectroscopy part carried out as part of this thesis. The photocarrier dynamics

and mobility are studied and rationalized with a combination of laser spectroscopy tech-

niques. The dynamics are found to be dictated by trapping, probably on the surface of

the nanostructured material.
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3.1 Introduction

One-dimensional semiconducting nanowires represent attractive building blocks for elec-

tronic and photonic devices2,3 such as transistors,4 optical devices,5 sensors,6,7 and

metal oxide semiconductor circuits.8 Among the various chalcogenide materials, pure

Se nanowires form an intriguing system both for fundamental and applied research. In-

teresting studies have been done based on Se nanowires (Se-NWs) in thermodynamics9

as well as crystal nucleation and growth.10,11 From an application point of view, Se was

one of the first investigated materials for its interesting electronic and optoelectronic

properties. It indeed has a very strong absorption in the visible range, and exhibits a

good photoconductivity in its trigonal crystalline phase. Crystalline Se also has excel-

lent piezoelectric properties,11 and amorphous Se is being used as a scintillator for X-ray

imaging.12 It is however difficult to grow Se in the right phase and with large and well

oriented grains, which has rendered Se-based devices difficult to fabricate. The forma-

tion of nanowires, however, is a promising approach to alleviate this difficulty and to

control and optimize the microstructure of Se materials. Se-NWs have been investigated

for high-speed photodetection,13 as efficient catalysts,14 for solar cells,15 fiber-based elec-

tronics,16,17 high-performance lithium-ion batteries18,19 and chemical sensors.20

To fully exploit the potential of Se-NW based devices however, significant progress must

be carried out in the understanding of their photocarrier dynamics as well as their fab-

rication. Despite the strong potential little is known concerning their charge carrier

dynamics. Indeed, reviving the interest for, and improving the performance of Se-based

devices via the growth of NW requires better characterization and understanding of

charge carrier lifetime, mobility and recombination mechanisms. Furthermore, there is

still plenty of room for improvement in the fabrication of Se-NW in order to obtain

functioning optical and optoelectronic devices.

The original paper1 reports a newly developed solution-based approach for the synthe-

sis of monocrystalline Se-NWs based on a recent method to integrate semiconducting

nanowire based optoelectronic devices within functional polymeric fibers.13 This method

takes knowledge from previous sonochemical methods,10 which was used to obtain col-

loidal suspensions. The method developed by W. Yan et al. allows one to obtain films

74



CHAPTER 3. CHARGE CARRIER DYNAMICS AND MOBILITIES IN SE
NANOWIRES

of a NW mesh on any solid substrates even without sonication. Se-NWs are phase-

transformed directly from a deposited amorphous Se thin film of controlled thickness.

The NWs directly grow when exposed to a solvent (1-propanol) at room temperature

without any chemical reaction. In this chapter, we study samples obtained through

this method with different laser spectroscopy techniques in order to unravel the charge

carrier dynamics and mobilities, shedding new light on the optical and electrical prop-

erties of Se nanowires, via the ability to probe carriers on an ultrafast timescale. The

nanowires were grown on glass for all measurements except for TRTS, where HDPE was

used following the same method.

3.2 Results and analysis

3.2.1 Sample characterization

The samples consist of an array of nanowires in the form of islands at the center of

which nucleation started and the nanostructures grew in all directions. Depending on

the initial thickness of amorphous Se the resulting islands are more densely packed,

forming a continuous film or having spaces in between (Figure 3.1). Due to the varying

porosity across the nanowire film it is difficult to define a clear thickness. Thus, samples

are described by the original thickness of the amorphous Se from which the nanowires

grew. The monocrystalline wires can be assigned to a trigonal phase, from selected-area

electron diffraction measurements, that preferentially grow in the [001] direction.

The optical response of the nanowire samples is characterized by the absorption and

reflection spectra shown in Figure 3.2. The first thing to notice is a strong absorption

and low reflection in the visible region below 670 nm, likely due to an anti-reflection effect

from the porous nanowire mesh and light trapping. The onset of absorption agrees

with a band gap at around 1.85 eV reported in the literature.21,22 The distribution

of midgap states, enhanced by the increased surface area, creates a well-known tail of

absorption below the band gap.23 Overall, absorption increases with increasing thickness

as expected, and it plateaus at around 90% above 430 nm of initial amorphous Se

thickness owing to the 10% of reflectance. This can be seen in the Appendix (Figure A.4),

where the transmittance is already negligible at this thickness. The optical properties

can be compared to those obtained for single crystals of trigonal selenium.24 For such
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Figure 3.1: SEM pictures of two Se-NW films obtained from amor-

phous Se films of 150 nm(left) and 430 nm (right) in thickness. The

inset on the right corner shows how the amorphous film is completely

converted. 430 nm was found to be the limit for total conversion and

was used for the TRTS measurements where a thicker film could im-

prove the signal.

macroscopic crystals the reflectance is found to increase from the bandgap energy, due

to the uniform reflective surface, reaching a local maximum at 2 eV (620 nm) and rises

again after 2.5 eV (500 nm). This contrasts with our measurements where the absorption

keeps decreasing at least until 350 nm. Nonetheless, the spectrum is comparable to that

obtained for colloidal suspensions of similar nanowires.11

Figure 3.2: Visible and near-infrared absorptance and reflectance spec-

tra of nanowire samples grown from 10, 50, 100, 150 and 430 nm thin

films.
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3.2.2 Charge carrier dynamics

The charge carrier dynamics of the nanowire network were characterized using a com-

bination of three time-resolved spectroscopy techniques, i.e., time-resolved terahertz

spectroscopy (TRTS), ultrafast transient absorption spectroscopy (TAS), and nanosec-

ond flash photolysis (NFP). We first probed the nanowires with ultrafast TRTS and

TAS on the picosecond time scale. TRTS relies on the measurement of the change in

transmission of the terahertz electric field through the sample, which can be directly

related to the photoconductivity.25 In order to improve the signal, the thickness of the

nanowire mesh for the TRTS characterization can be controlled to completely absorb

the pump pulses (here, λexc = 500 nm), thereby maximizing charge carrier generation

without the need to increase the fluence of the pump pulse. Hence, a nanowire sample

grown from a 400 nm thin film that exhibits the highest absorption (Figures A.4 and 3.2)

was used for this measurement. Alternatively, TAS records the difference of absorption

spectra (∆A) between the excited sample and the sample in the ground state. Thus,

the sample must be partially transparent to the probe pulse. In this case, a nanowire

sample grown from a 200 nm thin film was used.

As shown in Figure 3.3, a rapid rise in photoconductivity and ∆A in the respective signal,

limited by the time resolution of the instrument, is observed after the photoexcitation

due to the generation of carriers. A very fast multiexponential decay in the order of a

few ps is readily observed after the rise with both methods. The faster part of the signal

decay (90% of the TRTS one) can be fitted with a biexponential equation (See Appendix,

Equation B.26), obtaining lifetimes in the order of τ1 = 0.5 ps and τ2 = 3 ps. These carrier

lifetimes are comparable to those of some silicon, GaAs, and GaAs/AlGaAs core-shell

nanowires.26 There is a clear differentiation between the signals that can be obtained

with the two techniques. In TRTS, unless a major transition corresponding to a low

energy vibrational mode is strongly affected, the photoconductivity is responsible for an

increased absorption of THz. This photoconductivity arises from the introduction of new

charge carriers and depends on their density and mobility.27 Intra-excitonic transitions

may also produce THz absorption but these are probably negligible, judging from the

absence of a clear excitonic band in the absorption spectrum (Figure 3.2). Thus, a

decrease in THz absorption over time can be attributed to carrier recombination or a

decrease in mobility, or both. In TAS, any excited-state species that produces a change
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Figure 3.3: Left) Time dependence of the photoconductivity and the

difference of absorption (∆A) measured by the TRTS (blue, λexc = 500

nm, F = 426 µJ cm−2) and TAS (red, λobs = 650 nm, λexc =520 nm, F

= 96 µJ cm−2) techniques for the nanowires grown from 400 and 200

nm thin films, respectively. Right) Time dependence of the difference

in absorption (∆A) measured by the long-lived NFP technique (λexc

= 532 nm, F = 211 mJ cm−2) for the nanowires grown from a 200 nm

thin film.

in the absorption profile in the visible region can be observed. In fact, the observed

TAS signal in Figure 3.3 is a ground state bleaching (GSB, ∆A < 0) near the band gap

(650 nm). Any process that depletes the electron population capable of undergoing the

transition with the corresponding energy will cause such a bleaching. This includes the

formation of free carriers due to band filling28 but also immobilized trapped carriers29,30

and excitons.31,32 Overall, the observed decay in both measurements is very similar.

However, in TRTS we obtain a complete recovery of the initial signal, while in TAS

a certain offset bleaching is maintained. If the fundamental difference between the

signals obtained with the two experiments is taken into account, it can be concluded

that most carriers rapidly return to the ground state, while a small portion stays in a

state that gives rise to no or negligible THz absorption but allows a GSB. The same

result is obtained for comparable fluences (See Appendix, Figure A.5). Trapped carriers

are believed to fit in this description as they exhibit a greatly reduced mobility while

maintaining a GSB, as has been reported previously.33 In order to further explore this

possibility, fluence-dependent TRTS measurements were carried out.

The results (Table 3.1) show limited changes in recombination lifetimes when changing
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Fluence / µJ cm−2 τ1 / ps τ2 / ps τ3 / ps A1 / 10−2 A2 / 10−2 A3 / 10−3

71 0.68± 0.03 4.67± 0.32 1172± 124 2.00± 0.04 0.81± 0.04 2.40± 0.10

142 0.70± 0.07 5.18± 0.67 827± 210 2.52± 0.11 1.17± 0.12 4.10± 0.26

227 0.46± 0.02 3.03± 0.14 241± 38 5.32± 0.09 2.30± 0.09 4.10± 0.18

284 0.50± 0.02 3.69± 0.20 450± 128 6.94± 0.13 3.03± 0.13 4.00± 0.28

426 0.44± 0.03 2.69± 0.25 28± 5.3 8.30± 0.24 4.45± 0.21 8.58± 1.3

568 0.42± 0.02 2.53± 0.20 32± 5.4 9.20± 0.25 4.96± 0.20 9.3± 1.1

Table 3.1: Fluence-dependent fits for the TRTS measurements.

the fluence, except at lower fluences. Note that trigonal selenium (t-Se) is an indi-

rect semiconductor34,35 that disfavors bimolecular recombination, and the sample is a

nanowire mesh that exhibits a significantly enhanced density of midgap states (traps)

due to the increased surface to volume ratio. It can therefore be concluded that the main

recombination pathway is trap-assisted recombination (Shockley-Read-Hall)36 instead of

bimolecular recombination that is highly dependent on the excitation intensity. Indeed,

there is some shortening with fluence and, thus, some bimolecular behavior. However,

it is not as dominant as what can be found in a predominantly direct semiconductor

such as lead halide perovskites. In order to probe the nature of these trapped carriers,

we then performed NFP measurements on a microsecond timescale. Figure 3.3 shows

that these trapped carriers can last up to tens of microseconds before completely re-

combining. Biexponential fits yielded lifetimes of τ1 = 0.9 µs and τ2 = 4.1 µs. Fluence

dependent NFP measurements, shown in Table 3.2, again indicate that carrier lifetime

is not highly dependent on the incident flux, which further confirms the trap-assisted

recombination mechanism. The microsecond time scale of these trapped carriers in our

trigonal Se-NWs is comparable to that of mobile carriers recently reported in trigonal

Se powders measured utilizing the transient microwave conductivity technique.37 The

recovery time on the picosecond time scale measured by TRTS can then be attributed

to ultrafast trapping of carriers mediated by surface states of each individual nanowire

and contacts between nanowires, given the large surface to volume ratio of these ran-

domly arranged samples. Similar dramatic changes in carrier dynamics due to increased

surface states have been observed before, e.g. in nanoporous29 and microcrystalline38

silicon. Therefore, a clear effect of the enhanced nanowire aspect ratio has been ob-
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served, heavily enhancing monomolecular recombination. Note that the dimensions are

not small enough to have a strong quantum confinement effect, such as a large exciton

binding energy, since the NW thickness is in the order of a few hundred nm and no

excitonic band is observed in Figure 3.2. Nevertheless, the trapped carriers in these Se

nanowires exhibit such a long lifetime, as measured by NFP, that they can advance and

be collected via hopping transport before they annihilate. This is beneficial for the use

of Se-NWs in optoelectronic devices and is at the heart of the fiber-integrated device

performance W. Yan et al. have demonstrated in a recent work.13

Fluence / mJ cm−2 τ1 / µs τ2 / µs

83 1.2± 0.04 4.6± 0.12

123 0.73± 0.02 3.8± 0.04

211 0.69± 0.01 3.7± 0.02

Table 3.2: Fluence-dependent fits for the NFP measurements.

3.2.3 Charge carrier mobility

Next, we studied the carrier mobility of the nanowire network. The TRTS measurements

were additionally used to calculate the short-range mobility of charge carriers. Indeed,

TRTS probes the intrinsic mobility on a short length scale, typically <100 nm, due to

the short duration of the electric field cycle.25 The frequency-averaged photoconductivity

∆σ was obtained using the maximum electric field point of the single-cycle THz pulse

following

∆σ = −(nair + nHDPE)ε0c

L

∆E

E
, (3.1)

where nair and nHDPE are the refractive indices of air and the HDPE (completely

transparent to our broadband THz pulse) substrate, respectively; ε0 is the free space

permittivity; c is the speed of light; and ∆E is the photoinduced change in the trans-

mitted THz electric field while E is the initial one. Lastly, L is the sample thickness.

Here, we consider an effective thickness (Le) corresponding to a compact film of t-Se

nanowires, in order to obtain an average mobility over the probed ensemble. The average

mobility can then be calculated with39

µ =
∆σ

Ne
, (3.2)
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where N is the charge carrier density and e the elementary charge. In order to estimate

N we assume complete photon to charge carrier conversion obtaining two carriers (elec-

tron and hole) per photon at time zero. Since the photoconductivity presents a very

fast decay, being non-negligible within the time duration of the pump pulse, the peak

signal has to be extracted. A straightforward method is to use the amplitudes of the

exponential decays convoluted with Gaussians used for the fit (Section B.4).

Fluence / µJ cm−2 fabsNp / m−2 −∆E/E / - µ / cm2 V−1 s−1

71 1.77× 1018 0.0305 3.60

142 3.31× 1018 0.041 2.59

227 5.30× 1018 0.0803 3.17

284 6.63× 1018 0.104 3.28

426 9.94× 1018 0.136 2.88

568 1.33× 1019 0.15 2.37

Table 3.3: Fluence-dependent TRTS measurements of carrier mobility.

These amplitudes correspond to the initial signal that would be observed after a delta

function excitation pulse. N is calculated as N = fabsNpφ, where fabs is the absorptance

measured with the integrating sphere, subtracting the amount of absorptance obtained

at 850 nm to the one at λexc; φ is the carrier generation yield that we assume to be

equal to 2; and Np is the average photon density on the sample volume (where Le is

present). Therefore, Le cancels out in the calculation of µ, yielding it irrelevant within

the approximations used. Taking advantage of the mobility measurements that do not

progressively vary at different fluences we reach a value of µ = 2.98± 0.42 cm2 V−1 s−1

(Table 3.3). This moderate value agrees with the approximately flat spectrum shown in

the Appendix (Figure A.6). The mobility value obtained here for the Se nanowire net-

work is much higher than that of a single Se nanowire synthesized by the hydrothermal

technique measured using a contact probe technique.40 The latter technique probes the

mobility of carriers as they travel between two electrodes over long time scales. Thus,

they have time to get trapped and scatter on different defects found along the way. On

the contrary, in our TRTS measurements the carriers are probed over small distances

before they equilibrate with defect and surface trapping states. The mobility obtained
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here can therefore represent an upper limit for the Se nanowire network. Interestingly,

the mobility value is higher than that of polycrystalline Se powders,26 while it is lower

than that of bulk Se single crystals.41 It should be noted that the current carrier mo-

bility measured by TRTS is an average value for the Se nanowire network where each

individual wire has a random orientation with respect to the electric field of the THz.

However, even though experimental uncertainties and approximations can contribute

to the differences, we believe that grain boundaries in polycrystalline samples, surface

states and interconnections in nanowire samples, and crystal orientation can strongly

affect carrier mobility.42 Indeed, the mobility must be higher along the helical chains

of trigonal selenium than across them. Thus, bulk single crystals without grain bound-

aries, surface states, or interconnections, probed along the (001) orientation, exhibit the

highest mobility. Finding ways to reduce the density of interconnections such as aligning

the nanowire mesh via electric forces or thermal gradients would allow an increase in

carrier mobility and therefore enhance device performance. This has been demonstrated

by the work of W. Yan et al., where engineering the number of defects in the Se nanowire

network significantly improves the electronic and optoelectronic performance in terms of

photoresponsivity, photosensitivity, and response speed.13 Surface passivation could also

be exploited to unpin the Fermi level from the conduction band and therefore undermine

surface scattering and yield enhanced carrier mobilities approaching bulk values,4 while

reducing surface recombination.

3.3 Conclusions

In summary, we investigated the charge carrier dynamics and mobility of Se-NWs using a

time-resolved contact-free and non-invasive approach, revealing picosecond-long free car-

rier lifetime and microsecond-long trapped carrier lifetime and a free carrier mobility of

ca. 3.0 cm2 V−1 s−1. This mobility was calculated under the simplification of a compact

film, knowing that it is a directional average and extrapolating the initial photocon-

ductivity from the exponential fits. In addition, it is an average between electrons and

holes. Furthermore, carriers were found to recombine via a trap-assisted recombination

mechanism. In spite of a high density of surface states that influence carrier mobility, Se

in the form of nanowires exhibits an excellent combination of efficient light absorption,

long carrier lifetime, good mobility, easy synthesis, and processability, making them of

interest for high-performance electronic and optoelectronic devices.
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Chapter 4

Hot carrier dynamics in bulk lead

halide perovskites

In this chapter, the advantages of the TRTS setup begin to be exploited. Short lived dy-

namics are observed and spectra are taken into account. In addition, a complex kinetic

model for the dynamics is developed. It is based on the paper Hot carrier mobility dy-

namics unravel competing sub-ps processes in lead halide perovskites.1 The contributions

from collaborating coauthors is acknowledged. Juan M. Moreno-Naranjo and Aurélien

R. Willauer participated as masters students in the preparation of preliminary samples

and in several measurements. Arun A. Paraecattil and Ahmad Ajdarzadeh participated

in early setup development. In addition, Arun A. Paraecattil and Linfeng Pan obtained

SEM pictures. The chapter is centered on the processes happening at the very first ps

after excitation with a special focus on carrier cooling and polaron formation. TRTS is

applied in order to better understand the carrier nature and evolution in LHPs. The

early charge carrier dynamics are explored for bulk perovskites of different compositions.

An increase of the carrier mobility is observed that can initially be assigned to carrier

cooling. However, fluence and wavelength analysis allows to discern a competition of

processes where polaron formation plays an important role.
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4.1 Introduction

Lead halide perovskites (LHPs) have attracted much attention in recent years due to

the outstanding photovoltaic performances of thin film solar cells based on these ma-

terials combined with their facile processability.2,3 These advantages have encouraged

many groups to seek a detailed understanding of the charge carrier and quasiparticle

dynamics that govern the observed performances. Two of the main factors behind the

large power conversion efficiencies are generally agreed to be a) slow recombination of

photogenerated charge carriers4 and b) a relatively large carrier mobility.5 In combina-

tion, these two properties give rise to long diffusion lengths extending over micrometers6

and consequently allow for efficient charge extraction in submicron thin films.

The recombination rates in LHPs are, indeed, up to four orders of magnitude slower than

those predicted from Langevin theory for a direct semiconductor.7 The reason behind

this property is still an active topic of debate. One possibility that is gaining acceptance

is that the carriers have a polaronic nature.8 The polar character of the lattice screens

the Coulomb potential of photogenerated charges, which then experience reduced scat-

tering with other charges and lattice defects.8,9 This effect should slow down not only

recombination but also charge carrier cooling in comparison to bare charges.10 Because

of two counteracting phenomena, predicting whether the polaron formation produces an

increase or a decrease in the observed carrier mobility is difficult. On the one hand, the

lattice deformation associated with the polaron should produce a heavier effective mass.

On the other hand, the dynamic screening of the Coulomb potential upon the formation

of a large polaron will hinder the scattering of charges with lattice defects.8 Meanwhile,

hot carriers can undergo additional carrier-carrier scattering at high temperature and

density, which can be screened upon polaron formation.10 Therefore, time-resolved mo-

bility measurements, such as those obtained through TRTS, can be a useful way of

detecting and defining the effects of polaron formation and scrutinizing the hot car-

rier dynamics. Several spectroscopic studies of hot photocarriers have recently been

reported11–15 along with theoretical studies focusing on the slow rate of this cooling.16,17

The time evolution of hot carriers is of particular interest in view of the possibility of

realizing photovoltaic cells with conversion efficiencies exceeding the Shockley-Queisser

limit. Indeed, several studies have reported long hot carrier lifetimes up to tens of pi-
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coseconds, opening the way to extracting them at selective contacts.18

When studying early charge carrier dynamics, a good time resolution is essential to reach

meaningful conclusions with the application of mathematical models. This time resolu-

tion can be achieved in TRTS using an ultra-broadband THz single-cycle pulse generated

with a two-color plasma technique.19 In our case, such a pulse includes frequencies from

1 to 20 THz, allowing for a pulse duration as short as 200 fs instead of the ∼1 ps pulse

typically obtained by optical rectification in solid semiconductors (see the THz spectrum

and pulse shape in Figure 2.2). This can help to overcome the artifacts that may appear

in classical TRTS on the sub-ps dynamics.19 The use of ultra-broadband pulses poses,

however, the difficulty of finding the right substrate with full transparency. Various ap-

proaches have been used in the past, such as employing Si wafers20 and diamond as thin

film substrates,21 or using single-crystals in reflectance mode.22,23 The latter substrates,

however, either give rise to strongly modulated absorption spectra and pose an excessive

experimental and analytical complexity or are too costly. In addition, it is of interest

to study the perovskite response in a state close to that of a working optoelectronic

device. Thus, we measured polycrystalline thin films, once again grown on HDPE, in a

transmission configuration.

4.2 Results and analysis

4.2.1 Sample

Thin films of LHPs composed of various anions and cations were obtained on 1 mm

HDPE sheets through a spin-coating procedure, identical to that generally used on glass

or similar supports. When spin-coating solutions to form LHP thin films, one of the key

parameters, and the one that mainly varies between HDPE and glass, is the wettability of

the surface to the polar solvent (DMSO). HDPE is an apolar material that repels polar

solvents, making the spin-coating technique impracticable. Indeed, the spin-coating

technique is based on the formation of a thin film of solution when a spinning force

is applied. However, if poor interaction occurs between the solvent and the substrate,

the solution just slips off. To solve this issue, a surface treatment must be applied to

the HDPE surface to endow it with a polar nature. This nature was achieved through

an oxidative plasma treatment. Such an approach generates oxidation products on the
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surface of the polymer that constitute polar groups, highly increasing the wettability to

polar solvents.24 The resulting LHP films are polycrystalline, with grains on the order

of 100 nm (see Appendix, Figure A.7), and have photophysical properties similar to the

films prepared on other substrates. This can be seen with the absorption and emission

spectra shown in Figure 4.1. Furthermore, all ultrafast measurements focus on the first

ps, before surface recombination becomes really important.

Figure 4.1: Left) Absorbance of the samples of three different com-

positions on HDPE, namely, CH3NH3PbI3 (red), CH3NH3PbBr3 (yel-

low) and CsPbBr3 (blue). Right) Absorbance (solid line) and emission

(dashed line) of CH3NH3PbI3 on glass (blue) and on HDPE (green).

Both are found to be very similar. The variations are smaller than

what can be found for the same substrate.

4.2.2 A slow rise of the TRTS signal

In this chapter, we aim to study the relationship between carrier-lattice interactions and

carrier cooling from a mobility perspective using TRTS. Such a study can be achieved

by exploiting the sensitivity of THz radiation transmission to the carrier mobility. In

an optical pump-THz probe experiment applied to a semiconductor material, the pump

generates charge carriers that absorb the incident THz probe pulse. The THz radiation

absorptance is generally reported as the negative of the ratio between the change in

the modulus of the THz electric field (∆E) upon transmission through the sample and

the modulus of the incident field (E). In the case of thin films, when ∆E << E, this

ratio can be shown to be proportional to the photoconductivity (∆σ) generated by the

photogenerated carriers, which is itself proportional to the carrier density (N) and the
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carrier mobility (µ)25,26

− ∆E

E
∝ ∆σ = µeN. (4.1)

An evolution of the THz absorptance of the sample must therefore be associated with a

change in either N or µ. With this in mind, we determined the early carrier dynamics

of three LHP thin films of various compositions, namely, CH3NH3PbI3, CH3NH3PbBr3,

and CsPbBr3, using ultra-broadband TRTS. Figure 4.2 shows the charge carrier photo-

conductivity dynamics measured during the first picoseconds following photoexcitation

at different pump wavelengths of a CH3NH3PbI3 thin film deposited on HDPE. At reso-

nant photon energies, a fast rise can be observed while, above resonant energies, a second

slower rise becomes increasingly apparent with increasing excitation energy.

Figure 4.2: Excitation wavelength dependence of the early photocon-

ductivity dynamics in CH3NH3PbI3 thin films as probed by ultra-

broadband TRTS for carrier densities above 1018 cm−3 at ca. 30 µJ

cm−2. The decrease in photon number is compensated by the in-

creased absorption at higher energies (See the absorbance spectrum

in Figure 4.1). The terahertz absorptance –∆E/E is directly propor-

tional to the photoconductivity ∆σ.

It is worth noting that these measurements were carried out focusing on the point of

highest electric field of the THz pulse. This approach is valid if the ∆E(t) waveform is

91



CHAPTER 4. HOT CARRIER DYNAMICS IN BULK LEAD HALIDE
PEROVSKITES

not phase-shifted with respect to the initial pulse. In order to verify this point, we ob-

tained a 2D map of the different ∆E(t) waveforms and the corresponding −∆E(ω)/E(ω)

spectra. As seen in Figures A.9 and 4.3, the slower rise is coming mainly from a change

in amplitude. However, the spectral response is not trivial and cannot be assigned to

a simple model such as Drude or Drude-Smith.27 Nonetheless, the response rises quite

uniformly on the 5 to 12 THz range, where most of the THz probe is located. Thus, we

can use the frequency-averaged response following the maximum at t = 0 in Figure 4.3

(left), as a general probe of the photoconductivity evolution. This allows one to carry

out measurements in many different conditions of pump wavelength and fluence without

the need to obtain costly 2D maps.

Figure 4.3: Time-resolved ∆E(t) (left) and −∆E(ω)/E(ω) (right,

Solid lines for Re and dashed for Im) obtained on CH3NH3PbI3 at

different pump-probe delay times (λexc = 510 nm, F = 62 µJ cm−2).

The changes can be assigned mainly to a change in amplitude and

not a change in phase. This allows one to follow the dynamics at this

point.

Returning to the results in Figure 4.2, in terms of Equation 4.1, the fast initial rise

can be assigned to an increase in the carrier density N upon photoexcitation, mixed

with the initial steps of carrier evolution such as thermalization,28 coherence loss,29

the development of many body interactions,21 and, perhaps, the initial steps of carrier

cooling. Although the time resolution of our setup can be expected to be shorter than

this rise we are unable to distinguish between the different processes. In addition, this

rise can be well fitted to the convolution of an instantaneous rise with a Gaussian having
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a FWHM of 200 fs (See Appendix, Figure A.10). Therefore, hereon the data will be

treated as having a time resolution limit of 200 fs. On the other hand, the latter rise can

be more easily related to hot carrier evolution affecting the mobility µ. Such behavior

of the mobility has been previously reported, e.g., for GaAs30 or perovskites,13,31 and

is generally associated with the formation of hot charge carriers at different positions of

the band structure ε(k) away from the bandgap threshold (Figure 4.4). This behavior

is due to the relation between the mobility, effective mass and band curvature. Indeed,

the mobility µ inversely depends on the effective mass m∗, while m∗ in turn inversely

depends on the band curvature ρ.32 In a simplified one-dimensional approximation, the

carrier mobility µ is then proportional to the band curvature ρ and the scattering time

τ so that

µ = eτ
1

m∗
= eτ

1

~2

∂2ε

∂k2
j

=
e

~2
τρ. (4.2)

Figure 4.4: Simplified band structure scheme based on ref. [33]. Direct

transitions occurring at λexc = 800nm (red), λexc = 600nm (orange)

and λex = 400nm (purple) are represented by vertical arrows. The

dashed arrows represent a cooling pathway of photocarriers generated

upon excitation at λexc = 400nm.

Figure 4.4 displays a simplified band structure of CH3NH3PbI3, where the spin-orbit
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coupling has been omitted for the sake of simplification.33 In such a situation, carri-

ers photogenerated upon excitation in the blue region experience a significantly lower

curvature of both the conduction and valence bands (positions A and A’). Hence, they

must be characterized by a larger effective mass (m∗) and a lower mobility (µ) compared

to carriers photogenerated upon excitation in the red region (positions B and B’). In

addition, calculations suggest that a loss of parabolicity occurs as close as one-third from

the minimum point along any direction (Figure 4.4).33 This loss produces a decrease in

mobility for the carriers higher up in the valley.34,35 Thus, relatively small excess energies

already produce a noticeable decrease in the initial average mobility µ even though no

carriers are located in different valleys.

4.2.3 Simple model

From a simple perspective, the observation of the slower rise in the THz absorptance

over time can initially be assigned to intravalley relaxation and intervalley scattering

of hot carriers with phonons towards the bottom of the valley where the effective mass

accounts for the maximum mobility. In order to model such a process, we first consider a

simple situation with low mobility hot carrier (NH) and high mobility cold carrier (NC)

populations. This simplified model (see details in the Appendix, Section B.5) gives rise

to a single exponential time profile of the transient photoconductivity signal

S(t) = 1−Be−t/τ , (4.3)

where B is the amplitude and τ is the lifetime. In such a simplified model, carriers

can only be either hot or cold. However, a distribution of carriers with different excess

energies and, thus, mobilities characterized by a certain temperature exists in reality.

In addition, one should consider the possibility of polaron formation. Despite its lim-

itation, fitting this initial simple model can be useful in evaluating the lifetime of the

process involved. It can be said that parameter B in Equation 4.3 is a measure of the

average mobility of the ensemble with respect to the final situation. A convolution with

a Gaussian of FWHM w accounting for the instrument response function (IRF) can be

used to fit the data (see Appendix, Equations B.33 and B.34). The results of the data

fitting shown in Figure 4.2, with different measurements at different pump wavelengths

(λ), are found in Table 4.1. Due to the initial rise previously explained, the value of the

FWHM w is also fitted. We repeatedly obtain values of ca. 200 fs.
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λexc / nm B / - τ / ps w / ps

480 0.78± 0.05 0.5± 0.02 0.17± 0.04

520 0.63± 0.02 0.46± 0.01 0.2± 0.01

560 0.51± 0.03 0.39± 0.02 0.18± 0.01

600 0.48± 0.02 0.41± 0.01 0.22± 0.01

640 0.38± 0.02 0.44± 0.02 0.19± 0.01

680 0.22± 0.02 0.45± 0.03 0.21± 0.01

Table 4.1: Results for the fitting of the simple exponential model at

different pump wavelengths (λexc) for CH3NH3PbI3. The fit traces are

shown in Figure A.11.

As expected, the amplitude B increases with excess energy owing to the higher initial

concentration of hot carriers. Surprisingly, however, the lifetimes from the measure-

ments are fairly constant in the 480-680 nm excitation wavelength range, with values

between 400 and 500 fs. Above 680 nm, the rise is almost negligible. The lack of an

increase in the lifetime is surprising if we assign it to carrier cooling, as the higher the

initial carrier temperature is, the longer cooling down should generally take.14 If the

THz absorption is a direct probe of the average carrier temperature, then this would

indeed be the case. However, the exponential fits with a constant lifetime indicate a

different process that links high and low mobility carriers. The relaxation of hot charge

carriers includes two initial steps: a) thermalization, in which the hot carriers equilibrate

towards a Fermi-Dirac distribution, characterized by a certain temperature higher than

that of the lattice, and b) cooling, in which the hot carriers interact with the lattice

through carrier-phonon inelastic scattering with longitudinal optical (LO) phonons to

shed their extra energy.18 The former step has been reported to occur in the 10 to 100

fs interval,28 below the initial rise, while the latter step can actually be studied with

TRTS. LO phonons are considered to be involved not only in the relaxation of hot car-

riers14 but also in polaron formation.36 Recently, time-resolved spectroscopy techniques

other than TRTS have revealed that the polaron formation time for LHPs is on the

order of hundreds of fs.36In ref. [36], the perovskites under study were CH3NH3PbBr3

and CsPbBr3. For these materials, we obtained, on average, low mobility lifetimes of

320 and 650 fs, very close to the reported polaron formation times of 290 and 700 fs,
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respectively. Note that these lifetimes are subject to a certain variability depending on

the sample. Interestingly, for some of the measurements reported in the literature, the

observed process did not involve any cooling since a resonant excitation was used.

A recent publication reported a direct observation of polaron formation with TRTS.13

Surprisingly, the authors observe a delayed rise of the photoconductivity, which is as-

signed to polaron formation. A rise that we do not observe on the frequency-averaged

photoconductivity at resonant conditions. It is unclear whether this comes from a de-

layed response at lower frequencies or due to a lower time resolution in optical recti-

fication based TRTS setups. From our 2D maps it does seem that a delayed rise can

be observed at frequencies lower than 2.5 THz (See Appendix, Figure A.12) and it co-

incidently is of the same order as the reported polaron formation times. Furthermore,

broadband TRTS based on gas photonics has recently been used to investigate the early

dynamics on single-crystal CH3NH3PbI3 samples in reflectivity mode upon resonant

pumping.23 In the latter study, a coherent oscillation is reported in the pump-probe

dynamics mixed with a rise in the photoconductivity. It was also observed that this

rise becomes longer at lower frequencies. Interestingly, a deeper analysis of the probe

frequency dependence of the oscillations allows to relate both phenomena to the forma-

tion of polarons. Such polaron formation is found to originate from the coupling to a

single LO phonon mode at 3.7 THz. Unfortunately, we are unable to observe such clear

oscillations and their dependency on probe frequency. This can be explained by the ap-

parent lower sensitivity of our setup and the nature of our samples. Single crystals with

a fixed orientation might enhance this kind of responses. Nonetheless, there is a change

in the photoconductivity spectrum occurring in the first hundreds of femtoseconds (See

Appendix, Figure A.13). We may tentatively assign it to the formation of polarons be-

cause, from a Drude perspective, a change only in effective mass should only change the

amplitude of the spectrum. The final spectrum shows a photoconductivity that rises

for frequencies higher than ca. 3.7 THz. This may be caused by a different absorption

of the THz waves above and below the coupled phonon frequency. A further in-depth

study of the photoconductivity spectrum would be worth pursuing in the future. More

evidence of polaron formation in TRTS was obtain by Cinquanta et al. by looking at the

phonon modes below 2 THz on CsPbBr3 nanocrystals.37
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Figure 4.5: Fluence dependence of the rise in photoconductivity for

A) CH3NH3PbBr3 and B) CsPbBr3. Note that both materials present

a similar fluence dependence, while the lifetime is noticeably longer in

the fully inorganic material. The arrows indicate the rise in fluence.

C) The amplitude, B, from the fit is shown to be the main parameter

that varies with fluence, while D) the time constant τ saturates earlier.

A similar behavior is found for CH3NH3PbI3, as seen in C) and D).

4.2.4 Complex model

From the existing experimental evidence, polaron formation in the form of a dynamic

screening process has been suggested to be in competition with carrier cooling.10 Indeed,

this dynamic screening process could result in polaron formation with the observed life-

times. In Figure 4.2, we show measurements for relatively high charge carrier densities,

above 1018 cm–3. At these densities, a slow cooling process is expected to be observed

due to the phonon bottleneck typically observed in these materials.38 Thus, if two com-

peting processes occur, we can hypothesize that, at low densities, carrier cooling to the
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lattice temperature is sufficiently fast to occur before polaron formation, while at higher

densities, the opposite is true. To test this hypothesis, we perform fluence-dependent

measurements, as shown in Figure 4.5.

Indeed, the data show an increase in the magnitude of the mobility rise with increasing

fluence. Our data shows, nonetheless, that the formation of polarons does not produce

a substantially large change in mobility if the carriers are already cold. When excit-

ing the samples at resonant energies or at low fluences, the slower rise is not observed

(Figures 4.2 and 4.5, and Figure A.14 in the Appendix). Thus, the frequency-averaged

photoconductivity remains similar, while the spectrum suffers some change as previously

mentioned. This result is intriguing because polaron formation should have mobility

changes associated with it due to a) an increase in the effective mass while carrying

the lattice deformation and b) a decrease in scattering with defects.8 These effects may

compensate each other for cold carriers, leaving only a minor spectrum change that can-

cels out in the frequency-averaged dynamics. Moreover, the fact that a rise with the

polaron formation lifetime is observed at high fluences over the bandgap indicates that

the dynamic screening process does produce a substantial increase in the hot carrier mo-

bility. The dynamic screening may possibly reduce the carrier-carrier scattering present

at high carrier temperatures. Thus, the mobility would increase upon hot polaron for-

mation, unlike with cold polaron formation. Furthermore, the hot polarons present a

much slower cooling, which prevents us from observing any further dynamics due to the

strong Coulomb screening of the lattice.10,39,40 We can thus propose the model depicted

in Figure 4.6.

According to this model, hot carriers turn into cold ones through phonon emission. This

step is considered reversible, introducing a hot phonon bottleneck. The phonons decay

at a certain rate such that a phonon population builds up at high hot carrier densities,

decreasing the overall rate of carrier cooling. In addition, this cooling process competes

with the polaron formation process through dynamic screening. The latter process has

a certain lifetime depending on the perovskite composition.

As the initial hot carrier density increases, the cooling process is slowed and hot polaron

formation is favored, giving rise to very long hot (polaronic) carrier lifetimes. From our
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Figure 4.6: Cooling and dynamic screening competition model. The

different processes induce a change in the mobility in the direction rep-

resented by the arrows next to µ. The carrier cooling and hot polaron

formation processes induce a stronger increase in the mobility in the

time window analyzed herein. LO phonons should also be produced

upon polaron cooling. However, since this process occurs at longer

times than the observed window, the model is simplified by ignoring

this fact.

observations, we ascribe the strong increase in mobility to bare carrier cooling and hot

polaron formation. Once again, we use a simplified model that does not consider carrier

and phonon energy distributions with a certain temperature. Nonetheless, this model

appreciably follows the excitation fluence and wavelength dependencies that we observe.

We justify not using a temperature model14 by the fact that the function relating tem-

perature and mobility is difficult to obtain and we can hardly assume that it is linear.

Moreover, using such a model would overcomplicate the computation.

As shown in Figure 4.7, we can numerically solve the differential equations in the model

in order to simulate the signal at different carrier densities (See details in Appendix,

Section B.6). These results show the same trends as the measurements in Figure 4.5.A.

Furthermore, a global fitting of several datasets can be carried out in which all the pa-

rameters are common except for the initial charge carrier concentration, which can be

fixed to a value proportional to the relative fluence used. The good quality of the fits

supports the general validity of the model, which follows the observed trend with flu-

ence. Unfortunately, the complexity of the model prevents meaningful values from being
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Figure 4.7: A) Simulated signals for CH3NH3PbBr3 at different charge

carrier densities following the model of Figure 4.6 (See details in Ap-

pendix, Section B.6). The slower rise becomes more apparent as the

density is increased. B) Model global fittings to CH3NH3PbBr3 data

at 18 µJ/cm2 (red), 31 µJ/cm2 (yellow), 46 µJ/cm2 (green), and 80

µJ/cm2 (blue), where all parameters are common and the initial carrier

density is proportional to the fluence multiplied by a common fitted

value.

obtained for each parameter in free fits, and many of the parameters have to be prefixed

and guessed. Nonetheless, the importance lies in the general behavior and trends with
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fluence and wavelength that arise from the competing cooling and dynamic screening

processes. The results of the fitting procedure are shown in Table 4.2. We obtain a time

constant for polaron formation 1/k2 = 0.4 ps. Large values of the kinetic constants k1

and k–1 are guessed, since the equilibrium between hot carriers, on the one hand, and

cold carriers and LO phonons, on the other hand, (Figure 4.6) must be reached within the

initial rise. The rate constants for phonon decay (k3) and polaron cooling (k4) are taken

from the literature.10,14 The fitted value of the parameter a = 0 (See Appendix, Equa-

tion B.40) means that hot carriers do not contribute to the transient conductivity signal.

Parameter Fitted value

a 0± 0.08

Nhc(0) 0.3± 0.07 adu

w 0.24± 0.005 ps

k1 200 ps−1 (guessed)

k−1 100 adu−1 ps−1 (guessed)

k−1Nhc(0) 30± 7 ps−1

k2 2.5± 0.15 ps−1

k3 1.67 ps−1 (literature)

k4 0.01 ps−1 (literature)

Table 4.2: Results of the global fitting of the complex model to experi-

mental data as seen in Figure 4.7.B for CH3NH3PbBr3. The parameter

w stands for the FWHM of the convoluted Gaussian, a measure of the

time resolution of the setup. The initial hot carrier density Nhc(0) is

given in arbitrary density units (adu). The same units are used in the

dimensions of the second order rate constant k–1.

Our results, observing the previously reported polaron formation times36 at higher flu-

ences (> 1018 cm−3), come into contrast with the idea that polarons are destabilized

at densities higher than the Mott density (∼ 1018 cm−3) due to mutual interaction.10

The fact that we still observe the characteristic lifetime points to the fact that the pro-

cess is still occurring. The destabilization may induce a decreased screening, increasing

the cooling speed of hot polarons, as found by X. Zhu and co-workers,39 but without
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preventing the formation. Nonetheless, this cooling would still take place beyond our

observed time window, involve the phonon bottleneck and compete with recombination.

Indeed, this would be comparable to the recent observation of persistent excitons above

the Mott density in CH3NH3PbBr3 as Mahan excitons.41

4.2.5 Additional measurements

Further information on these materials can be extracted from a comparison between

different compositions in terms of cations and anions. One key parameter is affected:

the dynamic screening lifetime, upon which both anions and cations have an effect.

CsPbBr3 is the material presenting the longest lifetime, suggesting that the extra de-

grees of freedom from the organic cations play a role in speeding up the process. Last,

low temperature measurements show an increase in the lifetime of the mobility rise

accompanied by an increase in the total terahertz absorption (Figure 4.8). The latter

phenomenon is known in LHPs, where the polaron mobility is limited by polaron-phonon

scattering.20 Thus, at lower temperatures, the mobility is higher due to the lower pop-

ulation of phonons. The former phenomenon indicates a role of the phonon density in

the polaron formation process.

Figure 4.8: Low temperature measurements of the early dynamics of

the THz absorptance in CH3NH3PbBr3 (λexc = 400 nm).
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4.3 Conclusions

Hot carrier dynamics of LHPs of different compositions have been analyzed from a

THz mobility perspective using ultra-broadband TRTS in transmission mode. This was

achieved through the novel use of HDPE substrates treated with an oxidative plasma.

The results are compatible with competing cooling and dynamic screening processes. A

model was proposed and applied to explain the observed fluence dependence and constant

lifetime of the mobility rise. In it, the previously reported phenomena of a phonon

bottleneck and polaron formation through a dynamic screening process were unified.

Particularly, polaron formation was found to produce a substantial change in mobility

specifically for hot carriers. Furthermore, the composition was found to mainly affect

the time constant of the dynamic screening process. In this regard, the Cs+ inorganic

cation was found to produce longer dynamic screening than its organic counterparts for

a given halide composition. This result is probably due to a decrease in the degrees of

freedom that allow for polarization of the lattice in the presence of a charge carrier. The

model assumes that either both carriers have a similar mobility and behavior or one

dominates. In addition, distributions characterized by a certain temperature are not

taken into account due to uncertainties and to simplify the modeling process. Last, low

temperature measurements hint at implications of the phonon densities in the dynamic

screening process.
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Chapter 5

Exciton-carrier dynamics in lead halide

2D perovskites

In this last chapter, the intrinsic ultra-broadband TRTS capabilities are fully employed

including the acquisition and analysis of 2D time-resolved photoconductivity spectra

in combination with fluence dependent frequency-averaged dynamics and the use of

complex kinetic models. It is based on a submitted paper under the title Exciton-carrier

dynamics in 2D perovskites, with the participation of Etienne Socie in the experimental

process and Marine Bouduban in the initial planning. It is centered around unraveling

the dynamics of charge carriers and excitons in highly confined 2D lead halide perovskite

systems. The main aim is to observe the transition from carriers to excitons using

ultra-broadband TRTS and FLUPS while determining the importance of exciton-exciton

interactions. In addition, a kinetic model is presented that can be used to explain the

observations and compare between two different cation compositions.
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5.1 Introduction

Lead halide perovskites (LHPs) have become a widely studied and applied family of semi-

conductors in the field of optoelectronics, especially towards the development of solar

cells that can compete with well-established technologies. The current solar-to-energy

conversion has been pushed beyond 25%1 owing to the quick and continued improve-

ments.2–5 One of the key limitations of this technology has been its stability with respect

to ambient conditions such as temperature, light and, especially, humidity. To tackle

this problem, one of the proposed solutions is to use 2D perovskites such as those of the

Ruddlesden-Popper family to increase the stability with respect to moisture.6,7 Mixing

compositions of 2D/3D LHPs has been shown to increase the stability while maintaining

a good performance.8,9 These lower dimensionality perovskites are obtained by introduc-

ing larger cations into the precursor mix. In the perovskite structure, characterized by

the formula ABX3, the A cation is a small cation that can fit in the center of the cube

formed by every eight BX6 octahedra (in this case B is Pb2+ and X is I−). If the A cation

is replaced by a large cation, such as phenethylammonium (C6H5C2H4NH+
3 or PEA),

then the 3D crystalline structure can no longer be formed. Instead, a layered struc-

ture consisting of PbI6 octahedra on the same plane surrounded by the large cations

is formed. This effectively produces a quantum confinement effect due to the thickness

of the layer that greatly affects the electronic properties of the material. Variable stoi-

chiometric proportions of small cations can be added to produce multilayered quasi-2D

perovskites. These can be described as quantum wells of quantized thickness, depend-

ing on the number of layers. A general formula of R2An−1BnX3n+1 can be defined for

Ruddlesden-Popper 2D perovskites, where R is the large monovalent cation and n is the

number of layers. However, it is of great difficulty to obtain phase-pure samples of mul-

tilayered 2D perovskites. Efforts towards this goal have been made for single crystals10

and thin films.11

In such low-dimensionality systems, there is not only quantum confinement but also di-

electric confinement due to the difference in the permittivity between the ionic perovskite

layer and the bulky organic cation. These two effects enhance electron-hole correlations,

increasing the binding energy (Eb) of excitons from tens of meV in 3D CH3NH3PbI3 to

hundreds of meV. Furthermore, the variations in Eb with the cation can be attributed
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to the dielectric confinement due to the varying permittivity.12–14 Given the consider-

able Eb in 2D perovskites, it is safe to assume that photoexcitations will have a strong

excitonic character. Nonetheless, it is possible to obtain solar cells out of at least the

n = 3 composition.6

Charge carriers excited with excess energy are known as hot carriers and follow a char-

acteristic evolution of their relaxation that varies with the material. Typically, upon

photoexcitation, charge carriers are generated in a distribution that has to undergo a

thermalization process before being described by Fermi-Dirac statistics as a thermal dis-

tribution. This process can take less than 85 fs in 3D perovskites.15 The charge carrier

distribution is then characterized by a carrier temperature (Tc) which is higher than that

of the lattice (Tl). Therefore, it subsequently cools down through phonon-carrier inter-

actions until both temperatures converge. This initially occurs through optical phonon

emission until the temperature reaches the energy of said phonons and, if necessary,

then continues with the involvement of acoustic phonons. In LHPs, the longitudinal

optical (LO) phonon energy lies below the thermal energy at room temperature. Hence,

the involvement of acoustic phonons is negligible.16 When comparing hot carrier cooling

between 2D and bulk perovskites, it has been found that the process occurs considerably

faster in the confined perovskite, at least in colloidal suspensions.17 This was explained

by taking into account the decreased Coulomb screening by the lattice due to the dielec-

tric confinement. Indeed, the dielectric constant of the organic cation was recently found

to significantly affect the cooling process.18 On the other hand, carrier cooling was found

to be lengthened in perovskite nanoparticles, allowing the extraction of hot carriers.19

There is still uncertainty regarding the process of hot carrier generation and cooling

and exciton formation, as well as whether hot excitons are formed. A direct probe of

excitons is extremely useful to completely reveal the early dynamics in these systems.

Two techniques that have the potential to selectively probe excitons are time-resolved

photoluminescence through fluorescence upconversion spectroscopy (FLUPS) and time-

resolved THz spectroscopy (TRTS). While the latter is typically used to selectively study

charge carriers, it can also be used to identify excitons. This is achieved through the

differentiated spectral responses of the two species.20–25 However, the studies carried out

in the past on exciton formation using TRTS have been limited to the 0.5-3 THz range.

This requires an Eb close to this range to observe distinct signatures, which demands the
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use of cryogenic temperatures to stabilize the excitons. Here, we want to not only study

the exciton-carrier dynamics of 2D perovskites but also demonstrate the capability of an

ultra-broadband TRTS setup (up to 20 THz) to study excitons at room temperature.

We combine this technique with FLUPS to further support our findings and observe the

effect produced by different cation compositions.

5.2 Results and analysis

5.2.1 Introductory results

To study the carrier-exciton dynamics in 2D perovskites, we need samples that are

transparent to the broadband THz pulses in our TRTS setup. We used thin films to

facilitate spectroscopy measurements in transmission mode and to be close to the device

operating conditions of the material. As showed in the previous chapters, this can be

achieved using high-density polyethylene (HDPE) as a substrate. Equally, the samples

were prepared through a spin-coating procedure using a precursor solution in DMSO

and antisolvent.26 These samples were used for both TRTS and FLUPS to minimize the

variations between samples. More information about the samples can be found in the

Appendix (Figures A.15 and A.16).

TRTS is especially sensitive to charge carriers. The THz absorption signal (−∆E/E)

is, for a thin film, typically proportional to the photoconductivity (∆σ), which in turn

is proportional to the photogenerated carrier density (N) and mobility (µ), following

Equation 4.1. This can be used to rationalize the frequency-averaged THz absorption

dynamics (measured at the point of highest THz electric field). Nonetheless, this is

only valid if the absorption spectrum is flat across different frequencies and does not

substantially change over time, such as in the case of exciton formation. Otherwise,

it is important to obtain spectra at different time delays to better characterize the

system. This will be explored later in this chapter. On the other hand, the fluorescence

can be considered proportional to the exciton density. This is due to the large Eb

that induces exciton formation upon carrier relaxation before recombination. Since

each exciton has a certain probability of recombining and emitting a photon, according

to the radiative recombination kinetic constant, the higher the density is, the more

photons will be emitted at a given time. Thus, each technique has a different sensitivity.
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While the FLUPS signal will be dominated by excitons, free charge carriers will be more

important in TRTS. This can be seen in Figure 5.1, where the THz signal decreases as

the fluorescence increases. This clearly indicates a depletion of charge carriers through

exciton formation. This process occurs during the first ps after excitation until a quasi-

equilibrium is reached. After that, exciton recombination dominates the dynamics. The

fit is the result of a tentative triexponential global fit where the time constants are

linked between the two experiments, resulting in τ1 = 0.35 ps, τ2 = 7 ps and τ3 = 60

ps. A full view of the decays is shown in the Appendix (Figure A.17). A priori, τ1 can

be assigned to carrier relaxation and exciton formation, while the other two constants

describe a combination of bimolecular and monomolecular decays highly dependent on

the pump fluence. More evidence can be found when comparing the TRTS decays for

samples excited at 400 nm and 510 nm (Figure 5.1, right). In the former, a higher carrier

population is formed that needs to relax and condense to reach equilibrium. This does

not occur in the latter since a large population of excitons is formed from the beginning.

Figure A.18 shows how the decays are similar after the initial exciton formation decay.

Figure 5.1: Left: Simultaneous rise and decay of the FLUPS (Green,

55 µJ cm−2, λobs = 532 − 538 nm) and TRTS (Red, 56 µJ cm−2)

signals at λexc = 400 nm. Right: TRTS decay at λexc = 400 nm (Red,

56 µJ cm−2) and at λexc = 510 nm (Blue, 60 µJ cm−2). The TRTS

signal is obtained at the maximum point (See Figure 5.3.E).

5.2.2 Spectral analysis

Let us now focus on the TRTS evolution using the spectral response. The fact that there

is a considerable signal rise with the same time resolution for both excitation energies
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indicates a noticeable THz absorption coming from the excitons. Otherwise, in the 510

nm case, a certain delay would be required to build up some carrier population. Equally,

from a simple thermodynamic point of view, an equilibrium of mostly excitons should

be attained after several ps when exciting above the bandgap into the continuum. In

fact, we can use the Saha equation to estimate the expected proportion of carriers.27

x2

1− x
=

1

n

(
2πµkBT

h2

)
e
Eb
kBT , (5.1)

where µ is the reduced mass of the exciton (0.28 m0),28 Eb is the exciton binding energy,

kB is the Boltzmann constant, T is the temperature, h is the Planck constant, n is the

excitation density and x is the fraction of free carriers. At T = 300 K and consider-

ing an Eb of 270 meV28 with an excitation density of 1018 cm−3, the expected carrier

fraction is less than 1%. Our experiments can reach excitation densities of 1019 cm−3

for the highest fluences, further decreasing the free charge carrier fraction. Therefore,

the bulk of the signal when excited at 510 nm and at later times should come from

excitons according to this analysis. In contrast, at high excitation densities, semicon-

ductors undergo an insulator-to-metal transition or Mott transition, where the screening

produced by the carriers effectively reduces the exciton binding energy until the attrac-

tion force is lost. The result is an electron-hole plasma. This can be observed with

TRTS on Si.29 Recently, it was found that excitons are surprisingly persistent in bulk

CH3NH3PbBr3 perovskite above the Mott density, which is attributed to Mahan exci-

tons.30 It is therefore unclear whether an electron-hole plasma is stabilized at densities

in the range of 1018 − 1019 cm−3 for 2D perovskites. This motivates an analysis of the

THz absorption spectra at different time delays to discern the evolution of free carriers

into excitons. Both species are expected to show characteristic THz spectra. Charge

carriers are typically described using the semiclassical Drude and Drude-Smith models,

where the latter is used to describe carriers with an important backscattering compo-

nent, usually observed in quantum confined systems such as nanoparticles31,32 We have

introduced these models in Section 2.1.5.2. They consider that charges are accelerated

under the THz electric field and are scattered with a time constant τ .33 This acceleration

produces the THz absorption and the result is a frequency dependent photoconductivity

(∆σ(ω)), where ∆σ(0) is defined as the DC photoconductivity or ∆σDC . It has the val-

ues ∆σDC = ω2
pε0τ and ∆σDC = ω2

pε0τ(1 + c) for the Drude and Drude-Smith models,

respectively. Therefore, ∆σDC typically has a nonzero value for charge carriers, unless
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c = −1. In contrast, excitons do not follow these models in the interaction with THz

radiation. In this case, the THz absorption corresponds to intraexcitonic transitions

between internal degrees of freedom (1s-np transitions) and between the excitonic and

free carrier states (Figure 5.2).20 Such transitions have been studied in the past, e.g., in

GaAs quantum wells20–22 or bulk lead halide perovskites,34 at low temperatures. Accu-

rate modeling needs to take into account multiple transitions.20 However, considering the

high binding energy in our sample, the different 1s-np transitions can be separated and

approximated as a Lorentz oscillator.34 In addition, they are expected to peak outside

the observed window. The model follows Equation 2.49 explained in Section 2.1.5.2. The

Lorentz oscillator model is characterized by a zero ∆σDC . Hence, any ∆σDC 6= 0 can

be assigned to free carrier contribution. At low frequencies, an excitonic model predicts

a greater imaginary part of ∆σ(ω), seen as a phase shift of the ∆E(t) waveform. This

is expressed as a measure of the polarizability of excitons and can be followed through

the changes in ∆E at the zero-crossing point.35–38 However, such a phase-shift (imagi-

nary part) component can also be produced by out-of-phase motion of carriers, such as

the backscattering scenario of nanostructured materials modeled with the Drude-Smith

model. This is why a full study of the ∆σ(ω) spectra at different delays is preferable

and more selective.
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Figure 5.2: Intraexcitonic transitions accessible with THz spec-

troscopy.

We performed a 2D TRTS scan of our PEA2PbI4 sample excited at 400 nm with a

fluence of 60 µJ cm−2. The 2D maps are shown in Figure A.19. A selection of the

progressive spectral changes can be observed in Figure 5.3.A. No clear resonance is

observed in the analyzed frequency range. Resonances, such as those observed for GaAs

quantum wells,20 are not expected to be fully observable given the large Eb and the fact

that our probe can only reach ca. 80 meV. Nonetheless, the response below the peak

can still be observed. As the signal evolves, the spectrum changes through a marked

decrease in ∆σDC while Im(∆σ) increases and then is maintained at a large value.

This can be preliminarily correlated with exciton formation. However, stronger evidence

and information are obtained through the analysis using the photoconductivity models

previously presented. If we take a linear combination of the Drude-Smith model and

a Lorentz oscillator (red and green respectively in Figure 5.3, C and D) we can apply

a global fit to all the spectra. The results (Figure 5.3.C) show how the amplitude of

the Drude-Smith model (carriers) decreases with the general decay of the signal, while

that of the Lorentz oscillator (excitons) increases and stabilizes. This coincides with

what we observed in Figure 5.1. Certainly, the global fit is a simplification. Changes

affecting τ or γ involving many-body effects are not considered. Nevertheless, the fit
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gives a convincing description of the global process. The effects of the spectral changes

can be observed in the ∆E(t) waveform as a gradual phase shift, which should agree with

its measurement using the zero-crossing point. However, ∆E(0.1 ps) already possesses

a considerable signal at the zero crossing, which is probably produced by out-of-phase

carriers. The results of the fit show that the excitons are described by a resonance

centered at ω0 = 26 THz with γ = 20 THz, while the carriers are described by the

Drude-Smith model with τ = 6.7 fs and c = −0.7. While the values cannot be very

precise due to the similarities of the two models, the latter describes carriers with a

considerably low mobility (µDC = 5.8 cm2 V−1 s−1, considering an effective mass of

0.605 m0
28) and an important backscattering component. This is not surprising, taking

into account the moderate mobility of perovskites39 and the nanostructured nature of

the sample.

Interestingly, while the excitonic contribution starts to dominate after a few ps, there

is still a noticeable presence of carriers, judging from the value of ∆σDC . Here, we

can suggest two hypotheses. On the one hand, Auger heating through exciton-exciton

annihilation may produce new hot carriers for every annihilated exciton.40,41 On the

other hand, the high excitation density used may produce a partial Mott transition.

In this case, a portion of the excitons are or remain dissociated as an electron-hole

plasma. Nonetheless, it is clear from the spectral analysis that a great proportion of

the excitons are undissociated. One way to clarify this observation is by analyzing the

emission spectra at different fluences. In Figure 5.4.A, we can see the effect of fluence

on the emission spectrum at an early time (1 ps). If we were in a regime where the

Mott transition was starting to play a role, then Eb should decrease with fluence as

the screening becomes stronger.30 This would translate into a blueshift of the emission

peak since the excitons are less stabilized. However, we do not observe any blueshift

of the peak with fluence. In contrast, a shoulder on the red side of the peak becomes

more important as we increase the fluence. This could be a sign of biexcitons, where the

additional stabilization produces a slight redshift of the emission that is observed as a

small additional sideband. This was described for colloidal nanoplatelets in a previous

work.42 In addition, biexcitons have already been reported in 2D perovskites with a

binding energy of 44 ± 5 meV by F. Thouin et al.43 Indeed, a qualitative agreement

can be found through a multi-peak fit (Figure 5.4, B and C). The biexciton picture
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Figure 5.3: A) Real (red) and imaginary (blue) parts of the ∆σ(ω)

spectra at different time delays after excitation. The solid lines are

the results of the global fit. B) −∆E/E evolution as a function of

pump-probe delay. The dashed lines indicate the times corresponding

to the spectra in A. C) Result of the global fit on the spectra at all

times. ωp and A are taken as a measure of the amplitude of the signals

emanating from carriers and excitons, respectively, in order to follow

their evolution. D) Simulated spectra from the Drude-Smith (red) and

the Lorentz oscillator (green) models as a result of the global fit. E)

∆E(t) (solid) and −E(t) (dashed) THz waveforms. The plot shows

the changes in the waveforms that produce the spectral changes shown

in A. The measurements are taken at λexc = 400 nm and F = 60 µJ

cm−2 on PEA2PbI4. On A and B, median filters are applied to clean

up the traces.
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Figure 5.4: A)Normalized emission obtained from averaging the 0.96-

1.04 ps range for different fluences. At higher fluences, additional

contributions are only seen on the low energy side of the band. B-C)

Multipeak fit of the emission at 1 ps for 28 µJ cm−2 (B) and 120 µJ

cm−2 (C). The main peak is centered at 536 nm while the second peak

is the result of a red-shift of 44 meV. The second peak is clearly more

important at a higher fluence. The widths and positions are equal for

the two fits.

reinforces the idea of important exciton-exciton interactions being the source of new

carriers through an Auger process. Interestingly, a shift or broadening towards the blue

can be observed during the first 10 ps that is not fluence dependent (Figure A.20). A

possible explanation is that it may be produced by reabsorption on the blue side of the

emission by the excitonic absorption peak. This would be due to the geometry of the

measurement, where the emitted light is collected from the back. As the excitons diffuse

across the sample less light is reabsorbed and a blue-shift is observed.
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5.2.3 Fluence dependence and kinetic modelling

To gain more insights into the kinetics of the processes involved, it is useful to carry out

fluence-dependent measurements, where the higher order kinetics will be highlighted.

When exciting with excess energy (λexc = 400 nm, Figure 5.5, left), the increased flu-

ence mainly affects the end of the initial decay and the long-term decay in opposite

ways. However, the relative amplitude of the initial decay is surprisingly little affected

by a tenfold increase in fluence. If a simple equilibrium between carriers and excitons

was established, then, it would be expected that the greatest initial decay would oc-

curred at higher fluences, due to the facilitation of nongeminate exciton formation at

higher densities. This is not the case, and the reason may lie in the impossibility of hot

exciton formation. In fact, we do not observe hot exciton emission in the way that it

was observed for nanoplatelets and nanoparticles.42 This initial decay may therefore be

limited by cooling, which can be lengthened at higher fluences due to phonon bottleneck

effects,44 Auger heating45,46 and polaron screening.47–49 Afterwards, a carrier-exciton

equilibrium is formed, and the decay dynamics are dominated by exciton recombination.

At higher fluences, bimolecular exciton-exciton annihilation41 becomes increasingly im-

portant, shortening the decay of both carriers and excitons. These two phenomena can

be observed with a triexponential fit as a minimal increase in the first time constant and

a decrease in the other two (Table 5.1).

Figure 5.5: Fluence dependence of the decay dynamics at λexc = 400

nm (left) and at λexc = 510 nm (right). The arrows indicate the effect

of the increasing excitation density. A 3 exponential fit is used for the

λexc = 400 nm data (See results in Table 5.1) while a 4 exponential is

used for λexc = 510 nm to take into account the slower rise.
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Fluence / µJ cm−2 τ1 / ps τ2 / ps τ3 / ps

6.2 0.293± 0.025 12.5± 2.2 360± 35

19 0.286± 0.022 9.75± 1.1 248± 36

37 0.313± 0.023 8.52± 0.76 198± 35

56 0.288± 0.021 7.10± 0.64 111± 21

80 0.331± 0.021 6.06± 0.54 91.8± 16

Table 5.1: Fluence dependence of the triexponential fit for the −∆E/E

decay at λexc = 400 nm. The first time constant can be related to car-

rier cooling and exciton formation while the latter two can be assigned

to recombination.

Alternatively, when exciting at resonant conditions (λexc = 510 nm, Figure 5.5, right),

there are two observable effects of the fluence: an expected decrease in the general decay

lifetime and the appearance of a slower rise at the lowest fluence used. This rise could

be assigned to the formation of charge carriers, from the initial excitons to when equilib-

rium is reached. However, taking into account that the exciton binding energy is on the

order of 270 meV,28 much higher than the thermal energy (kBT = 25.6 meV at 25°C),

it is difficult to assume that excitons can spontaneously split into carriers only due to

thermal energy. Once again, Auger heating through exciton-exciton annihilation can be

used to explain the rise. To do so, we can define three fluence regimes: a) a low fluence

regime, where no such processes occur, b) an intermediate fluence regime, where such

processes occur and can be observed as a slow buildup of the carrier population, and c)

a high fluence regime, where bimolecular decay processes are so important that any rise

in the signal is buried. The data we have been able to collect mostly belong to the latter

regime, while the lowest fluence we show, 12 µJ cm−2, belongs to the intermediate regime.

We can propose a model that includes Auger heating through exciton-exciton annihi-

lation as well as sequential carrier cooling, exciton formation and recombination. The

proposed model is described by the scheme in Figure 5.6.A and the differential equa-

tions can be found in the Appendix (Section B.7). The model considers three different

populations, namely, excitons, hot carriers and cold carriers. It considers two possible

excitation sources generating either hot carriers (λexc = 400 nm) or excitons (λexc = 510

nm). Excitons can monomolecularly recombine, either through emission of photons or
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interaction with traps, with a kinetic rate constant ker. In addition, they can undergo

a process of exciton-exciton annihilation where Auger heating is produced (ka). Two

excitons produce two hot carriers from one of them, while the other, having transferred

its energy, recombines. As a simplification, hot carriers are monomolecularly cooled

with a rate constant kc. Finally, cold carriers condense into excitons (kef ), but the

latter can also split into cold carriers (ked). However, this process is disfavored due to

the large Eb. Indeed, several approximations are required to obtain a model we can

work with. First, all processes occurring in the first hundreds of fs, defining the rise

of the signal, are included in a generation term G with the form of a Gaussian. These

processes can include coherence loss,50 thermalization (not cooling)15 and the develop-

ment of many-body interactions,51 perhaps including polaron formation.47–49,52,53 This

explains why the rise is characterized by a Gaussian of FWHM = 300 fs, longer than the

time resolution expected for this experiment (∼ 50 fs). Next, hot and cold carriers are

considered as two distinct particles and not as a distribution of particles characterized by

a certain temperature. In addition, phonon populations are not considered.45 Possible

phonon bottleneck effects are considered as a change in kc. Finally, processes affecting

the actual density of carriers, such as diffusion54 or even trap saturation are not included.
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Figure 5.6: A) Kinetic model relating hot carriers (red), cold carriers

(blue) and excitons, generated with the two wavelengths used in the

presented experiments. B) Simulations obtained from the model at

λexc = 510 nm and a large variety of fluences. 1) At high densities,

the signal can decay with a strong bimolecular behavior (purple, blue

and green). 2) At a low density, it can have a slow exciton recom-

bination decay (red). 3) Under an intermediate regime, it presents a

slight rise of the signal due to the generation of carriers under Auger

heating, followed by recombination (orange). C and D) TRTS data

and the results of the global fit for λexc = 400 nm and λexc = 510 nm,

respectively.

Employing numerical methods, we can use this model to simulate the signal obtained

from a combination of the densities of the three particles multiplied by a proportionality

constant (Figure 5.6.B and Section B.7, in the Appendix). Clearly, this model can

reproduce the two regimes observed at high and moderate fluences as well as be used to

extrapolate what the signal would look like at a very low fluence. Moreover, we can use
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the model to globally fit all the data across the two different wavelengths. The results

show general agreement with both the fluence and wavelength trends seen in Figure 5.5,

showing that this three-particle picture is sufficient for explaining the observed behavior.

The strength of the global fit lies in the fact that all kinetic parameters are shared for

all traces and the density is fixed to a value proportional to the fluence used (See more

details in the Appendix). Certainly, this, in addition to the approximations and possible

uncertainties, explains the small deviations. Indeed, perfect agreement could be obtained

from independent fits, as for any complex model, but the results would be meaningless.

The numerical results are shown in the Appendix (Table 5.2). These should not be

taken at face value since different combinations can give acceptable fits, especially for

the bimolecular constants. The importance lies in the global behavior and how the model

explains the trends. Furthermore, the signal contributions from excitons and carriers

according to the fitted model (Figure 5.7) show qualitative agreement with the spectral

evolution (Figure 5.3.C).

Parameter Fitted value

ker / ps−1 8.58 · 10−4 ± 9.82 · 10−6

kef / ps−1 adu−1 1.14± 1.79 · 10−2

ka / ps−1 adu−1 8.84 · 10−3 ± 9.98 · 10−5

kc / ps−1 5.26± 0.16

a400nm / adu 7.47± 0.22

a510nm / adu 9.02± 0.09

cex / - 0.48± 0.02

chc / - 0.57± 0.03

Table 5.2: Results of the global fit with their corresponding fit error,

where “adu” stands for arbitrary density unit.
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Figure 5.7: Exciton (green) and carrier (red) evolution according to

the global fit on the kinetic model. Excitons show a delayed rise and

a certain concentration of carriers is maintained due to auger heating.

5.2.4 Influence of the cation

Once we have explained the observed signal through both spectral analysis and decay

modeling, we can compare the obtained results with those for a different composition.

To achieve this aim, we investigated the TRTS dynamics upon λexc = 400 nm excita-

tion of a sample of BuA2PbI4, where BuA stands for butylammonium. Judging from

the steady state spectra (Figure A.15), the two samples are not very different in terms

of Eb. Regarding the TRTS dynamics, the main difference is observed in the first de-

cay, which appears to lengthen with increasing fluence (Figure 5.8). We know that this

decay corresponds to the formation of excitons from the initially high population of car-

riers. In part, this is limited by the cooling of hot carriers. Indeed, from the previous

fit, we have obtained that the exciton formation has a lifetime for the lowest fluence

(τef = 1/(kefa)) of 0.12 ps (0.009 ps for the highest) while τc is 0.19 ps. Therefore,

a lengthening of this decay can be associated with a longer cooling. As opposed to

the PEA2PbI4 case (Figure 5.6.C), the data cannot be fitted with only one kc shared

among all traces (Figure A.21, left, in the Appendix). Thus, we proceeded to fit both

the PEA2PbI4 and BuA2PbI4 data with separate kc values for each trace. The results

are shown in Figures A.21 and 5.8, as well as in Table 5.3.
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Figure 5.8: TRTS decay dynamics of BuA2PbI4 with the result of the

global fit using independent kc values for each trace. Right) τc, or

1/kc, values for the two different compositions at different fluences.

BuA2PbI4 PEA2PbI4

ker / ps−1 1.22 · 10−3 ± 2.49 · 10−5 9.85 · 10−4 ± 1.61 · 10−5

kef / ps−1 adu−1 1.65± 7.19 · 10−2 1.68± 5.39 · 10−2

ka / ps−1 adu−1 7.10 · 10−3 ± 1.39 · 10−4 7.57 · 10−3 ± 1.31 · 10−4

kc1 / ps−1 20.5± 2.65 7.44± 7.48 · 10−1

kc2 / ps−1 5.24± 2.46 · 10−1 3.82± 1.76 · 10−1

kc3 / ps−1 3.94± 1.60 · 10−1 3.66± 1.66 · 10−1

kc4 / ps−1 1.58± 4.43 · 10−2 6.37± 2.51 · 10−1

kc5 / ps−1 1.22± 3.00 · 10−2 6.49± 2.73 · 10−1

a400nm / adu 4.68± 6.38 · 10−2 7.22± 1.42 · 10−1

cex / - 35± 6.10 · 10−3 0.59± 2.55 · 10−2

chc / - 0.45± 9.23 · 10−3 0.78± 4.41 · 10−2

Table 5.3: Results for the global fit with independent kc for each trace.

While PEA2PbI4 does not show a clear trend, in BuA2PbI4 the cooling time clearly

increases with fluence. This could be caused by a phonon bottleneck effect similar to

that found in bulk lead halide perovskites.45,55,56 Interestingly, an enhanced phonon bot-

tleneck was observed on quasi-2D (n > 1) perovskites containing BuA.44 On the other
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hand, nanocrystals tend to show lengthened cooling, even allowing the extraction of hot

carriers.19 Recently, it was shown that PEA2PbI4 presents faster cooling kinetics (220

fs, very similar to our value of 190 fs) than 2D perovskites containing large permittivity

cations (HOC2H4NH+
2 , 720 fs, and HOC3H6NH+

2 , 640 fs).18 Although bottleneck effects

were not explored, the difference was explained, with the help of ab initio simulations,

as a combination of 1) a difference in screening due to the permittivity of the cations; 2)

different nonadiabatic couplings between conduction bands; 3) different electron-phonon

couplings; and 4) suppressed rotation of the spacers. While the first factor is not appli-

cable to our cations, the rest may produce the difference in cooling we observe. Future

work should address this question. Lastly, we were unable to obtain 2D TRTS maps

or FLUPS spectra of BuA2PbI4. We did find that this 2D perovskite was much less

stable under illumination, especially in the presence of air. We show the effects of this

degradation on the recorded FLUPS spectra in Figure 5.9. Nonetheless, the BuA2PbI4

sample was stable for long enough to obtain the dynamics shown in Figure 5.8, owing to

the inert atmosphere used in TRTS. However, 2D maps require a considerable fluence

for more than 24 h, which produced a certain degree of degradation. In summary, for

applications where both stability and fast carrier cooling are critical PEA2PbI4 is the

better option.
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Figure 5.9: Stability comparison by following the FLUPS emission

spectra between A) PEA2PbI4 and B) BuA2PbI4 under laser light

illumination. Indeed, C) shows that only under laser light the sig-

nal decays. D) In a few minutes the degradation is substantial for

BuA2PbI4, rendering the FLUPS measurements impossible.

5.3 Conclusions

We have studied in detail the evolution of carriers and excitons in 2D perovskites using a

combination of sensitive spectroscopic techniques. Indeed, we have shown the potential of

using ultra-broadband TRTS to study the evolution of carriers into excitons with a large

binding energy at room temperature by following the spectral changes. In combination

with fluorescence upconversion spectroscopy, we have demonstrated sequential cooling

and exciton formation where exciton-exciton interactions play an important role. These

are the source of a longer-lived population of carriers despite the large correlation induced

by the quantum and dielectric confinements. We have presented and applied a kinetic

model that can explain our data through the use of global fits. Once again, the model

128



CHAPTER 5. EXCITON-CARRIER DYNAMICS IN LEAD HALIDE 2D
PEROVSKITES

assumes that electrons and holes behave similarly and no distributions are used. Finally,

we have used the previously presented work to explore the influence of the organic cation.

We find that although the changes in the steady-state photophysics are small, the choice

of the cation is crucial for both stability and hot carrier cooling, strongly affecting phonon

bottleneck effects, which is a phenomenon to be considered for future applications.
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Conclusions and outlook

The results of this work have been heavily influenced by the development of an ultra-

broadband TRTS setup. While the principles are known from the existing literature,

many details have to be rediscovered and tested in order to obtain a functioning setup.

Home-made components had to be built and different configurations and alignments

had to be tested. The result is a rather exclusive setup that has plenty of potential

applications in the study of optoelectronic materials and beyond, as well as a gratifying

experience. During this thesis, the setup was used for the characterization of a poorly

studied nanomaterial and to shed light on key questions in LHP research.

In chapter 3, Se nanowires produced through a new, simple and direct solution-based ap-

proach were characterized with a combination of time-resolved spectroscopic techniques.

The charge carrier dynamics were found to be dominated by trapping. This served as

a clear example of the decrease in mobility through trapping, where the TRTS signal

disappeared while some of the visible ground state bleaching remained. Furthermore, a

short range mobility of 3.0 cm2 V−1 s−1 for free carriers was obtained. Although this

considerable mobility is quickly lost, the long lived trapped carriers are believed to move

through a hopping type of mechanism. This explains the usefulness of the material in

optoelectronic applications. Future research should address the effects of nanowire ori-

entation in both mobility and trapping.

Chapter 4 focused on lead halide perovskites, a family of materials that has gathered

much interest both in the photovoltaic research and the ultrafast spectroscopy communi-

ties. We studied the rise in photoconductivity that is observed in the first picosecond af-

ter photoexcitation taking advantage of the improved time-resolution of ultra-broadband

TRTS. The results were compatible with a competition between the previously proposed

phenomena of carrier cooling limited by a phonon bottleneck and polaron formation.
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From the observation of fluence and wavelength dependencies, a competition model was

proposed. The rise time, which was found to be fairly constant across wavelengths and

excitation densities, mainly followed the polaron formation time and was sensitive to the

nature of the cation. This meant that polaron formation increased the mobility of hot

carriers while it remained similar for cold ones.

In chapter 5, 2D perovskites were studied using a combination of ultra-broadband TRTS

and FLUPS for the first time. This allowed us to identify the time-scale of carrier cool-

ing and exciton formation in these systems through the analysis of TRTS 2D spectra

and the comparison between the two techniques. In addition, the effects of fluence were

studied, discarding a Mott transition at the typical ultrafast laser spectroscopy excita-

tion densities. Instead, heavy exciton-exciton interactions, with the continued formation

of hot carriers through Auger heating and biexciton formation, were observed. Kinetic

modelling through the use of numerical models was again highly useful to test the hy-

pothesis, much like in the previous chapter. In addition, PEA and BuA were compared

as cations for 2D perovskites and their prospective applications. The former was found

to be both more stable and less prone to a phonon bottleneck effect.

The work carried out in this thesis opens the door for many other experiments and

research studies. Here is a selection of what could be done in the near future to either

complete or go beyond the presented studies.

First, a deeper study of the TRTS spectra at early times for bulk LHPs should be carried

out in order to fully validate the competition between cooling and polaron formation.

In addition, it could help understand how these processes affect the mobility.

The work in chapter 5 opens the door for similar analysis in other confined systems such

as LHP nanoparticles or transition metal dichalcogenides. It would be especially inter-

esting to study a material where Eb is low enough to observe transitions in the 20 THz

window while being high enough to stabilize excitons at room temperature. This would

allow one to study such optoelectronic materials closer to device operating conditions.

One such material could be ZnO, with an Eb of 60 meV (14.5 THz).
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Lastly, another type of experiment that could have been explored is the visible-pump

near-IR-push THz-probe configuration for TRTS, thanks to the two available OPAs.

Time limitations as well as the need to first understand the pump-probe experiments ex-

cluded these from this work. Indeed, pump-push-probe could help in the understanding

of carrier cooling, polaron formation, carrier trapping/detrapping and exciton formation

as well as multiple other phenomena.
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on any technical or programming problem. Heewon, who was always a friendly presence

in the lab, sorry the THz measurements on TiO2 did not really work out. Mahsa, very

positive and friendly, I think there are still people coming to sell optical components

from time to time.

During a PhD, it is common to be for some time both the newcomer and the senior.

This means that you have to say good bye to old colleagues and welcome new ones. I

have to say that the new generation brought a very positive revitalization to the lab,

which was starting to get empty. George, with his good humor and positive spirit. You

gave us a lot of fun times with the prank wars. I hope you take good care of the THz

setup. Etienne, always friendly and happy to collaborate, your measurements are a key

141



ACKNOWLEDGMENTS

part of the last chapter. I wish we could have continued this THz-FLUPS dynamic for

another year. Brener, aka B-Dog, probably the biggest source of fun in the group but at

the same time someone you can have a nice science discussion or everyday conversation.

It was really a pity you had to leave after barely a year. Vincent, my new office-mate,

always nice and interesting to talk to. Luckily, you were not always at EPFL, otherwise

we would not have got much work done. Juanma, who started as a project student and

became one more in our group of friends. You made me feel short for a change.
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Appendix A

Supplementary figures and tables

A.1 THz setup

Figure A.1: Noise cancellation with the simultaneous acquisition of E

and Eex to obtain ∆E.
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Figure A.2: Phase before (left) and after (right) correcting for the

discontinuities.

Figure A.3: THz transmission through a PS cuvette (left) and a PTFE

film (right). In the PTFE data clear vibrational transitions are ob-

servable.
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A.2 Charge carrier dynamics and mobilities in Se nanowires

Figure A.4: Transmittance spectrum of the 430 nm film, corresponding

to the absorptance shown in Figure 3.2. The absorption is practically

saturated above the bandgap with the transmitted light very close to

zero.
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Figure A.5: TAS results compared to the TRTS results at a lower

fluence (F = 142 µJ cm−2). The same conclusions can be drawn as

the TRTS signal equally decreases to zero.

Figure A.6: The real (red) and imaginary (blue) parts of the photocon-

ductivity spectrum are approximately flat, which agrees with a mod-

erately low mobility. In addition, it justifies following the frequency-

averaged dynamics on the maximum E point.
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A.3 Hot carrier dynamics in bulk lead halide perovskites

Figure A.7: SEM cross-section (left) and surface (right) pictures of

the CH3NH3PbI3 film sample. The thickness of the perovskite layers

is between 250 and 300 nm. The film is polycrystalline with grains

close to 100 nm in diameter. The grains are slightly blurred due to a

carbon coating treatment.

Figure A.8: Top SEM view of a CH3NH3PbI3 sample where the crys-

tals of more than 100 nm are more clearly observed without coating

treatment.
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Figure A.9: 2D maps of the first ps after photoexcitation at λexc =

510 nm (A,B) and λexc = 740 nm (C,D). A and C show the ∆E(t)

waveform while B and D show the corresponding magnitude of the

complex −∆E(ω)/E(ω) spectra.
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Figure A.10: The rise of the photoconductivity on CH3NH3PbI3 (λexc

= 760 nm) can be well fitted to a very quick rise convoluted with a

Gaussian having a FWHM of 200 fs.

Figure A.11: Fits resulting from the application of the simple model

on the data shown in Figure 4.2.
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Figure A.12: Delayed rise of the photoconductivity at 2 THz compared

to that at 10 THz on CH3NH3PbI3 (λexc = 740 nm).

Figure A.13: Change of the photoconductivity spectrum in the first

hundred femtoseconds on CH3NH3PbI3 (λexc = 740 nm).
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Figure A.14: Fluence dependence of the THz absorptance signal at res-

onant excitation for CH3NH3PbBr3 (λexc = 520 nm, left) and CsPbBr3

(λexc = 510 nm, right). No dependence of the time evolution is ob-

served.

A.4 Exciton-carrier dynamics in lead halide 2D perovskites

Figure A.15: Absorption (solid) and Emission (dashed) spectra of

PEA2PbI4 (red) and BuA2PbI4 (blue).
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Figure A.16: Left) SEM picture of PEA2PbI4. The flat microscopic

crystals appear to lay horizontal to the surface. Right) Cross-sectional

SEM showing a thickness of 550 nm for the PEA2PbI4 film.

Figure A.17: Full view of the decay in Figure 5.1, left, with a different

normalization to highlight the coinciding decays.

154



APPENDIX A. SUPPLEMENTARY FIGURES AND TABLES

Figure A.18: Figure 5.1, right, with a different normalization to high-

light that the main difference lies in the initial decay.

Figure A.19: 2D maps of the real (left) and imaginary (right) parts of

−∆E/E corresponding to the data in Figure 2. The maps have been

cleaned with a median filter.
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Figure A.20: Normalized emission at 28 µJ cm−2 (left) and 120 µJ

cm−2 (right) for different time delays. There is an appreciable blue-

shift that is not fluence dependent. The biexcitonic contribution on

the red side is clearly dependent on the fluence and follows different

kinetics.

Figure A.21: BuA2PbI4 TRTS dynamics globally fitted using a single

value for kc. Clearly, there is a deviation between the fit and the

data at early times. Right) PEA2PbI4 TRTS dynamics globally fitted

using different values for kc. The results do not vary substantially

from the results with only one kc, unlike BuA2PbI4 (Figure 5.6.C and

Figure 5.8).
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Additional derivations

B.1 Current density from Maxwell’s equations

Let us consider a thin film sample on a substrate where a passing linearly polarized THz

pulse Ein(z, t) produces a current density J(t) in the x direction. The geometry is given

by Figure B.1.

Figure B.1: Geometry of simple linearly polarized THz pulse producing

a current on a thin film.

We can obtain an expression for the current density as a function of electric field through
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Maxwell’s equations

∇× E +
∂B

∂t
= 0, (B.1)

∇×H − ∂D

∂t
= J. (B.2)

Where, respectively, E and H are the electric and magnetic fields, B is the magnetic flux

and D is the electric displacement. The latter can be expressed as B = µH and D = εE,

where µ is the magnetic permeability and ε is the electric permittivity. Finally, J is the

previously mentioned current density. According to the simplified case represented in

Figure B.1, E is only present in the x direction while H (and therefore B) is consequently

in the y. Both are a function of time, t, and z. Therefore,

∇× E =

(
∂Ez
∂y
− ∂Ey

∂z
,
∂Ex
∂z
− ∂Ez

∂x
,
∂Ey
∂x
− ∂Ex

∂y

)
=

(
0,
∂Ex
∂z

, 0

)
, (B.3)

∂Ex
∂z

= −∂By
∂t

. (B.4)

Similarly, we find that

∇×H =
1

µ
∇×B =

(
− 1

µ

∂By
∂z

, 0, 0

)
. (B.5)

We can change Ex and By to E(z, t) and B(z, t) and forget about the specific directions.

Since D = εE we can obtain the new Maxwell’s equations for this geometry where

∂E(z, t)

∂z
= −∂B(z, t)

∂t
, (B.6)

− 1

µ

∂B(z, t)

∂z
− ε∂E(z, t)

∂t
= J(z, t). (B.7)

In order to substitute we need to differentiate both equations so that

∂2E(z, t)

∂z2
= −∂

2B(z, t)

∂t∂z
, (B.8)

− 1

µ

∂2B(z, t)

∂t∂z
− ε∂

2E(z, t)

∂t2
=
∂J(z, t)

∂t
. (B.9)

After some rearrangement, knowing that µ = 1/c2ε2
0, we obtain that

− εr
∂2E(z, t)

∂t2
+ c2∂

2E(z, t)

∂z2
=

1

ε0

∂J(z, t)

∂t
. (B.10)
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This equation constitutes the basis to obtain Equation 2.22. If we assume that we have

a thin sample where all the current appears at z ≈ 0, we can simplify J(z, t) so that

J(z, t) = LJ(t)δ(z), (B.11)

where L is the sample thickness. Another key assumption is that the sample has a

negligible absorption. Therefore, the THz pulses can be considered as propagating wave

packets with two distinct regimes. For z < 0 we have an incident pulse Ein(z, t) =

Ain(t − znA/c) and a reflected pulse Er(z, t) = Ar(t + znA/c), while at z > 0 we have

the transmitted pulse Etr(z, t) = Atr(t − znB/c), where the A determines the pulse

shape. We can write

E(z, t) =

Ain(t− znA/c) +Ar(t+ znA/c) for z < 0

Atr(t− znB/c) for z > 0
. (B.12)

We have the boundary condition that E is continuous at z = 0 and thus Ain(t)+Ar(t) =

Atr(t), meaning that we can substitute and

E(z, t) =

Ain(t− znA/c) +Ar(t+ znA/c) for z < 0

Ain(t− znB/c) +Ar(t− znB/c) for z > 0
. (B.13)

Let’s focus first on the derivative with respect to z. The first derivative is straightforward.

∂E(z, t)

∂z
=

−
nA
c A
′
in(t− znA/c) + nA

c A
′
r(t+ znA/c) for z < 0

−nB
c A

′
in(t− znB/c) +−nB

c A
′
r(t− znB/c) for z > 0

. (B.14)

Now, for the second derivative, it is slightly more complex. ∂E(z,t)
∂z is not continuous

anymore, it has different values above and below z = 0, as can be seen by the coefficients

in Equation B.14. We are only interested in z = 0. Given a discontinuous function

f , the derivative can be expressed as a function of a δ such that ∂f(z = 0)/∂z =

(f(+0)− f(−0))δ(z). Thus

∂2E(z, t)

∂z2
=
((
−nA
c
A′in(t) +

nA
c
A′r(t)

)
−
(
−nB

c
A′in(t) +−nB

c
A′r(t)

))
δ(z) at z=0.

(B.15)

Going back to Equation B.10, a sum where one of the two terms contains a δ (an

infinite value) can be simplified dropping the value without δ. Thus, it is unnecessary

to determine ∂2E(z,t)
∂t2

, and

c2∂
2E(z, t)

∂z2
=

1

ε0

∂J(z, t)

∂t
. (B.16)
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Equations B.11, B.15 and B.16 can be combined with A′r(t) = A′tr(t)−A′in(t) to give

L

cε0
J ′(t) = 2nAA

′
in(t)− (nA + nB)A′tr(t). (B.17)

Then, assuming that J(−∞) = 0 = A(−∞), if both derivatives are the same and they

have the same value at a certain t we can directly say that

L

cε0
J(t) = 2nAAin(t)− (nA + nB)Atr(t). (B.18)

Finally, we are interested to know the current difference upon photoexcitation, where

the transmitted field will be different. We can define J(t) and J0(t) as well as Atr(t) and

Atr0(t) for the photoexcited and non-photoexcited cases (Ain(t) will not change). If we

assume that initially the generated current is J0(t) = 0, then we obtain that

J(t) = −ε0c(nA + nB)

L
(Atr(t)−Atr0(t)), (B.19)

which is none other than Equation 2.22.

B.2 Refractive index

From the definition of the refractive index, we can easily derive an equation to obtain

the refractive index by comparing it to a known medium (such as air) and obtaining the

time-shift.

n =
c

v

n− nr =
c

v
− c

vr

n− nr =
c
L

t−t0
− c

L
tr−t0

n− nr =
c

L
(t− t0 − (tr − t0))

n− nr =
c

L
∆t

n =
c

L
∆t+ nr

(B.20)

B.3 Models in frequency

The different models obtained from a Fourier transform like the one in Equation 2.39

are given in angular frequency (ω). Simple conversions are given next to obtain the

frequency (ν) dependent functions.
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Drude

σ(ω) =
ε0ω

2
pτ

1− iωτ

σ(ν) =
ε0ω

2
pτ

1− i2πντ

(B.21)

Drude-Smith

σ(ω) =
ε0ω

2
pτ

(1− iωτ)

(
1 +

c

1− iωτ

)
σ(ν) =

ε0ω
2
pτ

(1− i2πντ)

(
1 +

c

1− i2πντ

) (B.22)

Lorentzian oscillator

Defining a new Amplitude Aν and converting the other constants to frequency (ν0 and

γν) we obtain an identical expression for σ(ν).

σ(ω) =
Aiω

ω2 − ω2
0 + iγω

,

σ(ν) =
Ai2πν

4π2ν2 − 4π2ν2
0 + i4π2γνν

,

σ(ν) =
Aiν

2πν2 − 2πν2
0 + i2πγνν

,

σ(ν) =
A

2π

iν

ν2 − ν2
0 + iγνν

,

σ(ν) =
Aνiν

ν2 − ν2
0 + iγνν

.

(B.23)

B.4 Exponential equations

Sometimes, it is enough to model a system with generalized exponential equations, such

as in the Se nanowire chapter. A simple exponential decay has the form

S(t) = Ae−
t−t0
τ , (B.24)

where τ is the lifetime, t0 is the time zero and A is the amplitude. In order to fit data

limited by a certain time-resolution we can use the convolution of Equation B.24 with a

161



APPENDIX B. ADDITIONAL DERIVATIONS

Gaussian of the form

g(t) =
1

σ
√

2π
e

(t−t0)
2

2σ2 , (B.25)

to give

S(t) = A
1

2
exp(

σ2

2τ2
− t− t0

τ
)

(
1 + erf(

t− t0√
2σ
− σ√

2τ
)

)
, (B.26)

where σ is the standard deviation of the Gaussian. Linear combinations of Equation B.26

can be used to model multi-exponential behavior. When analyzing data it is important

to take into account that linear combinations of 3 or more exponentials can give good

fits for traces that are actually following complex non-exponential kinetics. It should

be considered carefully before assigning 3 lifetimes to 3 different processes. Indeed,

a bimolecular process may equally be well fitted with 3 exponentials but the fitted

constants are not really related to the actual kinetic constants of the process.

B.5 Simple carrier cooling model

As a first attempt, we can consider a simple model taking into account only hot and

cold carriers, whose populations NH and NC , respectively, evolve according to

dNH

dt
= −1

τ
NH(t), (B.27)

dNC

dt
=

1

τ
NC(t). (B.28)

With the initial conditions NH(0) = N0
H and NC(0) = 1−N0

H , we obtain

NH(t) = N0
He
− t
τ , (B.29)

NC(t) = 1−N0
He
− t
τ . (B.30)

The assumption that both hot and cold carriers will give a signal, albeit proportionally

different to the concentration due to the different mobilities, is reasonable. Thus, for a

normalized dataset, we can define the model for the sample conductivity

S(t) = 1−N0
He
− t
τ + bN0

He
− t
τ , (B.31)

where b is a proportionality constant due to the different mobilities. However, b and

N0
H are mutually dependent and cannot be determined through a fit. Thus, further

simplification of the model with the substitution B = (1–b)N0
H is necessary, yielding a

single exponential

S(t) = 1−Be−
t
τ . (B.32)
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If b or N0
H can be determined from a separate method, then the other parameter can be

calculated. After convoluting the exponential equation (Equation B.32) with a Gaussian

function of the form

g(t) =
2

w

√
ln(2)

π
e−

4 ln(2)t2

w2 , (B.33)

representing the cross-correlation between the pump and the THz probe pulses, and

where w is the FWHM, we obtain the equation to be fitted to the observed dynamics

S(t) =
1

2

(
1 + erf

[
2(t− t0)

√
ln(2)

w2

]
−

B exp

w2
(

1− 16(t−t0)τ ln(2)
w2

)
16τ2 ln(2)

 erfc

1− 8(t−t0)τ ln(2)
w2

4τ
√

ln(2)
w2

 . (B.34)

B.6 Competition model

The competition model is obtained by numerically solving the system of five differential

equations (Equations B.35 to B.39), where Nhc, Ncc, Nloph, Nhp, and Ncp correspond

to the populations of the hot carriers, cold carriers, LO phonons, hot polarons, and

cold polarons, respectively. The rate constants k1, k–1, k2, k3, and k4 characterize the

processes depicted in Figure 4.6.

dNhc(t)

dt
= −k1Nhc(t) + k−1Ncc(t)Nloph(t)− k2Nhc(t), (B.35)

dNcc(t)

dt
= k1Nhc(t)− k−1Ncc(t)Nloph(t)− k2Nhc(t), (B.36)

dNloph(t)

dt
= k1Nhc(t)− k−1Ncc(t)Nloph(t)− k3Nloph(t), (B.37)

dNhp(t)

dt
= k2Nhc(t)− k4Nhp(t), (B.38)

dNcp(t)

dt
= k2Ncc(t)− k4Nhp(t). (B.39)

The conductivity signal S(t) is finally approximated by considering that hot polarons,

cold carriers, and cold polarons have the same mobility:

S(t) = Nhp(t) + aNhc(t) +Ncp(t) +Ncc(t). (B.40)

The data were fitted to the model using Wolfram Mathematica software. The differential

equations were written following the model depicted in Figure 4.6 and numerically solved
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for an interval covering the data. The signal was simulated as a normalized and weighted

sum of the different carrier densities with the condition that it equals zero for times earlier

than t0. The result was numerically convoluted with a Gaussian function to account for

the IRF. An interpolation function was fitted to the results to calculate the value at

any times inside the calculated interval. A small time step of 0.005 ps was used for

the calculation, which was shown to be sufficient to obtain results identical to those

with simpler functions for which an analytical solution is possible. The function was

programmed such that once the interpolation function had been obtained, for a given

set of parameters, it could be called to obtain the values at different times. Therefore,

the resulting overall function could be used not only to simulate the signal but also to

fit the data.

B.7 Kinetic model for 2D perovskites

The kinetic model presented in Chapter 5 is based on following the densities of excitons

(Nex), hot carriers (Nhc) and cold carriers (Ncc) over time (t). Thus, we define three

rate equations

dNex(t)

dt
= a(G(t))510 nm + kefNcc(t)

2 − kerNex(t)− kaNex(t)2 − kedNex(t), (B.41)

dNhc(t)

dt
= a(G(t))400 nm + kaNex(t)2 − kcNhc(t), (B.42)

dNcc(t)

dt
= −2kefNcc(t)

2 + kcNhc(t) + 2kedNex(t), (B.43)

where kef , ker, ka, ked and kc are the kinetic constants for exciton formation, exciton

recombination, exciton-exciton annihilation, exciton dissociation and carrier cooling,

respectively. In addition, G(t) is the generation term and it is defined as

G(t) =

√
4 log(2)

πw2
exp

(
−4 log(2)(t− t0)2

w2

)
, (B.44)

where w is the FWHM of the Gaussian. A term “2” is used to indicate that two carriers

are taken or generated when one exciton is formed or dissociated. Alternatively, no

such term is used for the auger process since two excitons turn into two hot carriers.

Furthermore, ked is considered to be effectively zero, due to the large Eb (270 meV). We

can approximately consider that ked = kef/ exp(− Eb
kBT

) = kef/4.4 · 104 ≈ 0.
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APPENDIX B. ADDITIONAL DERIVATIONS

The signal is expressed as S = Ncc + chcNhc + cexNex, where cex and chc are the pro-

portionality coefficients for excitons and hot carriers, respectively. a is the amplitude

coefficient in density units. It serves as a measure of the fluence. During the global fit,

only one value of a is fitted for each wavelength. The different values for each fluence

are obtained multiplying that value by a coefficient b = Fi/F0 where Fi is the fluence

used in that particular trace and F0 is the lowest fluence used.

The equations are solved numerically and fitted using home-written code in Wolfram

Mathematica.
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Appendix C

List of symbols and abbreviations

a Relative hot carrier signal strength parameter (Bulk perovskites)

a400nm Fitted amplitude for the 400 nm data (2D perovskites)

a510nm Fitted amplitude for the 510 nm data (2D perovskites)

A Absorbance / Amplitude

A Small monovalent cation

ABCD Air biased coherent detection

b Relative fluence coefficient (2D perovskites)

B Amplitude for the simple exponential rise model

B Magnetic flux

B Divalent cation (lead)

BBO Beta barium borate crystal

BuA Butylammonium

c Speed of light / Drude-Smith back-scattering fraction parameter

cex Relative exciton signal strength parameter (2D perovskites)

chc Relative hot carrier signal strength parameter (2D perovskites)

CBM Conduction band minimum

CCD Charge coupled device (detector)

CIGS Copper indium gallium selenide solar cell

CPA Chirped-pulse amplified

d Distance

D Electric displacement

DAST 4-N,N-dimethylamino-4’-N-methylstilbazolium tosylate

DC Direct current
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APPENDIX C. LIST OF SYMBOLS AND ABBREVIATIONS

DMSO Dimethyl sulfoxide

DSSC Dye-sensitized solar cell

DJ Dion-Jacobson phase

DWP Ultra-thin dual wavelength waveplate

e Electron charge

E Electric field / Transmitted THz electric field under dark conditions

Eb Exciton binding energy

Eex Transmitted THz electric field under photoexcitation

EFISHG Electric field induced second harmonic generation

Eg Band gap energy

F Fourier transform / Fluence

fabs Absorptance

FFT Fast Fourier transform

FLUPS Fluorescence up-conversion spectroscopy

FWHM Full width at half maximum

FWM Four-wave mixing

G Generation term

GSB Ground state bleaching

H Magnetic field

~ Reduced Planck constant

HDPE High density polyethylene

HOIP Hybrid organic-inorganic perovskite

HTM Hole transporting material

I Intensity

IRF Instrument response function

J Current

k Wavevector / Rate constant

k1 Hot carrier cooling rate constant (Bulk perovskites)

k−1 Cold carrier heating rate constant (Bulk perovskites)

k2 Polaron formation rate constant (Bulk perovskites)

k3 Phonon decay rate constant (Bulk perovskites)

k4 Hot polaron cooling rate constant (Bulk perovskites)

ka Exciton-exciton annihilation rate constant (2D perovskites)
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APPENDIX C. LIST OF SYMBOLS AND ABBREVIATIONS

kB Boltzmann constant

kc Cooling rate constant (2D perovskites)

ked Exciton dissociation rate constant (2D perovskites)

kef Exciton formation rate constant (2D perovskites)

ker Exciton recombination rate constant (2D perovskites)

L Thickness

Le Effective thickness

LA Longitudinal acoustical

LHP Lead halide perovskite

LO Longitudinal optical

m Particle mass

me Electron mass

m∗ Effective mass

mb Effective mass before electron-phonon coupling

n Particle occupancy / Refractive index / number of layers

N Charge carrier density

Ne Electron density

NFP Nanosecond flash photolysis

Nh Hole density

NOPA Non-collinear optical parametric amplifier

Np Photon density

NW Nanowire

OPA Optical parametric amplifier

P Dielectric polarization / Power

PCE Power conversion efficiency

PEA Phenethylammonium

PET Polyethylene terephthalate

PMMA Poly(methyl methacrylate)

PMT Photomultiplier tube

PP Polypropylene

PS Polystyrene

PSC Perovskite solar cell

PTFE Polytetrafluoroethylene
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APPENDIX C. LIST OF SYMBOLS AND ABBREVIATIONS

QW Quantum well

R Large monovalent spacer cation

Rb Bohr radius

RP Ruddlesden-Popper phase

SEM Scanning electron microscopy

SHE Standard hydrogen electrode

SHG Second harmonic generation

SRH Shockley-Read-Hall recombination mechanism

t Time / Goldschmidt tolerance factor

T Temperature

TA Transverse acoustical

TAS Ultrafast transient absorption spectroscopy

Tc Carrier temperature

TDS Time-domain spectroscopy

TFISHG THz field induced second harmonic generation

Tl Lattice temperature

TO Transverse optical

TPX� Trademark for polymethylpentene

TRTS Time-resolved THz spectroscopy

VBM Valence band maximum

v Electron velocity

ve Electron net velocity

vd Electron drift velocity

w Width parameter (FWHM)

WL White light

WLC White light continuum

X Halide

x Carrier fraction

α Fröhlich coupling constant / Absorption coefficient

γ Resonance width

δ(t) Dirac delta function

∆σ Photoconductivity
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APPENDIX C. LIST OF SYMBOLS AND ABBREVIATIONS

∆σDC DC photoconductivity

∆A Change in Absorbance

∆E Photoexcited change in the transmitted THz electric field

ε Energy

εF Fermi level

ε Permittivity

ε0 Vacuum permittivity / Static permittivity

εinf Electronic or high frequency permittivity

εr Relative permittivity

θ Phase shift

Θ(t) Unit step function

λ Wavelength

λexc Excitation wavelength

λobs Probing wavelength

µ Mobility / Exciton reduced mass / Magnetic permeability

µDC DC mobility

µe Electron mobility

µFp Fröhlich polaron mobility

µh Hole mobility

µsp Small polaron mobility

ν Frequency

σ Conductivity

σDC DC conductivity

τ Scattering time constant / Time delay / Fitted time constant

τc Hot carrier cooling time constant (2D perovskites)

τef Exciton formation time constant (2D perovskites)

φ Phase / Carrier generation yield

χe Electric susceptibility

ω Angular frequency

Ω Phonon angular frequency

ωLO LO phonon angular frequency

ωp Plasma frequency

ω0 Resonance frequency
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