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Abstract

Natural foundations defining the manner in which a solid material interacts with optical

radiation are primarily encoded in the material’s momentum-dependent band structure and

the microscopic details of the electron-lattice interactions. An access to this fundamental

information can facilitate an understanding and help to predict technologically-relevant

optoelectronic properties, driving a further optimization of current solar material and device

designs, and fueling the search for novel compounds, eliminating unresolved issues.

Lead halide perovskites (LHPs) and transition metal oxides (TMOs) are promising solar ma-

terials, commonly constituted by earth-abundant components. Particularly, hybrid and

fully-inorganic LHP and ZnO semiconductors show a great potential in photonic applications,

going beyond light harvesting.

Their electronic structure was directly accessed by time- and angle-resolved photoelectron

spectroscopy (TR-ARPES). The capabilities of this technique in conjunction with extreme

ultraviolet (XUV) Harmonium light source were exploited by performing valence band (VB)

mapping of the entire Brillouin zone of three lead tribromide perovskites featuring a differ-

ent central cation, and of ZnO; and by investigating the ultrafast photocarrier dynamics in

CsPbBr3.

High quality VB mapping of CsPbBr3 revealed the polaron formation-induced effective mass

renormalization, governing carrier transport properties in weak excitation regime. Whereas

the temporal and momentum resolutions, surface sensitivity of XUV TR-ARPES, and transport

simulations, helped to show the importance of many-body effects and electron-phonon

coupling in the ionic lattice in explaining the nature of fluence-dependent quasi-ballistic to

diffusive surface-to-bulk transport crossover in strong excitation regime.

Future experiments with tunable excitation and surface deposition capabilities can elucidate

the influence of excess energy on charge transport in LHPs and TMOs, and contribute to the

knowledge of surface properties in presence of adsorbents.

Keywords: lead halide perovskites, transition metal oxides, TR-ARPES, electronic structure,

polarons, charge carrier dynamics, ultrafast transport
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Résumé

Les fondations naturelles définissant la manière dont un matériau solide interagit avec le

rayonnement optique sont principalement codées dans la structure de bande du matériau et

dans les détails microscopiques des interactions électron-phonon. Un accès à ces informations

fondamentales peut faciliter la compréhension et aider à prédire les propriétés optoélectro-

niques technologiquement pertinentes, en favorisant une optimisation supplémentaire des

conceptions actuelles de matériaux et d’appareils solaires, et en alimentant la recherche de

nouveaux composés, éliminant les problèmes non résolus.

Les perovskites aux halogénures de plomb (LHP) et les oxydes de métaux de transition (TMO)

sont des matériaux solaires prometteurs, généralement constitués de composants abon-

dants en terre. En particulier, les LHP hybrides et entièrement inorganiques et ZnO semi-

conducteurs montrent un grand potentiel dans les applications photoniques, allant au-delà

de la récolte de lumière.

Leur structure électronique a été directement accédé par spectroscopie photoélectronique à

résolution temporelle et angulaire (TR-ARPES). Les capacités de cette technique en conjonc-

tion avec la source de lumière ultraviolet extrême (XUV) Harmonium ont été exploitées en

effectuant une cartographie de la bande de valence (VB) de toute la zone de Brillouin de trois

pérovskites de tribromure de plomb possédant un cation central différent, et de ZnO; et en

étudiant la dynamique ultrarapide des photoporteurs dans CsPbBr3.

La cartographie de VB de haute qualité de CsPbBr3 a révélé la renormalisation de masse

effective induite par la formation des polarons, qui régissent les propriétés de transport

des porteurs en régime d’excitation faible. Alors que la résolution temporelle et angulaire,

la sensibilité de surface de TR-ARPES XUV et les simulations de transport, ont contribué à

montrer l’importance des effets à plusieurs corps et du couplage électron-phonon dans le

réseau ionique pour expliquer la nature du croisement entre le transport surface-à-masse

quasi-balistique et diffusif dépendante de la fluence en régime d’excitation forte.

Des expériences futures avec les capacités d’excitation accordable et de dépôt en surface

peuvent élucider l’influence de l’énergie excédentaire sur le transport de charge dans LHPs et

TMOs, et contribuer à la connaissance des propriétés de surface en présence d’adsorbants.

Mots clés : pérovskites aux halogénures de plomb, oxydes de métaux de transition, TR-ARPES,

structure électronique, polarons, dynamique des porteurs de charge, transport ultra-rapide
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Zusammenfassung

Natürliche Grundlagen, die die Art und Weise definieren, in der ein festes Material mit opti-

scher Strahlung interagiert, sind hauptsächlich in der Bandstruktur des Materials und den

mikroskopischen Details der Elektron-Phonon-Wechselwirkungen kodiert. Ein Zugriff auf

diese grundlegenden Informationen kann das Verständnis erleichtern und helfen technolo-

gisch relevante optoelektronische Eigenschaften vorherzusagen, eine weitere Optimierung der

aktuellen Solarmaterial- und Gerätedesigns voranzutreiben, und die Suche nach neuartigen

Verbindungen fördern, die ungelöste Probleme beseitigen.

Bleihalogenidperowskite (LHP) und Übergangsmetalloxide (TMO) sind vielversprechende

Solarmaterialien, die üblicherweise aus erdreichen Komponenten bestehen. Insbesondere

hybride und vollständig anorganische LHP und ZnO Halbleiter weisen ein großes Potenzial

für photonische Anwendungen auf, das über die Lichtsammlung hinausgeht.

Auf ihre elektronische Struktur wurde direkt durch zeit- und winkelaufgelöste Photoelektro-

nenspektroskopie (TR-ARPES) zugegriffen. Die Fähigkeiten dieser Technik in Verbindung mit

einer extremultravioletten (XUV) Harmonium-Lichtquelle wurden ausgenutzt, indem eine

Valenzband (VB) -Kartierung der gesamten Brillouin-Zone von drei Bleitribromidperowskiten,

die ein unterschiedliches zentrales Kation besitzen, und von ZnO durchgeführt wurde; und

durch Untersuchung der ultraschnellen Phototrägerdynamik in CsPbBr3.

Eine hochqualitative VB-Kartierung von CsPbBr3 ergab die durch Polaronbildung induzierte

effektive Massen-Renormierung, die die Ladungsträgertransporteigenschaften bei schwachem

Anregungsregime regelt. Während die zeitliche und Impulsauflösung, die Oberflächenemp-

findlichkeit von XUV TR-ARPES und Transportsimulationen dazu beitrugen die Bedeutung

von Vielkörpereffekten und Elektronen-Phonon-Kopplungen im Ionengitter für die Erklärung

der Natur der fluenzabhängigen Quasi-Ballistischen bis diffusiven von-Oberfläche-zu-Masse

Transport Überkreuzung bei starkem Anregungsregime.

Zukünftige Experimente mit einstellbaren Anregungs- und Oberflächenabscheidungsfähigkei-

ten können den Einfluss überschüssiger Energie auf den Ladungstransport in LHP und TMO

aufklären, und zur Kenntnis der Oberflächeneigenschaften in Gegenwart von Adsorbentien

beitragen.

Schlüsselwörter: Bleihalogenidperowskite, Übergangsmetalloxide, TR-ARPES, elektronische

Struktur, Polaronen, Ladungsträgerdynamik, ultraschneller Transport
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1 Introduction

In view of the growing shortage of energy resources and the necessity to reduce climate

harming factors, one of the primary goals of photonics is to develop novel, while optimizing

existing, materials and technologies capable of harvesting solar energy. Broad varieties of

so-called solar materials are used nowadays to implement the devices relying on photovoltaic,

photothermal and photoelectrochemical mechanisms for solar energy conversion.

Two classes of materials: lead halide perovskites (LHPs) and transition metal oxides, exhibit

an outstanding potential in a wast range of solar energy applications. LHPs when used in

photovoltaics showcase comparable efficiencies to that of conventional materials, such as

Si, CdTe, and CuIn(1−x)Gax Se2 (CIGS) [1], while offering a lower price and requiring simpler

processing techniques. Being semiconductors with outstanding optoelectronic properties in

general [2], the potential applications of LHPs in photonics reach far beyond light harvesting:

they can be used in photodetectors [3], [4], LEDs [5], lasers [6], [7], and photo-catalytic systems

[8], [9]. TMOs have drawn a lot of scientific and technological attention, as well [10], [11]. In

particular, ZnO can be used as transparent electrode in photovoltaic and electroluminescent

devices, as well as in ultraviolet (UV) emitters and lasers, sensors and solar cells, owing to

its large bandgap (∼ 3.4eV) and exciton binding energy (∼ 60meV) [12]. In addition, ZnO is

regarded as a promising material in photocatalysis [13], [14].

A material’s momentum- and energy-dependent electronic structure together with micro-

scopic details of the electron-lattice interactions and many-body correlations define the way

in which a solid material interacts with optical radiation in general, and solar emission in

particular. An understanding, prediction, and, ultimately, tuning of technologically-relevant

optoelectronic properties require an access to this fundamental information. Further opti-

mization of existing solar materials and devices [15], as well as exploration of novel enhanced

compounds greatly depend on our ability to investigate band structure of solids.

Conventional optical spectroscopies can probe the electronic structure only indirectly, typ-

ically measuring optical properties of material, such an absorption, emission, reflection or

transmission spectra, which are related [16], [17] to the momentum-integrated density of states
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(DOS) and electron-phonon coupling in the material. The Kohn-Sham density-functional

theory (DFT), which is the most popular electronic structure computation method nowadays,

allows to predict the majority of solid material’ electronic structure with a progressively better

precision [18]. Although, it systematically underestimates energy bandgaps of semiconductors,

it usually reproduces band shapes well.

The angle-resolved photoelectron spectroscopy (ARPES) is an experimental technique capable

of directly probing the momentum- and energy-dependent electronic band dispersion of

solids in general [19], [20] and LHPs in particular [21]–[23]. It is the only tool providing a direct

feedback to DFT calculations, driving its development and optimization. An extra temporal

resolution in pump-probe configuration of this technique allows to access information on

quantum-state resolved dynamics of photo-excited charge carriers. Therefore, time-resolved

ARPES (TR-ARPES) is a unique tool providing a state-resolved picture of the electronic struc-

ture in non-equilibrium conditions, probed in four dimensions: energy, two components of

surface-projected electron momentum and time. The availability of XUV probe pulses allows

to access the entire Brillouin Zone (BZ) of LHPs and ZnO, which becomes especially important

considering that the majority of DFT studies predict the bandgap to be located at the corner

of the BZ in cubic stuctural phase of LHPs [16], [24], accessible only with high photon energies.

In addition, a small inelastic mean free path of photoemitted electrons at extreme ultraviolet

(XUV) photon energies, provided by the Harmonium ultrafast light source, leads to an extreme

surface sensitivity of this technique. This feature can be exploited in TR-ARPES experiments

to probe ultrafast surface to bulk carrier transport upon light absorption.

Another type of photon-in electron-out spectroscopy, the so-called two-photon photoemission

spectroscopy, has also proven to be a capable tool in studying out-of-equilibrium electron

dynamics of LHPs and TMOs [25]–[27]. It combines an extremely high fs temporal resolution

of optical techniques with, albeit limited as compared to XUV-based TR-ARPES, electron

momentum-selectivity.

The first main objective of this work is to elucidate the electronic structure of the valence

band (VB) of three lead tribromide perovskite single crystals with different central cation:

methylammonium (MA), formamidinium (FA), and cesium (Cs), and of ZnO single crystals,

in order to reveal the origin of the outstanding optoelectronic properties of these materials,

including low carrier effective mass, decent mobility, strong optical absorption, defect toler-

ance etc. [2], [28], and the influence of the central cation on them in the case of LHPs. Single

crystals reveal intrinsic material properties, unlike more widely studied thin films, where

grain boundaries, voids, and surface defects may influence the experimental outcomes. A

particularly interesting sub-aim is to identify signatures of electron-phonon interaction in

photoemission band mapping of LHPs, possessing an ionic crystal lattice, which is expected

to have a strong response in the presence of photogenerated holes.

The second main objective is to investigate the time-dependent light-induced conduction

band (CB) electron dynamics of CsPbBr3 perovskite. Its fully-inorganic nature makes it a
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more technologically relevant material as compared to hybrid LHPs in general [29]–[31], and

a more robust sample under UV excitation and ultrahigh vacuum (UHV) conditions of the

TR-ARPES exprimental chamber, in particular. Therefore, it is of great interest to track electron

population dynamics with momentum selectivity at the bulk bandgap edges of CsPbBr3.

Considering that optical excitation photogenerates several orders of magnitude higher density

of charge carriers as compared to the density of photoholes under XUV excitation, it would

be highly relevant to qualitatively compare the underlying mechanisms defining transport

properties in the low and high excitation density regimes, as well as to quantitatively express

a potential fluence-dependence of any related effects. The experimental setup is capable of

performing experiments with > 1018 cm−3 photo-generated electron-hole density, at which

the many-body carrier interaction effects typically become relevant [32], [33]: hot phonon

bottleneck [34], [35], band filling [36], Auger recombination and heating [37]–[39], as well as a

breakdown of polaronic transport picture [40].

Chapter 2 of the thesis will outline fundamental aspects of ARPES, required for understanding

of the experimental results and their interpretation in the following chapters. It will introduce

the reader to the pump-probe variation of this technique, and describe in detail the capabilities

of the Harmonium lightsource with ASTRA endstation, which were fully exploited in the

experimental part of this work. Chapter 3 will discuss the results of static ARPES mapping of the

occupied electronic states of three LHPs: the hybrid organic-inorganic MAPbBr3 and FAPbBr3,

and the fully-inorganic CsPbBr3. The highest quality data on the inorganic compound reveals

a prominent signature of the ionic lattice response to the presence of a free charge carrier, and

its influence on the transport properties of this material. Chapter 4 will showcase the results

of state-of-the-art TR-ARPES experiment on CsPbBr3 single crystals, tracking on a fs timescale

the electron population dynamics in the CB. The relation between the carrier transport and

measured population is used to reveal the ultrafast transport properties of photocarriers.

With the help of theoretical modelling, the mechanisms limiting carrier transport on fs to

ps timescales are elucidated. Chapter 5 presents the results on ZnO single crystal surface

preparation and photoemission band mapping of both the VB and the CB. The dependence of

the CB intensity on photon energy and polarization of the probe is revealed and explained by

the energy dispersion in the direction perpendicular to the surface, and by the modification

of the symmetry of the corresponding electronic orbitals through hybridization with surface

adspecies, respectively. The last Chapter 6 provides with overall conclusions and gives an

outlook of potential future experiments that would provide a further insight into the excitation

energy-dependent electron transport, cooling and recombination dynamics on the surfaces of

both LHPs and ZnO, as well as of other technologically promising TMOs.
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2 Time- and angle-resolved photoelec-
tron spectroscopy of single crystals

The theory of photoemission is complex and requires a detailed understanding of quantum

mechanical theory of light-matter interaction. Furthermore, many theoretical concepts as well

as experimental capabilities are being actively developed at the moment in this ever growing

field. Therefore, in this chapter I will give a brief overview of the photoelectron spectroscopy

fundamentals, vital for an understanding of the subsequent chapters about the experimental

findings and their interpretations. Section 2.1.1 will outline main principles behind the opera-

tion of angle-resolved photoelectron spectroscopy. Section 2.1.2 will explain how to extract a

temporal dimension from the acquired experimental data. And the last two sections 2.2 and

2.3 will give a brief description of the unique light source and the complex spectrometer setup,

respectively, which were employed for conducting the majority of experiments presented in this

thesis.

2.1 Main principles of static and time-resolved ARPES

2.1.1 Angle-resolved photoelectron spectroscopy fundamentals

Angle-resolved photoelectron spectroscopy (ARPES) is a capable experimental technique

for probing the electronic structure of solid materials. It allows a direct access to energy-

momentum band dispersion and sheds light on the electron-lattice interactions, which to-

gether largely define the properties of light-matter interaction in solids. As a result of advances

in its development and availability, it became a widespread potent tool in condensed matter

physics. ARPES is based on the photoelectric effect, which was observed for the first time by

Hertz [41] and later explained by Einstein making use of the quantum nature of light [42].

When the light of sufficient photon energy is sent on a sample, the sample’s electrons can ab-

sorb the impinging photons and escape from the material. These electrons carry information

about their initial quantum mechanical state inside the sample. A complete theoretical de-

scription of the photoemission process is rather complex, due to the many-body interactions

occurring in solids. The process is often simplified by neglecting the many-body interactions
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and the system relaxation throughout the process, and artificially divided into three steps.

The first step consists of the optical excitation, occurring between two Bloch eigenstates of

the bulk. In the second step, the electron travels towards the surface with a certain scattering

probability, to account for its short mean free path [43]. The so-called secondary electrons

undergo several scattering events, loosing a fraction of their kinetic energy each time, and,

eventually, contribute to the background signal. Finally, upon reaching the surface the elec-

tron with a certain probability transmits through and propagates toward the detector, in the

first approximation, as a free electron, leaving a corresponding photohole in the material.

The primary electrons posses a well-defined kinetic energy Eki n , which, through the energy

conservation law, can be related to the binding energy Eb of the electronic state (see Fig. 2.1):

Eki n = hν−Eb −Φ, (2.1)

where hν is the incoming photon energy andΦ is a potential barrier preventing electrons from

escaping the surface, or a work function. Due to translational symmetry across the surface, the

parallel component of the electron wave vector, unlike the perpendicular one, is conserved in

the photoemission process:

k∥ =
1

~
p∥ =

1

~
√

2mEki n sinθ, (2.2)

where p∥ is the electron momentum, and m and θ are the electron mass and the emission

angle with respect to the surface normal, respectively. Therefore, ARPES provides a direct

information about the dispersion of electronic states E(k∥). From the aforementioned ex-

pression it is rather evident, that a higher photon energy allows to access a broader range

of parallel momentum. It is important to note, that, due to the direct relation between the

electron momentum p and wave vector k through the reduced Plank’s constant ~, as shown in

Eq. 2.2, one often, for simplicity, just points at the latter quantity when discussing the former

one in literature, and the same convention is often used in this work as well.

Although, the orthogonal to the surface (along z direction) component of the electron mo-

mentum k⊥ is not conserved in the photoemission process, it is possible to determine it

by assuming a free-electron like final Bloch state of the electron, which gives the following

expression:

k⊥ =
1

~

√
2m(Eki n cos2θ+V0), (2.3)
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where V0 is the so-called inner potential, corresponding to the valence band bottom relative

to the vacuum level EV . On practice, it is, typically, treated as a phenomenological value,

that can be experimentally inferred from a photon-energy scan of the electronic structure.

The synchrotron-based sources are the best suited for such a task, due to their fine photon

energy tunability. The assumption of free-electron-like final state can provide a good physical

description in the case of free-electron-like initial states, and for high energy final states, when

the crystal potential can be regarded as a small perturbation. Additionally, in the case of

low-dimensional materials the electronic dispersion is often predominantly defined by k∥.

The short inelastic mean free path of photoemitted electrons inside the sample (∼ 5Å for

typical energies of 20 – 100 eV) results in an extreme surface sensitivity of this technique [43],

[44], making it an ideal tool for studying the electronic band structure of surfaces. The small

escape depth [45], [46] also results in large uncertainty over the value of k⊥, as the atomic

periodicity cannot be defined over such a small spatial scale. On practice, this results in a

partial integration of the experimental ARPES data over k⊥ component of electron momentum.

The strong surface sensitivity of this technique necessitates the requirement of a clean and

atomically flat surface of single crystals for an ARPES experiment, which imposes the use of

ultrahigh vacuum (UHV) conditions during the measurements [22], [47], as will be detailed in

Sec. 2.3.

As described in [19], the photoelectron intensity distribution can be written as

I (k,Eb) = I0(k,ν,A)A(k,Eb) f (Eb)~R(∆k,∆E), (2.4)

where ν is the incident photon frequency, A is the magnetic vector potential of light, f (Eb) =

(eEb /kB T +1)−1 is the temperature-dependent Fermi-Dirac sigmoid-like cut-off, which repre-

sents the fact that ARPES measures only occupied states, and ~R(∆k,∆E ) denotes a convolu-

tion with the instrumental momentum and energy resolution, which is affected by the light

source energy bandwidth and the capabilities of the spectrometer. The I0 term is proportional

to the square of the one-electron matrix element, and describes the photoemission proba-

bility, which depends on the photon momentum, energy and polarization, according to the

Fermi’s golden rule [48]. Finally, the fundamental quantity capturing the information about

the occupied and unoccupied single-particle states in energy and momentum space:

A(k,Eb) = − 1

π

Σ′′(k,Eb)

[Eb −εk −Σ′(k,Eb)]2 + [Σ′′(k,Eb)]2
, (2.5)

which is the single particle spectral function. In this expression εk is the bare electronic

dispersion without interactions. Σ(k,Eb) is the electron self-energy, a quantity describing the

microscopic corrections originating from the interaction of particles with the remainder of
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the system. Its real part modifies the binding energy and the dispersion of the single particle

bands. The imaginary part determines the linewidth, and is related to the state’s lifetime.

The light sources, commonly employed to produce the probe beam in ARPES, include syn-

chrotrons [49]–[51], He lamps [52], [53], and laser systems [54]–[57]. Comparing to noble gas

discharge lamps, synchrotron-based sources offer a smaller spot size and a greater flexibility

in terms of the available photon energy together with a high polarizability of the radiation,

which allows to optimize the matrix element effects and map the full Brillouin zone (BZ) of

a single crystal. The desired photon energy can be selected by a grating monochromator,

from the broad-bandwidth synchrotron radiation generated in an undulator in an electron

storage ring. The table-top laser systems were designed to reduce the space and operation

cost requirements of large-scale facilities, while maintaining a compromise with respect to

key necessary characteristics for ARPES. Perhaps more importantly, table-top laser systems

can routinely offer an outstanding fs-scale temporal resolution, as will be further detailed in

the next section.

2.1.2 Time-resolved ARPES

In conventional or static ARPES, only occupied electronic states can be probed. Unoccupied

states can be accessed by means of a so-called pump-probe scheme. In this time-resolved

ARPES experiment, an additional light pulse, called pump, is absorbed by the sample and

promotes the electrons to an excited state. A delayed probe pulse, having sufficient energy

to overcome the work function, is sent to sample and the corresponding photoelectron dis-

tribution is recorded. The time interval between the pump and probe pulses is varied by

changing the optical path length traveled by the beams. By probing the system at different

time delays, one can observe in the time domain the pump-induced dynamics of the elec-

tronic population in both the occupied and the unoccupied bands, as shown in Fig. 2.1. This

out-of-equilibrium spectroscopy provides simultaneous energy, momentum and temporal

resolution in the investigation of the electron dynamics.

TR-ARPES requires a pulsed femtosecond source of sufficient photon energy to photoemit

electrons. To realize this, the harmonics of a femtosecond laser can be generated in nonlinear

crystals [26], [58]. This approach is, however, limited in photon energy to 6-7 eV range by

the re-absorption in the vacuum ultraviolet (VUV) range (6.2 – 124 eV), inherent to all the

materials. Alternatively, higher photon energies can be produced by high harmonic generation

(HHG) process in gases [54], [59]–[61].

Third and fourth harmonic generation providing UV (4 – 6 eV) photons has three distinctive

features as compared to HHG sources: 1) substantially increased information depth [45] of

the probe, due to larger inelastic mean free path of the photoelectrons inside the majority

of solids [43], [44]; 2) higher momentum resolution, due to signal collection from a smaller

region of the momentum space; 3) typically, operation at higher repetition rate of hundreds

of kHZ, which allows to reduce the energy per pulse and, consequently, space charge effects,
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Figure 2.1 – Schematics of the energy conservation in TR-ARPES experiments.

that hinder the energy resolution [62], while maintaining high average photon flux. Although,

there are notable exceptions of novel HHG light sources operating at high repetition rates [54].

Laser systems, utilizing the HHG process in noble gases, offer instead XUV photons in a

broader range of energies, typically limited by the monochromatization scheme capabilities.

This allows for a larger accessible range of surface-projected electron momentum, in addition

to a certain degree of selectivity in the perpendicular component of momentum, stemming

from a photon energy tunability. All laser-based systems typically offer control over polar-

ization of the beam, which allows to optimize the matrix element effects, or to measure the

circular dichroism in photoemission intensity distribution to investigate the spin polarization

of electronic states [53], [63].

The pulsed nature of synchrotron radiation can be utilized in laser pump X-ray probe scheme

in photoemission experiments to take advantage of the high photon energies providing access

to the core levels of material with element- and site-specificity. The temporal resolution of

such schemes reaches down to ∼ 50ps, limited by the probe duration [64]–[67]. Although laser

slicing techniques have been successfully implemented to overcome this limitation in X-ray

absorption and diffraction experiments [68]–[70], their use in photoemission is challenging

due to a low number of photons per pulse and low pump-probe repetition rate, leading to

long acquisition times. Novel X-ray free electron lasers (XFELs) can produce pulses as short as

10 fs [71], but their high peak powers at low repetition rates [72] can induce very strong space

charge effects, hindering their application in photoemission experiments [73]. The ongoing

work on high repetition rate XFELs can help to overcome this limitation [74].

The table-top laser-based time-resolved photoemission setups offer a femtosecond scale

temporal resolution [25], [26], [57], [59], [75]–[77], much better accessibility, and orders of

magnitude lower operational costs, when compared to large-scale facilities. These sources

can provide the necessary capabilities for the investigation of ultrafast processes in the excited

states, as well as valence and shallow core level dynamics on material interfaces.
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2.2 Harmonium ultrafast light source

Harmonium is a source of ultrashort monochromatized extreme ultraviolet (XUV) light pulses

at the Lausanne Center of Ultrafast Science (LACUS). Figure 2.2 shows its schematic represen-

tation. The infrared (IR) output of a Ti:sapphire oscillator at the repetition rate of 80 MHz, gets

amplified in the chirped-pulse regenerative amplifier, working at the 6 kHz repetition rate,

and providing ∼ 50 fs pulses. The amplifier employs a cryo cooling mechanism to reach high

average power of ∼ 7W. The output of the amplifier has a typical bandwidth of ∼ 30nm with

central wavelength at ∼ 780nm, which approximately corresponds to 1.6 eV photon energy.

A fraction of a few percent of the output gets diverted into the so-called "pump arm" of the

Harmonium to be later used for optical excitation of samples. The remaining majority of the

power in the so-called "probe arm" is directed towards the high harmonic generation (HHG)

chamber, where it gets focused on the Ar noble gas target to produce XUV light pulses in the

HHG process [78].

The resulting electric field of the high intensity light pulses (∼ 1014 W/cm2) is comparable to

the atomic potential of gas atoms, and, therefore, efficiently ionizes the gas. At such a high

intensity both the tunneling and the multiphoton absorption play an important role in this

process. The ionized electrons are driven by the electric field and may re-collide with the

parent ion, emitting light. This nonlinear process occurs within the same half-cycle of the

electric field, therefore producing spectral peaks corresponding to the odd harmonics of the

fundamental laser frequency. The highest energy, which can be produced, depends on the

noble gas ionization Ip potential and on the ponderomotive Up energy of the electrons in the

field through the formula: Ecut−o f f = Ip +3.17Up . By varying the noble gas (Ar and Ne are

typically employed at Harmonium) it is possible to produce photons in the range between

∼ 20 and ∼ 100 eV. The half-wave plate (WP) before the chamber allows to switch the probe

polarization between horizontal and vertical to study and control the matrix element effects

in the photoemission process [48], [79], [80].

BBO WP

WP
Ar

OSC

80 MHz

AMP

6 kHz

~1.6 eV

Au
Slit

HHG MONO SEP

REC

Delay Stage

Compressor
Stabilization

to LPES

to ASTRA

~3.2 eV

Figure 2.2 – Schematics of the Harmonium ultrafast light source.

In order to separate the harmonics, without increasing the pulse duration, a single-grating

time-preserving monochromator is employed after the HHG chamber. The XUV beam is

collimated by a toroidal Au-coated mirror and reflected on an Au-coated diffractive grating

in an off-plane mount (with grooves parallel to the beam). This minimizes the variation

of the optical paths of different spectral components of the incoming pulse at the grating
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2.3. ASTRA endstation of Harmonium

output, thereby minimizing the increase in pulse duration [81]. The grating is followed by a

second toroidal mirror focusing the beam on the exit slit. Four selectable diffraction gratings

with different groove densities cover the configurations with high temporal or high energy

resolution in different energy ranges [82]. The grating with 900 gr/mm providing ∼ 0.2eV

energy resolution in the range of 20 – 40 eV and ∼ 200fs temporal resolution was primarily used

for static ARPES band mapping experiments. Whereas the 200 gr/mm grating providing ∼ 70fs

temporal and ∼ 0.3eV energy resolution was employed in time-resolved ARPES experiments.

The experimental energies in the 20 – 40 eV range were obtained by HHG in Ar resulting in a

photon flux of 2.3 ·1011s−1, measured at 36 eV [82].

An insertable carbon-coated mirror in the "Separation" chamber (SEP in Fig. 2.2) is used to

divert the XUV beam from the liquid-phase photoemission spectroscopy (LPES) endstation

into the "Recombination" chamber (REC in in Fig. 2.2). The SEP chamber additionally contains

a retractable photodiode for a precise measurement and adjustment of the XUV photon flux

by mechanically varying the width of the exit slit of the monochromator. Such a fine control

is important, as it allows setting the same photon flux when performing measurements with

different XUV photon energies, e.g. to maintain reproducible space charge conditions in

photoemission experiments [62].

A carbon-coated toroidal mirror with fine positional control is used in the REC chamber in

order to image in 1:1 configuration the ∼ 100µm XUV source size onto the sample plane in

the solid state endstation. The positional control is critical in this case as it allows a precisely

position and optimize the probe focus to match the collection volume of the detector.

The pump arm of Harmonium starts with a grating-based compressor to achieve ∼ 45fs

pump pulse duration. A mechanical delay stage is employed to vary the optical path length

of pump pulses controlling the time delay in pump-probe experimental configuration. A

beam pointing stabilization setup is placed after the delay stage. It consists of two motorized

mirrors (marked by green color in Fig. 2.2) and two cameras observing the pump leakage

from two mirrors further down the pump arm, defining two reference points for the beam.

The motorized mirrors are used to compensate slow spatial pointing instabilities of the pump

beam in real-time. For optical excitation of samples with bandgap above the photon energy

of the fundamental output (1.6 eV), the second harmonic output (3.2 eV) is generated in

the nonlinear beta barium borate (BBO) crystal. A subsequent half-wave plate can rotate

the pump polarization by 90 degrees for taking advantage or investigating a dichroism in

the optical absorption of the sample. Both the pump and the probe beams recombine in

the "Recombination" chamber, and subsequently co-propagate to the solid state endstation

where their foci overlap in the sample plane for pump-probe experiments.

2.3 ASTRA endstation of Harmonium

Combining the ASTRA (ARPES Spectrometer for Time-Resolved Applications) end station with

the Harmonium lightsource allows to probe the electronic structure and the ultrafast electron
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Chapter 2 Time- and angle-resolved photoelectron spectroscopy of single crystals

dynamics of solid state materials [59], [75]. The unique property of utilizing the XUV probe

photon energies makes ASTRA capable of mapping the out-of-equilibrium charge carrier

dynamics over the entire BZ. This setup is only one of a few functioning worldwide due to

the difficulties in achieving a sufficient XUV photon flux in the HHG process from a technical

perspective.

As mentioned before, the probe beam with the spot size of ∼ 100×100µm2 is focused on

the sample surface, which is located inside a UHV chamber. The photoemitted electrons are

collected and analyzed by the Specs Phoibos 150 electrostatic hemispherical analyzer. Hemi-

spherical deflector analyzers (HDAs) are most widely used in state-of-the-art photoemission

spectroscopy, due to their distinctive advantages over conventional electron spectrometers

[83]: 1) high energy resolution (down to 3 meV [84]); 2) flexible lens system, which allows

selective optimization of transmission, and spatial or angular resolution; 3) high efficiency,

due to the use of high-resolution two-dimensional position sensitive detectors. The HDA

at ASTRA consists of an electrostatic input lens, a hemispherical deflector with an entrance

slit, and the detector consisting of two micro-channel plates and a phosphor plate in series,

followed by a charge-coupled device (CCD) camera. The electrostatic lens decelerates and

focuses the photoelectrons onto the entrance slit. The deflector consists of two concentric

hemispheres, which are kept at a potential difference, so that only the electrons reaching

the entrance slit with a narrow range of kinetic energies will pass through. At the detector

the electrons are dispersed over the Y axis according to their kinetic energy and detected

in parallel, which allows the acquisition of electron spectra across a large (< 10% of tuning

energy) kinetic energy window. The photoelectrons with different emission angles along the

direction of the analyzer entrance slit are focused on different X positions on the detector.

The angular resolution of the employed analyzer is < 0.3◦ depending on the utilized entrance

slit dimensions, while the energy resolution can vary between 10 meV for static ARPES mea-

surements and 120 meV for typical TR-ARPES experiments. The best compromise between

the analyzer transmission and momentum-energy resolution has to be determined for each

individual experiment, based on the trade-off between signal collection efficiency and signal

quality.

The temporal overlap of the pump and probe pulses is routinely achieved with two main

methods. Firstly, a decent overlap can be established by overlapping the attenuated IR beam

from the zero-th order of the grating in the monochromator with the IR or UV pump beam

on a beam profiler outside of the UHV chamber by means of a so-called "pick-up" metallic

mirror. A more precised tuning is achieved by optimizing a time-resolved signal from a

test sample by steering the pump beam across the sample surface by means of a motorized

mirror. For example, good results are achived by following the optically-induced ultrafast

band broadening in WSe2 semiconductor, originating from the decrease in the lifetime of the

photohole. Albeit, this method requires a prior temporal overlap of pump and probe pulses,

since the signal can only be observed when the pulses arrive on the sample at the same time.

Therefore, the full procedure consists of several iterations: 1) coarse spatial overlap on a beam
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2.3. ASTRA endstation of Harmonium

profiler, 2) coarse temporal overlap from a time-resolved signal from a test sample, 3) fine

optimisation of the spatial overlap on the test sample, 4) precise determination of a time-zero,

as the time corresponding to the half rise of the cross-correlation of the pump and probe

pulses.

The temporal resolution estimated from the full width at half of the maximum (FWHM) of

the cross-correlation signal was found to be ∼ 70fs for the 200 gr/mm grating (see Sec. 4.2 for

details) and ∼ 200fs for the 900 gr/mm grating in the 20 – 40 eV probe range. This allows ASTRA

in the pump-probe configuration to be used to investigate sub-ps electronic processes with the

best energy resolution, and sub-100 fs processes with a slight trade-off in energy-resolution.

In order to preserve sample surface purity for a reasonable duration of time necessary to

perform a set of measurements (can vary from several hours to days), and to avoid photo-

electron scattering with the residual gases, as well, ist is crucial to maintain UHV conditions

in the experimental chambers. This requires regular “baking” of the whole system at above

100 ◦C to remove water and other trace gases, which adsorb on the inner surfaces of the

chambers. In addition, a sample loading chamber, called “loadlock”, is used to transfer the

samples in and out of the vacuum, while maintaining UHV in the rest of the system during the

transfer. Special transfer arms and manipulators allow mechanical positioning, cleaving and

rotation of samples inside the chamber. During the measurements the sample is placed on a

manipulator, which allows a linear motion in three spatial dimensions and a rotary motion

across the polar angle of the sample (see Fig. 3.14). The azimuthal angle of the sample can be

manually changed by means of a wobble-stick. Together with the polar angle it defines the

position of the observation window in momentum space throughout ARPES experiments.

ASTRA is also equipped with a monochromatized Gammadata VUV5000 He electron cyclotron

resonance source (referred to as He lamp further in the text). It provides He Iα (21.2 eV) and He

IIα (40.8 eV) emission lines of high brilliance. The ultimate energy resolution of ∼ 10meV can

be achieved with this light source combined with sample cooling to liquid He temperatures to

minimize the temperature-induced energy broadening. This configuration can be used for

high resolution static ARPES band mapping, facilitating the subsequent time-resolved ARPES

measurements with the detailed knowledge of the electronic band structure of the material in

question.

An additional "Preparation" UHV chamber is connected to the photoemission chamber. It

contains several advanced instruments for sample preparation and characterization. A low

energy electron diffraction (LEED) setup can be used to characterize the sample surface

structure and quality [85], [86]. When used qualitatively this surface sensitive technique

provides information about the symmetry and periodicity of the surface structure and the

presence of adsorbates on the sample. On the other hand, the measured dependence of the

diffraction intensity as a function of incident electron energy can help determining exact

atomic positions on the surface. An ion beam sputtering gun in conjunction with a heater

allow preparation of atomically clean and flat sample surfaces [87]. Several cycles of heavy Ar+
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Chapter 2 Time- and angle-resolved photoelectron spectroscopy of single crystals

ion bombardment and high temperature sample annealing are routinely utilized to remove

a few topmost atomic layers together with adsorbates and subsequently reconstruct the

surface periodicity by supplying the atoms with enough thermal energy to shift towards their

new equilibrium position, minimizing the surface free energy [88], [89]. A three-cell UHV

evaporator is installed in the "Preparation" chamber for a deposition of alcali metals on the

surfaces of semiconductors in order to dope them with free carriers. This approach can

be used e.g. to visualize unoccupied electronic states of wide bandgap TMOs, without the

necessity of optical doping, preserving the ultimate energy resolution of ASTRA in static ARPES

mode.
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3 Valence band mapping of lead halide
perovskites

This chapter discusses the electronic structure of lead tribromide perovskites with different

central cations, and presents their experimentally measured occupied state dispersions. Section

3.1 will outline a detailed sample preparation procedure, that was followed in order to obtain a

fresh and flat single crystalline surface of LHPs. Sections 3.2.1 and 3.2.2 will show the results

of ARPES valence band mapping of hybrid organic-inorganic LHPS: methylammonium and

formamidinium lead tribromides, respectively, in the entire Brillouin zone, performed at the

ASTRA endstation, using XUV probe provided by the Harmonium lightsource. Section 3.2.3

will showcase the high resolution valence band mapping performed in the same conditions on

an inherently more stable fully-inorganic cesium lead tribromide perovskite. An outstanding

data quality allows for disentangling a many-body hole effective mass renormalization in this

material, which governs charge carrier transport in low excitation density regime (below the

Mott transition for polaron quasiparticle).

3.1 Sample preparation procedure

The surface sensitivity of ARPES imposes strict requirements on the sample quality. First of

all, the experiment has to be conducted on an atomically clean surface: as the photoelec-

trons are collected from the first few atomic layers, the technique is very sensitive to surface

contamination. Second, single-crystal surface domains must have a comparable size to the

probe spot, on the order of 100s of µm (or 1 mm - in the case of He lamp). These conditions

can be achieved by mechanical cleaving of the single crystal under ultra-high vacuum (UHV)

conditions (< 10−9 mbar). The lowest limit of what can be considered UHV corresponds to a

duration of approximately 30 min to completely coat the surface with a monolayer of residual

gases. To prepare the perovskite samples used in this project, a preparation procedure was

developed, which contains the following steps:

• Single crystals are grown from liquid solution by inverse temperature crystallization

method [3], [90]–[92].
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• A single crystal of a nearly cubic shape with few mm characteristic length is blade-cut

from an as-grown agglomerate of several single crystals (see Fig. 3.2 (a)).

• This individual piece is glued to a non-magnetic (aluminum in our case) metal substrate

with a silver nanoparticle epoxy. A good electrical conductivity of the glue is essential to

avoid sample charging during photoemission experiment.

• A ceramic or a metal cylindrical pin is then glued on top of the crystal using the same

silver epoxy, or a different low vapor pressure epoxy. The glue is not required to be

conductive in this case.

• A copper wire is glued to the post and the substrate. It serves a purely supportive

role preventing the pin from falling into the UHV chamber upon the cleavage, thereby,

preventing an unnecessary and undesired chamber contamination.

• Prepared sample (see Fig. 3.1 (a)) is then cured for 3 hours at 80 ◦C in an oven to solidify

the silver epoxy.

• After curing the sample is transferred into the load lock of the ARPES chamber to degas

all the surfaces for a few hours.

• The sample is then transferred into the UHV chamber where the crystal is mechanically

cleaved with a wobble stick by applying pressure on the tip on top of the crystal.

(a) (b)

Figure 3.1 – Sample preparation: (a) The scheme of a sample, prepared for cleaving in UHV
chamber: aluminum substrate (blue), silver nanoparticle epoxy (gray), perovskite single crystal
(orange), ceramic or aluminum pin (white), copper wire (brown); (b) the sample, cleaved
outside of the UHV chamber for demonstration purpose, revealing a flat fresh crystal surface.

The procedure described above has a rather high success rate, which mainly depends on the

precision and experience of the operator following the indicated steps. Some cleaves can be

unsuccessful due to following reasons. Large crystals which appear to be single-crystalline

can sometimes consist from several inter-grown crystals. The boundary regions between the
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3.2. Electronic structure of hybrid and fully-inorganic lead halide perovskites

individual crystals often contain the precursor used for the crystal growth. These regions are

also inherently weaker mechanically. Therefore, the cleaves occurring along such boundary

regions are not representative of the bulk crystal structure.

On practice, smaller single crystals with only 1-2 mm characteristic dimension have proven

to give the best surface upon cleavage. Presumably, due to a better structural integrity and

overall quality of smaller crystals as compared to large ones. Some examples of macroscopic

images of inter-grown and single crystals can be seen in Fig. 3.2 (a) and (b)-(d), respectively.

(a) (b)

(c) (d)

Figure 3.2 – Microscopic images of as-grown CsPbBr3 single crystals.

3.2 Electronic structure of hybrid and fully-inorganic lead halide

perovskites

Lead halide perovskites is a class of materials possessing an ABX3 stoichiometry and crys-

tallizing in the, so-called, perovskite structure (see Fig. 3.10 (a)). In this formation, the B

metal cations (typically Pb or Sn) reside in the centers of corner-shared octahedra of the X

anions of the halide group (I, Br or Cl). The octahedra are placed at the corners of a cubic

structure, which can be distorted depending on the temperature phase. The larger A cations

reside in the center of the cube. A cation can be an organic molecule, as in the, so-called,

hybrid organic-inorganic perovskites. Most commonly utilized hybrid LHP cation examples
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are methylammonium (MA = CH3NH3, see Fig. 3.3) and formamidinium (FA = CH(NH2)2, see

Fig. 3.4). In fully-inorganic perovskites the cation is a metal atom, for example Cs or Rb.

(a) (b)

Figure 3.3 – The view of (a) the structural formula and (b) the 3D model of the methylammo-
nium (MA) molecule.

(a) (b)

Figure 3.4 – The view of (a) the structural formula and (b) the 3D model of the formamidinium
(FA) molecule.

The crystal cell of LHPs possesses an orthorhombic symmetry [4], [93] below 149.3 K, 152 K,

and 361 K for hybrid MAPbBr3 and FAPbBr3, and fully-inorganic CsPbBr3, respectively. At

higher temperature the system undergoes a phase transition to a tetragonal structure. Finally,

the crystal cell of LHPs acquires cubic symmetry above 235.0 K, 265 K, and 403 K for MA-,

FA- and Cs-based compounds, respectively. The substitution of the Br anion with I or Cl

preserves the observed trend. Alongside with these phase transitions there is an increase of

dynamical disorder in the organic sublattice of hybrid perovskites, as observed by neutron

powder diffraction [94].

First-principles calculations show that the band edges of LHPs result mainly from the elec-

tronic bonds of the BX6 octahedra. The valence band maximum (VBM) consists of an anti-
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3.2. Electronic structure of hybrid and fully-inorganic lead halide perovskites

bonding hybrid state between B-s and X-p orbitals, while the conduction band minimum

(CBM) predominantly originates from the B-p orbitals with negligible coupling to X orbitals,

indicating an ionic character of the CBM [95], [96]. The electronic levels of the central cation

are energetically separated from the band extrema and lay deeply within the valence and

conduction bands [97]–[99].

Nevertheless, the change of the central cation can have an indirect infuence on the electronic

structure of LHPs by modifying the lattice cell symmetry and dimensions originating from a

different cation size and bonding properties with the inorganic B-X sublattice [100]–[104]. In

addition the permanent dipole moment of organic cations (e.g. MA, FA), together with their

rotational and vibrational freedom, are assumed to play an important role in charge carrier

cooling, recombination and transport [105]–[108]. Although, other reports suggest that these

peculiarities of organic cations do not play an essential role in originating the outstanding

optoelectronic properties of LHPs [31], [109], [110].

The substitution of the X halide anion causes the contributing halide orbital’s character in

the VB to change from 3p to 4p to 5p for Cl to Br to I, respectively. This lowers the electron

binding energy, resulting in the bandgap reduction [111]. The fact that Pb, I and Br are heavy

ions leads to considerable relativistic effects in both the VB and the CB. Therefore, spin–orbit

coupling must be included in theoretical calculations of the electronic structure of LHPs.

In the following, three Br-based compounds with different central cations: MA, FA, and Cs,

will be compared from the perspective of their electronic band structure. They all possess a

bandgap of ∼ 2.3 eV, which makes them great candidates for various optoelectronic applica-

tions in the visible range of electromagnetic spectrum: LEDs, scintillators, photodetectors,

solar cells, just to name a few. This also provides an additional advantage of facile photodoping

of these materials with the second harmonic of the available IR laser beam. As of now, high

quality single crystals of all the three compounds can be relatively easily grown. All these fac-

tors defined the choice of samples within the LHP range for the ARPES experiments presented

hereafter.

The energy tunability of Harmonium has proven its utility in the band mapping of LHPs, as

will be detailed below. The choice of the probe photon energy was influenced by two main

factors: 1) the energy dependence of the width in the reciprocal space of the probed electron

momentum range in a single ARPES scan, and 2) the energy dependence of the photoemission

crossection of the VB orbitals [99], [112].

Due to the first aspect, according to Eq. 2.2, the available for observation momentum window

scales as a square root of the probe photon energy. This means that tuning photon energy

from e.g. 20 to 40 eV increases the momentum window within a single scan by a factor ofp
2, nearly approaching the diagonal dimension of the SBZ of the MAPbBr3 and FAPbBr3, as

will be easily seen on the iso-energy cuts in Fig. 3.6 and 3.8, respectively. While mapping

the complete M−Γ−M path still requires scanning an approximately -15◦ to +15◦ range of

the sample’s polar angle (see Fig. 3.14), the increased accessible region of the reciprocal
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space facilitates the observation of the large scale periodicity and symmetry of the electronic

structure, particularly by giving access to several redundant high symmetry directions. In

addition, the smaller scanning range of the polar angle reduces the detrimental effects on the

energy and momentum resolution at larger probed momenta, originating from the increase of

the probe spot size at larger incidence angles.

The second aspect leads to several experimental consequences. The Pb 6s orbital crossection

is nearly exponentially increasing in the ∼ 10−40 eV range by two orders of magnitude from

∼ 10−3 to 1.5 ·10−1 Mb. This facilitates the VB observation in photoemission experiments

at the higher photon energies. The higher unoccupied Pb 6p orbitals have their crossection

nearly exponentially decreasing in this range by two orders of magnitude from ∼ 101 to

1.5 ·10−1 Mb, which has no relevance for VB mapping, but has an outstanding importance

in more experimentally challenging pump-probe experiments, as will be detailed in Ch. 4.

Finally, the Br 4p orbitals decrease their crossection by two order of magnitude from ∼ 5 ·101

to 5 · 10−1 Mb, which means that contrary to the behaviour of the Pb 6s orbitals, higher

photon energies reduce the visibility of the Br’s contribution to the VB. Here it is important

to notice, that in terms of the absolute values even at around 40 eV the contribution of Br to

photoemission is several times stronger than that of Pb. The Br’s dominance in the VB quickly

increases even further at lower photon energies. As shown by DFT calculations, most of the

DOS of the VB originates from the Br states located directly below the VBM in energy. On

practice, the hybridized states of Pb and Br forming the VBM are observed on top of a strong

photoemission background originating from lower laying Br states. These states become so

bright at lower photon energies that even at the lowest XUV photon flux the CCD camera in the

electron analyzer quickly over-saturates. In addition, this bright region on the phosphorescent

layer of the analyzer creates a surrounding halo detected as fake counts in the neighbouring

pixels of the CCD. So, to summerize, the higher photon energies result in better contrast

in observation of the VBM. Achieving photoemission with even higher photon energies is

technically increasingly difficult due to the onset of the energy cut-off of HHG process in Ar,

and the reduction of the diffraction grating efficiency for higher energies.

Figure 3.5 shows the energy distribution curves (EDCs) of the top of the VB of CsPbBr3,

corresponding to the momentum value of the M high symmetry point of the SBZ. This sample

was chosen to exemplify the effect, due to typically higher achievable band quality, as will be

showcased in Sec. 3.2.3. The probe photon energy varies between 27 – 40 eV, and is indicated

in the legend. The individual EDCs were normalized by the intensity of the VBM peaks.

The aforementioned increase of the VBM’s contrast with the rest of the VB at higher photon

energies is evident in general. A more detailed look shows a more complex behaviour. These

can be explained by two additional factors: 1) the kz dispersion of the VBM, and 2) the change

of sample spot. As the photon energy varies, the maximum dispersion of the topmost VB also

changes, reaching its maximum at the R point of the 3D BZ in case of MAPbBr3. Additionally,

the change in the photon energy can slightly change the pointing of the XUV beam, which can

change the region of the crystal from where the data is being collected. Together these factors

contribute to the experimental complexity in finding optimal experimental conditions for the
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observation of the VB of LHPs.
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Figure 3.5 – Energy distribution curves of the top of the VB of CsPbBr3 single crystal taken with
the probe photon energy indicated in the legend, corresponding to the momentum value of
the M high symmetry point. Individual EDCs were normilized by the intensity of the VBM
peak.

3.2.1 MAPbBr3

The VBM of methylammonium lead tribromide (CH3NH3PbBr3) is constituted by the anti-

bonding combination of Pb-6s and Br-4p orbitals, whereas the CBM derives mostly from

Pb-6p states. Due to a strong spin-orbit coupling on heavy Pb atoms, the six-fold degenerate

CBM is split into a j = 1/2 doublet, which is lowered in energy, and a j = 3/2 quartet, with an

increased energy. Substitution of Pb by a lighter atom like e.g. Sn reduces this energy splitting

by almost a factor of 3 [113], [114]. A similar but weaker splitting of Br-4p orbitals results in

slight upward shift of the VBM.

The presence of an electric field in low temperature noncentrosymmetric structural phases of

LHPs, together with the presense of heavy nuclei can give rise to the so-called Rashba effect

[115], which leads to the spin-splitting of degenerate bands in both energy and momentum.

The difference in the splitting magnitude of the CB and the VB, originating from different

atomic orbitals, was suggested to explain an apparent reduction of radiative recombination in

LHPs [116]. A hypothetical presence of this effect in centrosymmetric cubic phase of MAPbBr3

was explained by the presence of room temperature structural fluctuations potentially creating

local electric fields [117], [118]. The characteristic ring-shaped VB was directly observed in

this material by ARPES in both low and high temperature structural phases [53]. Although,

later ARPES and especially spin-ARPES studies found no signs of Rashba spin-splitting in the

VB of MAPbBr3 [63].

The degrees of freedom of the organic cation motion, together with the structural deformability

of the ionic inorganic sub-lattice lead to another important effect in LHPs, that explains an
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increased charge carrier lifetime in LHPs — formation of polaron quasiparticles. The high

polarizability of the ionic lattice of LHPs enhances the structural response triggered by a

presence of an excess electron or hole in order to screen their charge. Numerical simulations as

well as temperature-dependent mobility measurements suggest that the resulting polarons are

delocalized over multiple unit cells, usually called large polarons [40], [119]. The electron- and

hole-derived polarons are excpected to be located in spatially separate reagions, due to their

opposite effects on the bending of the Pb-Br-Pb bond [120] and on the dipolar polarization

[106], [121], [122]. This spatial separation could lead to the observed reduction of radiative

recombination rate compared to what is expected from free carriers [123]. Some experimental

findings that support this interpretation are a thermally activated photoluminescence [124],

[125] and a reduced transition strength for the radiative recombination [126], [127].

The polaronic nature of charge carriers in LHPs is also considered to be responsible for their

so-called "defect tolerance" property. One can look at this phenomenon from different angles.

From the chemical perspective, due to the fact that the bandgap edges lack the bonding-

antibonding interaction most of the intrinsic defects create only shallow energy levels often

within the valence and conduction bands themselves, outside the bandgap [28], [128]. These

defect states do not participate in the non-radiative recombination, unlike those within

the bandgap making LHPs defect-tolerant, that is maintaining outstanding optoelectronic

properties even when a substantial concentration of intrinsic defects is present. From the

physical perspective, the free charge carriers in the presence of a strong dielectric response of

the lattice form polarons and, therefore, their Coulomb potential gets screened. This leads

to a reduction of carrier scattering with charged defects, and minimization of any potential

detrimental effects caused by ionized impurities on charge carrier transport [107], [129], [130].

The crystal cell at room temperature has the symmetry corresponding to the Pm-3m space

group. Being in the highest temperature structural phase at room temperature is a great

advantage for the operation of potential devices, as their properties will not be altered at higher

temperatures of a working device, due to a phase transition, like in the case of e.g. solar cells,

where operating temperatures can be as high as 65 ◦C. The cubic cell parameter determined

by X-ray diffraction is a = 5.9195Å[131]. The real space cubic symmetry corresponds to a cubic

bulk BZ with characteristic dimension of 2π/a ≈ 1.0614Å−1.

Figure 3.6 shows constant energy maps of ARPES data, collected using 40.1 eV probe photon

energy, cut at different energies below the VBM: 0 eV, 0.5 eV, and 1 eV. The high intensity

regions in Fig. 3.6 (a) correspond to the tips of the E(kx ,ky ) dispersion of the topmost VB,

which is predicted to resemble a paraboloid. These areas perfectly overlap with the corners

of the surface-projected Brillouin Zone (SBZ), whose boundaries are marked by red dashed

lines. There is no intensity observed at the center of the SBZ. The size, the orientation, and the

symmetry of the square SBZ calculated from the crystal cell parameter visually agree well with

those perceived from the measured ARPES intensity distribution, as seen from the iso-energy

cuts at different energies in Fig. 3.6.
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(a) (b) (c)

Figure 3.6 – Constant energy maps of ARPES intensity from the VB of MAPbBr3 single crystals
taken at an energy indicated in each figure. The SBZ boundaries and high symmetry points
are indicated in red on top of the data. The probe photon energy is 40.1 eV.

Taking into account that ARPES probes the electronic structure of only the first few atomic

layers, one can draw a conclusion that the measured energy maps represent the surface as

well as the bulk band structure of MAPbBr3 single crystals. The lack of the reduced crystal

symmetry at the surface, which would manifest itself in the folding of the SBZ, and reduction

of its size, signifies the absence of surface reconstruction. A phenomenon occurring at a

crystal surface, triggered by a termination of the chemical bonds on the surface, which alters

the equilibrium positions of the surface atoms by modifying the forces exerted on each atom

by the surrounding atoms. In the case of MAPbBr3 the previous photoemission study with

an additional theoretical modelling, suggests that the surface of this crystal terminated with

a MABr layer is thermodynamically more stable, than the PbBr2-terminated surface [49].

The absence of surface reconstruction is an important observation, as it allows drawing

conclusions about the band structure and corresponding optoelectronic properties of both

the surface and the bulk of the semiconductor.

Figure 3.7 shows the ARPES data cut through momentum space along the M−Γ−M high

symmetry direction of the SBZ. It shows the dispersion of the topmost VB, together with very

intensive VB states below, where the dispersion cannot be resolved. As expected, the topmost

VB strongly disperses in energy by at least 1.5 eV. The dispersion is symmetric across the SBZ

center at the Γ point. At the same time, it looks symmetric also across the M high symmetry

point at the corner of the calculated SBZ, especially on the right side of Fig. 3.7, indicating

that the areas beyond ∼ 0.75Å−1, in fact, belong to a higher order BZ. This further supports the

agreement between the theoretical and the experimental SBZ’s dimensions and the shape. The

band quality seems to noticeably degrade for strongly negative electron momentum values,

which can be related to the fact that the probe spot size on the sample increases at grazing

incidence due to geometric considerations. A larger spot size can lead to the data partially

collected from a lower quality neighbouring crystal domain.
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Chapter 3 Valence band mapping of lead halide perovskites

Figure 3.7 – The dispersion of the top of the VB of MAPbBr3 single crystal along M−Γ−M high
symmetry direction, collected using 40.1 eV probe photon energy. Dashed red lines indicate
the boundary of the SBZ.

The experimental data confirms theoretical predictions placing the VBM at the corner of the

square SBZ. The DFT studies predict the bulk VBM to be located at the R point of the 3D BZ

[24], [113], [132]–[135]. It is much more difficult to experimentally confirm this claim due

to a number of reasons. Mapping the VB dispersion in the direction perpendicular to the

surface E(kz ) would require an ability to continuously vary the probe photon energy, which

can typically be achieved only at large scale facilities, such as synchrotrons. Furthermore,

the uncertainty in the kz , originating from the aforementioned strong surface sensitivity of

XUV-based ARPES, on practice results in a certain degree of integration of ARPES signal in

this direction of electron momentum. This can reduce the effective momentum and energy

resolution, as the VB is predicted to disperse in the same way along all three momentum axes.

For the inelastic mean free path (IMFP) of photoelectrons of 5 Å [49] this corresponds to the

standard deviation of the value of kz of ∼ 0.1 Å−1, which constitutes ∼ 10% of the BZ dimension

(Γ to Γ distance in the reciprocal space). The exact photon energy required to directly access

the bulk VBM of MAPbBr3 is currently as debated topic [63]. The consensus including studies

of similar compounds, tentatively places it close to ∼ 30, while the exact values vary by

several electronvolts. The exact determination is further hindered by an inherent instability of

MAPbBr3 single crystals under synchrotron radiation, and in UHV conditions, obstructing

long-lasting measurements, required to perform a photon energy scan to determine the kz

component of the VB dispersion.

3.2.2 FAPbBr3

As discussed before the composition of the top of the VB, as well as the bottom of the CB are

nearly identical in all three compounds under study. Like in the MA-containing compound,

the VBM of formamidinium lead tribromide HC(NH2)2PbBr3 is constituted by the antibonding
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3.2. Electronic structure of hybrid and fully-inorganic lead halide perovskites

combination of Br-4p and Pb-6s orbitals, while Pb-6p states form the CBM. As in the case of

MAPbBr3 the CBM and the VBM of FA-based compound are expected to undergo a splitting

due to spin-orbit coupling on heavy Pb and Br atoms, respectively.

Considering the similarities of the bandgap edges of these materials FA-based one is also

expected to exhibit the Rashba effect [136], [137], although, no experimental observation has

been reported yet. The same soft inorganic Pb-Br sublattice and the organic cation motion

are also expected to lead to formation of polaron quasiparticles upon light absorption [138].

Therefore, FAPbBr3 is expected to be comparably defect-tolerant as the MA-based compound

[139].

Replacing the organic MA+ cation with the larger FA+ cation results in a more air stable

compound, because of the higher Goldschmidt tolerance factor of its crystal lattice (∼ 1) [140],

[141]. Studies showed that FA-substituted crystals exhibit improved carrier properties, such

as longer carrier lifetime and lower dark carrier concentration [142]. Therefore, FAPbBr3 is

expected to have better performance in optoelectronic devices than MAPbBr3.

The symmetry of the crystal cell at room temperature belongs to the same Pm-3m space group,

as MAPbBr3. The cubic cell parameter determined by X-ray diffraction is a = 5.96976Å[131].

The real space cubic symmetry corresponds to a cubic bulk BZ with characteristic dimension

of 2π/a ≈ 1.0525Å−1.

Figure 3.8 shows constant energy maps of ARPES data, collected using 40.1 eV probe photon

energy, cut at energies of 0 eV, 0.4 eV, and 1 eV, below the VBM. The high intensity regions in

Fig. 3.8 (a) correspond to the tips of the E(kx ,ky ) dispersion paraboloid of the topmost VB.

These areas perfectly overlap with the corners of the SBZ, whose boundaries are marked by

red dashed lines. No photoemission intensity is observed from the center of the SBZ. The

dimensions and symmetry of the square SBZ calculated from the aforementioned crystal cell

parameter visually agree well with the measured ARPES intensity distribution at different

energies, as shown on the iso-energy cuts in Fig. 3.8.

Taking surface sensitivity of ARPES into account, one can conclude that the measured energy

maps represent both the surface as well as the bulk band structure of FAPbBr3 single crystals.

The surface reconstruction is clearly absent, as seen from the lack of SBZ folding and con-

sequent size reduction, typically arising from the reduced crystal symmetry at the crystal’s

surface.

Figure 3.9 shows the ARPES data cut along the M−Γ−M direction of the SBZ. It shows the

dispersion of the top of the VB, and very intensive VB states below, where the dispersion can

be hardly resolved, due to a large number of overlapping states. As expected, the topmost VB

strongly disperses in energy by at least 1.5 eV. The dispersion is expectedly symmetric across

the SBZ center at the Γ point. It looks also symmetric across the M high symmetry point,

along the M−Γ−M direction, at the corner of the calculated SBZ. It is particularly clearly

visible on the right side of Fig. 3.9. These observations further support the agreement between
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(a) (b) (c)

Figure 3.8 – Constant energy maps of ARPES intensity from the VB of FAPbBr3 single crystals
taken at an energy indicated in each figure. The SBZ boundaries and high symmetry points
are indicated in red on top of the data. The probe photon energy is 40.1 eV.

the calculated from XRD data and the experimental SBZ’s dimensions and shape. The band

quality seems to noticeably degrade for strongly negative electron momentum values. This

can be related to the increase of the probe spot size on the sample at grazing incidence, which

leads to a partial data collection from presumably lower quality neighbouring crystal domains.

Figure 3.9 – The dispersion of the top of the VB of FAPbBr3 single crystal along M−Γ−M high
symmetry direction, collected using 40 eV probe photon energy. Dashed red lines indicate the
boundary of the SBZ.

The VBM is located at the corner of the square SBZ confirming theoretical predictions. Consid-

ering the bulk BZ, DFT studies place the VBM at the R point [143]. As it was elaborated before,

for the case of MAPbBr3 in Sec. 3.2.1, mapping the VB dispersion in the direction of kz is much

more experimentally challenging. In addition, the uncertainty in the kz , originating from the

strong surface sensitivity of XUV-based ARPES, results in an integration of ARPES signal in this
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direction, corresponding to the standard deviation of kz of ∼ 0.1 Å−1, which constitutes ∼ 10%

of the Γ to Γ distance in the momentum space. Therefore, as of now, there is no certainty in

the scientific community, as to which photon energy allows to directly and selectively probe

the bulk VBM of FAPbBr3 (within the available momentum resolution).

3.2.3 CsPbBr3

This section is based on the postprint version of the article published in Physical Review Letters

Vol. 124, Iss. 20 – 22 May 2020 (© 2020 American Physical Society). The DOI of the original article

is 10.1103/PhysRevLett.124.206402. In particular, subsection 3.2.3.1 contains the information

present in the main text of the aforementioned publication, and subsections 3.2.3.2 and 3.2.3.3

contain the information present in the Supplemental Material available with the article.

3.2.3.1 Evidence of large polarons in photoemission band mapping of the perovskite semi-

conductor CsPbBr3
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Abstract: Lead-halide perovskite (LHP) semiconductors are emergent optoelectronic ma-

terials with outstanding transport properties which are not yet fully understood. We find

signatures of large polaron formation in the electronic structure of the inorganic LHP CsPbBr3

by means of angle-resolved photoelectron spectroscopy. The experimental valence band dis-

persion shows a hole effective mass of 0.26±0.02 me , 50% heavier than the bare mass m0=0.17

me predicted by density functional theory. Calculations of the electron-phonon coupling

indicate that phonon dressing of the carriers mainly occurs via distortions of the Pb-Br bond

with a Fröhlich coupling parameter α = 1.81. A good agreement with our experimental data is

obtained within the Feynman polaron model, validating a viable theoretical method to predict

the carrier effective mass of LHPs ab initio.
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Hybrid organic-inorganic and inorganic lead-halide perovskites (LHP) rival conventional semi-

conductors in multiple optoelectronic applications. LHP-based solar cells have established

energy conversion efficiencies approaching 25% [144]; light-emitting devices [145] and lasers

[146] are gaining considerable interest thanks to the high luminescence quantum efficiency

[147]. The carrier diffusion length is exceptionally long in LHPs, reaching up to several mi-

crometers [2], [148]. This property results from the long carrier lifetimes, rather than from the

carrier mobility [149]. While theory predicts small effective masses [17], [150]–[153] (≈0.1-0.3

me , where me is the free electron mass), the reported mobilities are orders of magnitude lower

than in conventional inorganic semiconductors [149], [154]. The microscopic mechanism

underlying this unusual combination of transport properties is possibly the interplay between

carriers and the ionic perovskite lattice [40], [149]. In a polar crystal, longitudinal-optical (LO)

phonon modes have a sizable long-range interaction with charge carriers, resulting in the

formation of so-called Fröhlich polarons [155]. The polaron, heavier than a bare carrier, has a

reduced mobility, compatible with the observed transport properties [40], [156]. In particu-

lar, the screening of the Coulomb potential is modified in the case of polarons, purportedly

explaining the observed carrier lifetimes [156], [157].

The optical properties of different LHPs are known to critically depend on the details of the

lead-halide bond angles [158], highlighting the importance of carrier-lattice coupling in the

photophysics of LHPs. The presence of polaron quasi-particles was indeed already proposed

to model the results of several optical studies [156], [157], [159].

In this letter we report on experimental evidence of polaron formation by measuring its finger-

print in the electronic structure. We concentrate on the prototypical inorganic LHP CsPbBr3,

which has lately attracted interest for applications, due to better thermal and radiation stabil-

ity compared to hybrid organic-inorganic LHPs [29], [160]–[163]. The momentum-resolved

electronic structure of CsPbBr3 is determined by angle-resolved photoelectron spectroscopy

(ARPES) and compared with ab initio density functional theory (DFT). Our ARPES data provide

a direct measurement of the hole effective mass (mexp ) in CsPbBr3. The experiment reveals a

mass enhancement of 50% compared to theory, which we attribute to electron-phonon cou-

pling. Ab initio simulations of electron-phonon interaction show that Pb-Br stretching modes

dominate the interaction. Furthermore, our calculations provide a Fröhlich coupling parame-

ter α = 1.81, indicating that carriers form large polarons, and predict a mass renormalization

in good agreement with experimental data.

At room temperature CsPbBr3 assumes an orthorhombic lattice structure, which departs from

the ideal cubic perovskite structure. The transition to the orthorhombic phase occurs below

360 K by rotation of the [PbBr6]4− octahedra surrounding the Cs+ cation [4]. The orthorhombic

structure is compared to an undistorted cubic one in Fig. 3.10 (b), showing its larger real-space

primitive cell and the octahedra’s canting angle of approximately 10◦ [154].

High-quality single crystals of CsPbBr3 were grown from liquid solution using an inverse

temperature crystallization method [3]. The CsPbBr3 crystals were cleaved in-situ under
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Figure 3.10 – Schematic structure of CsPbBr3: (a) cubic perovskite structure; [PbBr6]4− oc-
tahedra are indicated as shaded-gray surfaces, Pb2+ ions are indicated in black, Br− ions in
red and the Cs+ cation in gold. (b) The orthorhombic lattice distortion (semitransparent
lines) is compared to the parent cubic lattice (full lines). (c) Three-dimensional Brillouin zone
of the cubic crystal lattice; (d) VB ARPES intensity as a function of energy, E and in-plane
momentum wavevectors, kx and ky . The cubic and orthorhombic unit cells are indicated in
red and black, respectively. (e-f) Constant energy cuts of the ARPES intensity compared with
DFT calculations for the cubic phase integrated over a range of 0.1 Å−1 along the k⊥ direction
at the VBM (E=0 eV, (e)) and below the VBM (E=-1.1 eV. (f)).
.
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ultra-high vacuum conditions. ARPES experiments were performed using extreme ultraviolet

radiation from a high-harmonic laser source with a tunable photon energy between 20 and

40 eV [75], [82]. All data were collected at room temperature, in the orthorhombic phase of

CsPbBr3, as confirmed by X-ray diffraction (see Sec. 3.2.3.2) To rationalize the experimental

results, we perform ab initio calculations using the QUANTUM ESPRESSO distribution [164],

[165]. The electronic structure was obtained at the generalized Kohn-Sham level using the

hybrid functional scheme proposed by Heyd, Scuseria and Ernzerhof [166], [167] (HSE) for the

exchange and correlation energy functional. The electron-phonon interaction was accounted

for within the Fröhlich model [168] with parameters obtained averaging the ab initio Fröh-

lich vertex [169], [170]. Further details concerning the experimental methods and the DFT

calculations are given as supplemental information (see Sec. 3.2.3.2 and 3.2.3.3).

The valence band (VB) photoemission intensity distribution is plotted as a function of energy

and in-plane momentum wavevectors in Fig. 3.10 (d), for a photon energy of 37 eV. The left

half of figures 3.10 (e) and (f) shows two cuts at constant energy of the three-dimensional

ARPES intensity distribution, at the valence band maxima (VBM) and 1.1 eV below the VBM.

The energy zero was set at the VBM, determined from the energy of the peak maximum.

Four VBM are clearly resolved at the four corners (M) of the surface-projected Brillouin

zone (SBZ), following the periodicity expected for the cubic phase of the system, despite the

structural phase transition to orthorhombic. This is illustrated on the right half of Fig. 3.10 (e)

and (f), where the data is compared to DFT calculations for the cubic phase of CsPbBr3.

This is at odd with DFT calculations for the orthorhombic phase, which predicts the VBM

at the Γ point (see Sec. 3.2.3.3) [171]. To exclude matrix element effects and dispersion in

the direction orthogonal to the sample surface (k⊥), we performed energy- and polarization-

dependent ARPES measurements (see Sec. 3.2.3.2), which reveal no signature of an additional

VBM at the Γ point. The observation of a larger k-space periodicity is not compatible with

the scenario of a surface reconstruction. The additional potential associated with a periodic

lattice distortion generally manifests itself with the appearance of back-folded bands and gaps

opening at the novel Bragg planes. However, the spectral weight transfer to the novel bands

is proportional to the strength of the perturbing potential and often hardly observable [172],

e.g. for the methylammonium lead triiodide perovskite (MAPbI3) [173], [174], where no

signatures of back-folded orthorhombic bands were observed by ARPES, despite a clear

orthorhombic diffraction pattern. To calculate explicitly the spectral weight transfer upon

the structural distortions, we follow a band unfolding procedure proposed by Ku et al. [175]

and implemented in the QUANTUM UNFOLDING package [176]. The calculations confirm the

absence of significant spectral weight transfer to the back-folded upper valence band in the

orthorhombic phase (see Sec. 3.2.3.3). For this reason we maintain the cubic phase notation

for high-symmetry points throughout the text.

The material’s band structure has been investigated as a function of the photon energy, and

Fig. 3.11 shows the measured valence band at 33.5 eV, the VBM is found to correspond to
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k⊥ ' 0.5 Å−1, close to the cubic bulk R point (see Sec. 3.2.3.2). The data correspond to the

band dispersion along the Γ-M-X-Γ path of the surface Brillouin zone and are compared with

the spectral weight of the orthorhombic bands unfolded on the cubic X-R-M-X path. The

upper valence band disperses for approximately 1.5 eV below the VBM, before reaching a

deeper valence manifold, where bands are not individually resolved.
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Figure 3.11 – Photoemission intensity as a function of energy and parallel momentum, along
the path Γ−M−X−Γ. Cyan lines: orthorhombic DFT bands. Markers: orthorhombic band
unfolding onto the cubic unit cell, the spectral weight is proportional to the marker size.

Although in the room-temperature orthorhombic phase the ARPES spectral weight follows

qualitatively the DFT bands for the cubic phase, the band dispersion is modified by the

structural distortion. In fact, the effective mass computed for the orthorhombic phase is

0.17 me , larger than the cubic phase mass of 0.12 me (see Sec. 3.2.3.3). To determine the

experimental hole effective mass, we turn to a quantitative analysis of the upper valence

band dispersion which we compare with ab initio calculations for the orthorhombic structure.

ARPES data along the Γ−M direction are shown in Fig. 3.12. The VB energy distribution

curves are well fitted by a Gaussian line shape whose width (which is not resolution-limited)

is likely determined by thermal broadening with possible contributions from disorder and

orthogonal momentum dispersion. To determine mexp , the valence band was fitted with

a parabolic dispersion around the band maximum (see Sec. 3.2.3.2), the corresponding fit

is shown in Fig. 3.12. The obtained value mexp = 0.26±0.02me is in good agreement with

optical measurements on CsPbBr3 [177], where a reduced exciton mass of mexc = 0.126me was

deduced, if one assumes balanced electron and hole effective masses, which appears justified
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by our DFT calculations.
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Figure 3.12 – ARPES intensity as a function of energy and parallel momentum showing the
VBM along the Γ−M−Γ direction . The fitted band maxima are indicated as blue points. Cyan
curve: parabolic band fitted around the band maximum.

The effective mass calculated at the HSE level of theory for the orthorhombic phase (m0=0.17

me ) is compared to mexp in Fig. 3.13 (a). Theory substantially underestimates mexp , with

an experimental mass enhancement of ≈ 50%. Theoretical studies indicates an increase of

the calculated effective mass for an increase of the computed bandgap [17], [151], [153]: we

studied the bandgap and effective mass evolution in the orthorhombic phase using a PBE-

based hybrid functional with increasing amounts of Fock exchange. In no circumstances, even

by large overestimates of the bandgap, we do observe a deviation of the effective mass larger

than 10% (see Sec. 3.2.3.3). To asses the performance of the HSE functional, we included

G0W0 corrections to the cubic phase of the material. Our results compare well with previous

studies [150], [178] and a comparison between HSE and G0W0 effective masses shows minor

changes (≈14%), indicating that the hybrid HSE functional gives a good description of the

band structure (see Sec. 3.2.3.3). Thermal lattice fluctuations can modify the average electronic

properties of LHPs [179]. We calculate the effective mass change and the Rashba spin splitting

upon lattice distortion along the phonon modes and conclude that these have low impact on

the orthorhombic phase of CsPbBr3 (see Sec. 3.2.3.3). A small Rashba parameter of 0.05 eV ·Å is

reported for CsPbBr3 [180], which cannot induce an observable modification of the dispersion

at room temperature (see Sec. 3.2.3.3). These findings seem to rule out electronic correlations

and thermal fluctuations as the main reasons for the mass renormalization observed.

An important mechanism, not accounted for by the DFT calculations and relevant for po-

lar materials, is the interaction between the photo-generated hole and longitudinal optical

phonons. ARPES is sensitive to many-body interactions, encoded in the single particle spectral
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Figure 3.13 – (a) Comparison between the experimental dispersion (mexp , cyan line, the
shaded area indicates the experimental uncertainty) and the theoretical effective mass m0

computed from theory (black dot-dashed line). The renormalized mass including electron-
phonon interaction mpol is plotted in red. (b) Computed dieletric function, real (blue line) and
imaginary (red line) part are shown on the left-hand axis; the loss function −Im(1/ε) is plotted
on the right-hand axis. (c) Logarithmic plot of the density of coupling d(g 2)/dω to optical
phonons (see Sec. 3.2.3.3), the shaded area indicates the integration region for determining
the coupling constant g 2

LO . d(g 2)/dω was broadened by convolution with a Gaussian function
(1.2 meV FWHM) for clarity.
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function [19]. In particular, for polaronic systems, such interactions manifest themselves as

a renormalization of the bare band dispersion and with the appearence of satellite peaks in

the photoemission spectrum [51], [181]. The satellites appear on the low-energy side of the

main quasi-particle peak, at an energy separation corresponding to the relevant longitudinal

optical (LO) phonon mode. In CsPbBr3 optical phonons have energies ≤25 meV [182], [183],

and replicas cannot be resolved within the experimental linewidth. In contrast, our analysis of

the quasi-particle dispersion captures the effective mass renormalization, which we attribute

to electron-phonon interaction.

This interpretation is supported by recent theoretical predictions for CsPbBr3 and related

compounds, e.g. MAPbI3, which exhibits the same lattice structure and a similar phase dia-

gram. Simulations of the electron-phonon interaction in MAPbI3 predict a mass enhancement

of ≈30%, where the interaction is dominated by coupling with longitudinal optical phonon

modes, the most important being the Pb-I stretching and bending modes, and the librational-

translational modes of the methylammonium cation [184]. In the fully inorganic compound,

where the latter modes are absent, simulations by Miyata et al. [40] show that the largest

structural relaxation occurs on the Pb-Br bond distance and on the Pb-Br-Pb bond angle,

resulting in a reduction of the canting angle of the PbBr6 octahedra towards the undistorded

cubic lattice.

To validate this picture, we estimated the Fröhlich electron-phonon interaction, following a

method recently developed for polar semiconductors [170], [184]. The Fröhlich vertex, which

represents the matrix element for electron scattering by long-wavelength longitudinal optical

phonons, can be written [169], [170] as:

gν(q) = −i
4πe2

Ω

∑
k

√
~

2Mkωqν

q̂ ·Z∗
k ·ekν(q)

q̂ ·ε∞ · q̂
, (3.1)

where e is the electron charge,Ω is the volume of the unit cell, Mk the mass of the atom k, Z∗
k

the Born effective charge tensor, ε∞ the high-frequency dielectric tensor, and ωqν and ekν(q)

the eigenvalue and eigenvector associated with the mode ν of momentum q. We computed

the material’s dielectric function, reported in Fig. 3.13 (b), starting from ab initio calculations

of the phonon band structure of orthorhombic CsPbBr3 (see Sec. 3.2.3.3). To assess the relative

importance of the different phononic contributions in our calculations, the energy density

of coupling d(g 2)/dω (see Sec. 3.2.3.3) is plotted as a function of phonon energy in Fig. 3.13

(c). The coupling is dominated by a maximum at an effective energy of ~ω̃LO = 18.2 meV,

in the energy region of Pb-Br stretching modes [17], [40]. The effective electron-phonon

coupling to such modes is obtained integrating d(g 2)/dω from 12 to 25 meV (see Figure 3.13

(b)), resulting into g̃ 2
LO = 3.34×10−5 eV2/Å−2. Our calculation reveals that the coupling to the

Pb-Br stretching modes is two orders of magnitude stronger compared to modes appearing

in the energy range between 2 and 13 meV in Figure 3.13 (c), which can be associated with

coupled stretching-bending modes of Pb-Br [40].

Following these calculations, we proceed to estimate the mass renormalization from the Fröh-
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3.2. Electronic structure of hybrid and fully-inorganic lead halide perovskites

lich model [168], valid for a parabolic band dispersion and coupling to a single dispersionless

LO phonon mode. In this limit, it can be shown that the coupling matrix elements gν(q) re-

duces to the well-known Fröhlich coupling matrix elements [170]. The dimensionless Fröhlich

coupling parameter, α, can be expressed in term of the ab initio effective coupling strength

g̃ 2
LO as:

α =
Ω

4πe2

g̃ 2
LO

(~ω̃LO)2

(
2m0ω̃LO

~

)1/2

, (3.2)

with m0 the bare effective mass. We obtain α = 1.81, which fall into the weak to intermediate

coupling regime. In this regime, the Feynman polaron model provides a good approximation

for the quasi-particle mass [184]–[186]:

mpol = m0(1+ α

6
+0.025α2 + ..). (3.3)

Here mpol is the renormalized polaron mass, and m0 is the bare quasi-particle mass extracted

from our DFT calculations. The resulting mpol = 0.24me is compared to the experimental

result in Fig. 3.13. The result, in agreement with experiment within the experimental uncer-

tainty, indicates that our model captures the main physics behind the hole quasi-particle

dressing. Within the Feynman model, it is also possible to estimate the polaron binding

energy and radius to be 34 meV and 58 Å, respectively. Thus, the polaron resulting from an

excess hole in CsPbBr3 single-crystals is large, extending over several lattice unit cells. We

note that these simple estimates of polaronic radius and binding energy could be refined by a

recently developed polaron model, capable of computing the polaron wavefunction ab initio

[187]. Interestingly, in the case of CsPbBr3 nanocrystals, signatures of hole self-trapping were

reported [188], suggesting that the electron-phonon interaction in LHPs nanostructures may

be altered [189], [190]. The adopted theoretical method can be readily generalized to multiple

coupled LO phonon modes [184], as in the case of hybrid organic-inorganic LHPs. Therefore,

we expect it to be capable of predicting the carrier effective masses in the whole family of

LHPs.

In conclusion, our work provides the first experimental reference for the momentum-resolved

electronic structure of CsPbBr3 in the orthorhombic phase. Fits of the electronic dispersion

provide an experimental value for the effective mass mexp = 0.26±0.02me , which we found to

exceed the theoretical result of m0 = 0.17me . The observed mass renormalization is ascribed

to electron-phonon interaction dominated by Pb-Br stretching modes, responsible for the

formation of large Fröhlich polarons. Ab initio electron-phonon coupling calculations are in

quantitative agreement with the experiment, demonstrating that the employed theoretical

method can correctly predict the carrier effective mass of LHPs from first principles. Our

findings provide direct experimental evidence in the electronic structure that charge carriers

in single-crystalline LHPs form large polarons and that the corresponding modification to the

microscopic scattering rates must be taken into account to explain the exceptional transport

properties of LHPs.
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Chapter 3 Valence band mapping of lead halide perovskites

3.2.3.2 Experimental methods

ARPES experimental details

The geometry of the ARPES experiment is sketched in Fig. 3.14. The XUV beam is linearly

polarized and the polarization can be continuously rotated between s-polarization (Es) and

p-polarization (Ep ). For all the data shown in the main text, the polarization was fixed in the

p-polarization, with the electric field vector Ep in the scattering plane, which is defined by

the wavevector of the incoming XUV photon and the wavevector of photoelectrons emitted

toward the center of the analyser’s slit (gray plane in Fig. 3.14). The analyser is fixed at an

angle of 45◦ from the incoming photons. The analyzer slit is orthogonal to the scattering

plane and the analyser has an angular acceptance of ±15◦. By changing the azimuthal angle α

the sample was oriented along the (ΓMs) direction. The whole surface BZ was sampled by

varying the polar angleΘ (between the surface normal and the analyzer) using a motorized

manipulator. The XUV radiation is produced by high-harmonic generation of a femtosecond

laser in Argon, followed by a monochromator tunable between 20 and 40 eV. The spot size on

the sample has a 100 µm diameter, with a flux on the order of 1010. For the scan displayed

in Fig. 3.10 and 3.11 of the article, the estimated energy resolution originating from the

finite bandwidth of the XUV source is ∆Es ≈ 200 meV at 37 eV, while the resolution of the

photoelectron analyser is approximately∆Es ≈ 150 meV. The experimental energy resolution

can be estimated as ∆Eexp ≈ 250 meV. In the case of Fig. 3.12 of the main text the energy

resolution of the photoelectron analyzer was set not to spoil significantly the light source

resolution, which was better than ≈ 150 meV at 33.5 eV.

45°

φ

CsPbBr3

Analyser slit

Ep

kph Es

ke

θ

α

Figure 3.14 – ARPES experimental geometry, the scattering plane, relative to the analyser slit
is indicated in gray. The sample is installed on a manipulator where the azimuthal angle α
and polar angle θ can be adjusted.
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3.2. Electronic structure of hybrid and fully-inorganic lead halide perovskites

Γ point evolution with photon energy and light polarization

The larger real-space unit cell of the orthorhombic phase lead to a smaller Brillouin zone,

with the appearance of back-folded bands. For the orthorhombic phase, our theoretical

calculations (detailed in Sec. 3.2.3.3 and presented in Fig. 3.21 ) predict an additional valence

band maximum (VBM) at the Γ point, which is not observed in our data.

To discard the possibility of a matrix element effect or an incorrect location in reciprocal space,

we performed polarization- and energy-resolved measurements. Selected ARPES spectra are

shown along the M−Γ−M direction in Fig. 3.15. In both s and p polarizations and also in

the second BZ, no band was resolved, which makes a strong-matrix element effect unlikely.

Furthermore the energy was varied at normal emission condition between 20 and 40 eV,

without the appearance of a VBM at theΓ point. These findings support the interpretation that

the spectral intensity transferred to the back-folded VB at the Γ point is below our detection

sensitivity, as it will be illustrated in Sec. 3.2.3.3.

Experimental determination of effective masses

The VBM fit function is illustrated in Fig. 3.16 (a): the peak is well fitted by a Gaussian function

(blue curve). A Shirley-type integral background was used (black dash-dot curve), with a

coefficient taken to match the offset in a lower-lying portion of the spectrum, free of spectral

features. The tail of the lower-lying valence band was approximated by a second Gaussian peak

at lower binding energy (cyan curve). The resulting fit function (red curve) well approximates

the energy distribution curves and allows us to extract the band dispersion in a region of ±0.2

Å−1 around the M point, as shown in Fig. 3.16 (b). A parabolic curve was fitted for increasingly

narrower regions kmax ±∆k/2 around the maximum. The corresponding effective mass,

together with the fit error (plus or minus one standard deviation), are indicated in Fig. 3.16 (c).

The fitting interval ∆k was decreased symmetrically, until the variation of the fit value was

less than 1% for two successive steps, which was chosen as condition for fit convergence.

Determination of k⊥

The finite photoelectron escape depth determines an uncertainty in the value of the electron

momentum in the direction orthogonal to the sample surface k⊥. In the case of lead halide

perovskites, the inelastic mean free path (IMFP) was estimated from the universal curve taking

into account the presence of heavy Pb and Br atoms in reference [49]. For an IMFP of 5 Å, the

FWHM width the k⊥ distribution is ≈0.1 Å−1, which corresponds to about ±20% of the M to R

distance in the reciprocal space. Under these conditions, ARPES still provides reasonable k⊥
selectivity [191].

To determine k⊥ we follow the evolution of the electronic structure at the M point as a function

of energy. The fitted VBM is shown in Fig. 3.17 (a), the corresponding theoretical dispersion is
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(a)

(b)

(c)

(d)

(e)

(f )

Eph= 33.5 eV, p Eph= 40 eV, p Eph= 40 eV, p, 2BZ

 Eph= 33.5 eV, s  Eph= 40 eV, s Eph= 33.5 eV, s, LN

Emission angle (deg.) Emission angle (deg.) Emission angle (deg.)

Emission angle (deg.) Emission angle (deg.) Emission angle (deg.)

Figure 3.15 – ARPES images across M−Γ−M direction showing the absence of photoemission
intensity developing at Γ point for different photon energies and polarization probe, for
different temperatures, and observation in the second Brillouin zone (2BZ): (a), (b) for the p
and s polarized probe, respectively, at 33.5 eV photon energy; (c), (d) same at 40 eV photon
energy for the p and s polarized probe, respectively; (e) at the Γ point in the 2BZ, with p
polarized probe; (d) at liquid nitrogen temperature (LN ≈77 K), with s polarized probe.

38



3.2. Electronic structure of hybrid and fully-inorganic lead halide perovskites

(b) (c)

-0.4

-0.3

-0.2

-0.1

0.0

E-
E VB

M
 (e

V)

-0.2 -0.1 0.0 0.1 0.2

-0.32

-0.30

-0.28

-0.26

-0.24

D
is

pe
rs

io
n 

(m
e)

0.300.250.200.15
Δk (Å-1) k|| (Å-1) 

mh

E-EVBM (eV) 

M

0.5-0.5-1.5

VBM

(a)
m=0.26me

Δk

Figure 3.16 – (a) Energy distribution curves along the M−Γ−M direction, offset vertically for
different values of k∥. The fit (red line) is illustrated for the curve at the M point: in blue and
cyan, Gaussian peaks, fitting the valence band maximum and a lower lying band, respectively.
The dash-dotted line is an integral Shirley-type background. (b) VBM position extracted from
the ARPES data. The range over which the experimental effective mass was extracted, together
with the result of the fit, are indicated. (c) Parabolic fit of the VBM in panel (b), as a function of
the interval∆k.

shown in Fig. 3.17 (b). We used a free-electron final state model:

k⊥ =

p
2me

~

√
EK cos2(θ)+V0 (3.4)

and fitted the band dispersion with a sinusoidal function E0 sin(2πk⊥(~ω)/k0 +φ), whose

periodicity k0 was fixed to match the known lattice parameter, and those phase φ was fixed

to match the theoretical energy oscillation phase. We obtain a value of V0 = 0.7±0.7 eV, from

which we obtain a value k⊥ = 0.49±0.04 Å−1 for the M point measured at a photon energy of

33.5 eV, close to a high symmetry plane (R point in the cubic phase).

The theoretical k⊥ evolution of the band dispersion at the M point is plotted in Fig. 3.18 (a)

and predicts a minimum hole effective mass ≈ 0.15me at k⊥ = 0.54 Å−1. The experimental

dispersion is plotted for three photon energies (27, 33.5 and 40 eV) in Fig. 3.18 (b): the lighter

mass observed at 33.5 eV well agrees with the free electron final state results.

X-ray diffraction characterization

Fig. 3.19 shows the powder X-ray diffraction pattern measured at room temperature (RT). It

yields the following crystal cell parameters: a=8.257 Å, b=8.2160 Å, c=11.716 Å, which confirms

the orthorhombic symmetry of the crystal, in agreement with previously reported data by

Stoupmpos et al. [4].
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Figure 3.17 – (a) Measured dispersion of the VBM at the M point as a function of the photon
energy, the cyan curve is a sinusoidal curve fitted to the data as a function of k⊥(~ω) (b)
Theoretical energy dispersion extracted at the M point in the orthorhombic phase
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Figure 3.18 – (a) Theoretical effective mass extracted from theory (PBE) as a function of k⊥ at
the M point. (b) Experimental band dispersion for three photon energies, parabolic band are
fitted to the data, following the method illustrated in the main text.
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3.2. Electronic structure of hybrid and fully-inorganic lead halide perovskites

Figure 3.19 – In black: measured powder X-ray diffraction pattern of the samples at room
temperature (RT); in red: diffraction pattern from the ICSD database.

3.2.3.3 Theoretical methods

Electronic structure calculation

All density functional theory (DFT) calculations were performed using the QUANTUM ESPRESSO

distribution [164], [165]. We performed DFT calculations for both the cubic and the orthorhom-

bic phase (corresponding to the room-temperature stable phase); the experimental crystal

structures [4] without any geometry optimization were used for all calculations (we set a = 5.87

Å for the cubic phase and we used the Crystallographic Information File (CIF) provided in

Ref. [4] for the orthorhomic one). The band-structure calculations were performed at differ-

ent level of theory, ranging from semilocal DFT using the PBE [192] approximation to the

exchange-correlation energy functional, to generalized Kohn-Sham DFT using the hybrid

functional scheme proposed by Heyd, Scuseria and Ernzerhof [166], [167] (HSE), to Green’s

function theory within the G0W0 approximation. All the calculations include the spin-orbit

coupling. The electron-ion interaction have been modeled using Optimized Norm-Conserving

Vanderbilt (ONCV) pseudopotentials [193] as developed by Schlipf and Gygi [194].

As shown in Tab. 3.1, the HSE band gap and hole effective mass show a significant dependence

on the choice of the psuedopotentials configuration (this is not the case for the PBE functional).

The inclusion of the 5s, 5p, semicore states for Pb leads to an increase of the band gap and

of the hole-effective mass. Including also the 3s, 3p and 3d semicore states for Br does not

seem to play a major role as far as these properties are concerned. We therefore adopted the

former configuration (second line in Tab. 3.1) for the hybrid-functional calculations. For this
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PBE HSE

Pb valence conf. Br valence conf. EGAP m∗[110] EGAP m∗[110]

5d 106s26p2 4s24p5 0.31 0.077 0.58 0.096

5s25p65d 106s26p2 4s24p5 0.32 0.079 0.79 0.117

5s25p65d 106s26p2 3s23p63d 104s24p5 0.32 0.079 0.80 0.117

Table 3.1 – Effect of the pseudopotential choise on the HSE band gap and hole effective masses
at the top of the valence band (R) in the cubic phase.

set of pseudopotentials, an energy cut-off of 80 Ry was used for the plane-wave expansion

of the wave-functions (320 Ry for the charge density). The Brillouin zone (BZ) was sampled

with a uniform Γ-centered mesh of 6×6×4 points ( 8×8×8 for the cubic phase). A reduced

(density-) cutoff of 80 Ry and a grid of 3×3×2 points was found to be sufficient to converge

the non-local component of the exchange energy and potential (a 4×4×4 grid was used for

the cubic structure).

To further check the reliability of the HSE functional, the quasi-particle band structure for

the cubic phase was also evaluated within the G0W0 approximation using the PBE ground

state density and wave-functions as starting point and including spin-orbit coupling as imple-

mented in the Yambo code [195], [196]. Pseudopotentials including all semi-core electrons

have been used in this case (third line in Tab. 3.1). The parameters used for the calculation are:

80 Ry plane wave cut-off for the PBE ground state calculation, 15 Ry plane wave cut-off for

the polarizability calculation, 500 bands, 1 Ry plasmon-pole energy and a 6×6×6 Γ-centered

grid for the BZ integration. A comparison between PBE, HSE and G0W0 band structure for the

cubic phase is shown in Fig. 3.20, highlighting a good agreement between the HSE and G0W0

band structure, especially close to the valence band maximum.

The effect of the orthorhombic distortion on the PBE band structure is shown in the left panel

of Fig. 3.21. Even though the distortion is not apparent from the ARPES measurements due

to a weak spectral weight transfer to the orthorhombic back-folded band (see main text and

"Band unfolding calculations"), it significantly influences the band structure and in particular

the curvature at the valence band maximum. For this reason it is important to correctly take

into account the orthorhombic distortion when a quantitative comparison to experiments is

made.

Maximally localized Wannier functions [197] were computed with the Wannier90 code [198],

[199] and used to interpolate the HSE (and the G0W0) band structure on an arbitrary k-

point mesh. Interpolated band structure have been used to evaluate the effective masses, as

described in the next section.

The contributions of electronic states of each individual chemical element of CsPbBr3: Br, Cs,

and Pb, to the total density of electronic states (DOS) were calculated and shown in Fig. 3.22.
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Figure 3.20 – Band structure of CsPbBr3 in the cubic phase, at different level of theory.

Figure 3.21 – Left panel: Effect of the orthorombic distorsion on the CsPbBr3 band structure.
Right panel: Comparison between the ab initio and Wannier-interpolated valence band
structure for the orthorhombic phase at the PBE level.
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Figure 3.22 – Total and projected density of states for valence and conduction band. The
orbital character is indicated in the legend for the three constituents Br, Pb and Cs. The
indicated maximum of the valence band, was in this case set to the onset of the DOS.
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Determination of effective mass from ab initio DFT bands

The theoretical effective masses at the top of the valence band (R point for the cubic phase, Γ

point in the orthorhombic phase) have been calculated by evaluating numerically the second

derivative of the Wannier-interpolated band structure ε(k):

[m∗]−1 =
1

~2

d 2ε(k)

dk2 . (3.5)

For the PBE functional a direct evaluation of the eigenvalues at any k point is also possible

(this is not the case for hybrid functionals and G0W0). In the right panel of Fig. 3.21 we show a

comparison between the Wannier-interpolated band structure starting from a regular grid

of 6×6×4 k-points and the ab initio PBE bands for the orthorhombic phase. We point out

here that to obtain a good interpolation of the band structure, both occupied and empty states

need to be considered in the Wannier interpolation process. This is particularly important

for the cubic phase where the band-gap is quite small. To quantitatively asses the quality of

the interpolation, a comparison between the PBE effective mass obtained from the ab initio

bands and from the interpolated ones is reported in Tab. 3.2. The values are almost identical

indicating that a 6×6×4 mesh (8×8×8 for the cubic structure) is enough for an accurate

band interpolation.

To compute the effective masses, three points have been considered in a small symmetric

interval [−∆k/2;+∆k/2] around the top of the valence band, located at a wavevector k = k0.

We approximate the numerical second derivative as:

f ′′(k0) ≈ f (k0 +∆k/2)−2 f (k0)+ f (k0 −∆k/2)

(∆k/2)2 . (3.6)

For the cubic phase we computed the effective mass along the [110] direction (ΓM direction).

For the orthorhombic phase we calculated the effective masses along the three crystallographic

directions [100], [010], [001]. The∆k is reduced until convergence in the second derivative is

achieved (typically for∆k ∼ 0.03 Å−1, see Fig. 3.23). The converged results, reported in Tab. 3.2

show that an improved description of the electronic correlation, i.e. going from PBE to hybrid

functionals or G0W0 band structure, leads to an increase of the effective masses. Moreover

for the cubic phase we notice that the HSE and G0W0 effective masses are quite similar and

differ by ∼ 14%, indicating that the HSE functional gives a reasonable description of the band

structure close to the valence band maximum.

Despite the good agreement between the orthorhombic HSE band structure and the ARPES

data (see Fig. 3.25) the HSE band gap E HSE
GAP = 1.17 is smaller than the experimental one E exp

GAP =

2.25−2.36 [4], [200]. A better agreement can be obtained increasing the amount of exact-

exchange in the hybrid scheme. We performed additional hybrid calculations admixing the

PBE functional with 25% of Fock exchange, PBE0 [201], and with 50% of Fock exchange, PBE 1
2 .
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As expected the band gap opens and the hole effective masses increase (see Tab. 3.2). However,

this is not enough to explain the experimental findings, even for an exaggerated value of 50%

of Fock exchange.

Figure 3.23 – Convergence of the PBE (right panel) and HSE (left panel) effective masses for the
orthorhombic phase with respect to the k-point sampling around theΓ point. To be consistent
with the notation used in Fig. 3.16, the ∆k on the horizontal axes refers to the symmetric
interval [−∆k/2;+∆k/2] around the Γ point used to evaluate the numerical derivative.

Electron-phonon interaction

The electron-LO phonon (longitudinal optical phonons) interaction was accounted for within

a multi-phonon Fröhlich model [168], [184], i.e. assuming parabolic electronic bands and

dispersionless LO phonons, and neglecting acoustic and TO phonons. The scattering by LO

phonons is believed to be the most relevant process for this class of materials [184], [202]. We

obtained the parameters of the model averaging the ab initio Fröhlich vertex over Nq = 1000

q vectors of length 0.001 Bohr−1 uniformly distributed around the BZ center. The Fröhlich

vertex is defined [169], [170] as

gν(q) = −i
4πe2

Ω

∑
k

√
~

2Mkωqν

q̂ ·Z∗
k ·ekν(q)

q̂ ·ε∞ · q̂
, (3.7)

where Ω is the volume of the unit cell, Mk the mass of the atom k, Z∗
k the Born effective

charge tensor, ε∞ the high-frequency dielectric tensor, and ωqν and ekν(q) the eigenvalue and

eigenvector associated with the mode qν. All the ingredients above were computed using

density functional perturbation theory as implemented in the PHONON code of QUANTUM

ESPRESSO and using the PBE [192] functional to account for exchange-correlation effects.

The dynamical matrix has been computed in reciprocal space on a coarse grid of 4×4×4
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cubic PBE HSE PBE0 PBE 1
2 G0W0

EGAP (eV) 0.32 0.79 1.38 2.61 1.05

m∗
h/me [110] 0.077 (0.076) 0.117 0.130 0.160 0.101

ortho PBE HSE PBE0 PBE 1
2 G0W0

EGAP (eV) 0.67 1.17 1.76 3.01 –

m∗
h/me [100] 0.150 (0.149) 0.174 0.178 0.192 –

m∗
h/me [010] 0.143 (0.142) 0.167 0.172 0.187 –

m∗
h/me [001] 0.126 (0.128) 0.153 0.158 0.189 –

Table 3.2 – Hole effective masses at the top of the valence band. The number in parenthesis
are the values obtained directly from the ab initio band structure (only possible for the PBE
functional).

q-points and then interpolated with standard techniques [203] and with a separate treatment

of the long-range dipole-dipole interaction [204]. The phonon dispersion relation is shown in

Fig 3.24.

In Fig. 3.13 (b) of the main text the density of polar coupling [184] defined as

d g 2(~ω)

dω
=

1

Nq

∑
qν
δ(~ω−~ωqν)|gν(q)|2, (3.8)

is shown, together with the frequency dependent dielectric function in the infrared region. The

plots highlight that there is one dominant contribution at an average energy of ~ω̃ = 18.2 meV.

The corresponding interaction strength, averaged over the Nq q-points is |g̃ |2 = 3.34×10−5

(eV/Å)2. Following Ref. [168], a dimensionless parameter αν can be defined for each relevant

mode (only one in this case):

αν =
Ω

4πe2

|g̃ν|2
(~ω̃ν)2

(
2m∗ω̃ν

~

)1/2

, (3.9)

with m∗ being the hole effective mass. Inserting the effective phonon frequency and interac-

tion strength for the unique relevant LO phonon found from the analysis above, ad using the

HSE effective mass averaged over the two crystallographic direction [100] [010] (m∗ = 0.1705),

we obtain α = 1.81, which fall into the weak to intermediate coupling regime, and a renor-

malized mass of 0.24 me . Using instead as an upper bound for the hole effective mass the

value obtained from the PBE 1
2 functional (m∗ = 0.1895) we obtain α = 1.91 and a renormalized

effective mass of 0.27 me .

Band unfolding calculations
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Figure 3.24 – PBE phonon dispersion relation of CsPbBr3 in the orthorhombic phase.

To confirm the hypothesis of a small transferred spectral weight to the back-folded valence

band at the Γ point in the orthorhombic phase, we perform calculations of band-structure

unfolding [175]. In particular, we used the QUANTUM UNFOLDING package [176], starting

from the Wannier function calculated for orthorhombic data at the HSE level. The unfolding

procedure returns a structure factor which can be factored out from the total photoemission

cross section and determines the spectral weight transfer of the orthorhombic band onto

the original cubic unit cell. We stress out that photoemission matrix elements, which are

still modulating the spectral intensity of the data, are not included in these weight factors

[175]. The results are illustrated in Fig.3.25, data along the paths Γ−M−X−Γ and M−Γ−M,

together with cubic bands calculated at the HSE level (full lines in cyan) and the orthorhombic

bands (blue markers). The spectral weight of the backfolded bands is expressed by the marker

size. The upper valence band, main subject of this study, undergoes minor back-folding upon

the lattice distortion at different symmetry points, it is however clear that the distortion affect

the band dispersion and must be taken in account for a correct mass determination. The

orthorhombic calculations provide a better overlap with the intensity of the underlying band

manifold, suggesting that the bright features at the Γ point, at an energy of ≈-2 eV might be an

indication of the orthorhombic phase.

Thermal effects

In this section we assess the influence of thermal fluctuations in the determination of the band
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Figure 3.25 – Experimental ARPES data compared along the M−Γ−M direction, HSE-DFT
calculations are reported for the cubic phase (cyan line) and the orthorhombic phase (blue
dots). The spectral weight of the orthorhombic bands is expressed by the marker size.

effective mass. Molecular dynamics simulations indicate that lattice fluctuations can modify

the average electronic properties of LHPs [179], particularly in the cubic phase, where phonon

modes are softened by incipient phase transitions [205], and in the presence of orientational

disorder of organic cations [122].

We performed additional DFT calculations at the PBE level in both the cubic and orthorhombic

phase, by displacing the atoms in the primitive cell along the q = 0 optical phonon modes. The

magnitude of the displacement along each individual mode is such that the DFT total energy

increase with respect to the original structure is of the order of kBT=25.7 meV. The distorted

structures that are considered here are just a small sample of possible configurations available

due to thermal fluctuations, however they can be used to provide a reasonable estimate of

the magnitude of the modifications induced by lattice dynamics on the electronic structure.

This is confirmed by simulations on similar inorganic LHPs [179], where electronic properties

computed with this approach are compared with ab initio molecular dynamics simulations.

We first analyse the results of lattice distortions in the cubic phase, starting from the experi-

mental lattice parameter. Distorting the cubic structure along the phonon modes results in

significant changes of the electronic properties, in particular we consider here the effective

mass at the top of the valence band along the [110] direction. For each distorted structures

we evaluate the hole effective mass in the range ±0.075 Å−1 around the VBM. The results are

plotted in Fig. 3.26 (a).
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after a displacement along the phonon mode Qn . The thick red line represents the effective
mass evaluated for the experimental structural parameters, the dashed line is the average
effective mass of the distorted structures. (b) Same as (a), for the orthorhombic phase along
the [100] and [010] directions; thick lines represent the equilibrium values whereas dashed
lines indicate the average mass of the distorted structures. (c) Comparison of the computed
masses in the distorted structures with the experimental ARPES value, plotted as a function of
phonon energy.

The mean value averaged over the 12 distorted structures (-0.147 me) is almost twice as large

as the effective mass calculated for the undistorted one (-0.077 me). This is in line with

what already reported for similar compounds. [179] and reflects the instability of the cubic

structure, which is well known to be in a distorted orthorhombic phase at room temperature,

rather than in the cubic phase. This is an indication that the average electronic properties of

LHPs can be affected by thermal fluctuations and disorder in their high-temperature cubic

phases [179], [205]. Past literature indeed shows that the cubic diffraction pattern measured

experimentally is a result of thermal averaging, and that a straight Pb-Br bond network is not a

good microscopic picture of the local bonding motif [206].

The situation is different for orthorhombic structure, which is the stable phase at room

temperature and below. In this case, the effects of the distortions are less dramatic (Fig. 3.26

(b), the average mass is -0.174 me along the [100] and -0.181 me along the [010] direction; an

average increase below 3%. The mass renormalization due to thermal distortions is compared

with to the experimental value in Fig. 3.26 (c). The maximum mass increase observed is

≈15% which is insufficient to explain the mass renormalization observed experimentally. This

method is likely overestimating the average thermal effects, by assigning an energy of kB T

completely to the potential energy of a single mode. We conclude that thermal fluctuations

have a lower impact on the orthorhombic VB dispersion, insufficient to explain the observed

ARPES quasi-particle dispersion.

Finally, we analyse the impact of thermally-induced symmetry breaking on the VBM. Both the

cubic and orthorhombic phases of CsPbBr3 belong to inversion-symmetric space groups, for
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3.2. Electronic structure of hybrid and fully-inorganic lead halide perovskites

which no bulk Rahsba-like splitting is expected in equilibrium. Thermally-induced symmetry

breaking [179] is one of the possible mechanism capable of lifting the spin-degeneracy of

the VBM currently under debate for LHPs [117], [207]. Previous studies on the surface of

hybrid organic-inorganic LHPs, have reported a giant Rashba splitting of the VB with a Rashba

parameter αR = 11 eV · Å in the cubic crystalline phase [53]. On the inorganic CsPbBr3 we

have no experimental evidence of a Rashba splitting of the valence band maximum, we

therefore can exclude a giant Rashba spin splitting effect in the present compound. In fact, in

nanocrystals of CsPbBr3, a value of 0.05 eV · Å was reported for the VB [180].

It is nonetheless important to discuss the impact of a non vanishing Rashba parameter on the

determination of the band mass. The simulated lattice distortions also induce a momentum

splitting k0 of the VB. This results into two separate VB, crossing at an energy E0 from the

VBM. The corresponding Rashba parameter αR = 2E0/k0 is plotted in Fig. 3.27 (a). The

Rashba parameters observed for the cubic phase are considerably larger than for the one

in the orthorhombic phase, where we observe a maximum Rashba parameter of ≈0.5 eV ·
Å. This is very likely an overestimate of the average thermal Rashba parameter, as shown by

comparison with ab initio molecular dynamics for similar compounds [179]. The literature

value for CsPbBr3 is indeed one order of magnitude smaller [180].
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Figure 3.27 – (a) Rahsba parameter determined for the thermal distortions in the cubic and
orthorhombic phases, as a function of the phonon mode energy. (b) Simulated spectral
function with a linewitdh of 100 meV and an experimental band dispersion of -0.26 me in the
presence of a Rashba-like splitting of 0.5 eV · Å (left) and of the literature value of 0.05 eV · Å
(right) [180]. The result of a fit using the same procedure used for the experiment is shown as
dash-dotted white line, the fitted mass value is not significantly different from -0.26 me .

ARPES measures the spectral function of the photo-hole, and a certain temperature-dependent

linewidth must be accounted for. We assume a linewidth of ≈100 meV at RT, motivated by

calculations of the electron-phonon contributions to the spectral function in similar LHPs [17].

We stress that this value neither includes electron-electron or electron-impurity contributions,

nor an unavoidable experimental broadening. In Fig. 3.27 (b) we plot a model spectral

function of a Rashba-split band with the experimental dispersion of 0.26 me and we extract
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Chapter 3 Valence band mapping of lead halide perovskites

the valence band dispersion in the range ±0.075 Å−1 around the VBM following the same

method used in the experimental data analysis (Sec. 3.2.3.2), both for the maximum Rashba

parameter calculated (0.5 eV · Å) and for the literature value (0.05 eV · Å). The modifications

to the effective mass are negligible in both cases (< 1%), therefore a possible effect of Rashba

splitting on the determination of the valence band mass can be safely excluded in the room

temperature orthorhombic phase.

3.3 Conclusions

In summary, the electronic band structures of the occupied states of a set of LHPs were

mapped at the ASTRA endstation of the Harmonium ultrafast lightsource. The single crystals

of lead tribromides, cointaining a different central cation: MA, FA, and Cs, were investigated.

Altogether, no central cation influence on the VB structure was observed in all the three com-

pounds, except for the indirect cation size and stability effects. HHG-produced XUV pulses

provided access to a large region of the electron momentum space, covering and reaching

beyond the first BZs of these materials. The partial probe energy tunability of the Harmonium

facility aided the search for optimal experimental conditions. This allowed to achieve the

highest contrast in the observation of the topmost VB in all the studied compounds. The

experimentally determined SBZs of the three compounds were found to have a square sym-

metry with the dimensions agreeing well with the BZ size calculated from XRD data on the

same or identical crystals. The VB maxima were found to be at the corners of the BZ at the M

high symmetry point, in agreement with DFT predictions. Additionally, in the case of fully-

inorganic CsPbBr3, a limited kz -dependent study of the VB was carrier out (through changing

the photon energy), which supported the claimed proximity of the experimental observation

window to the R high symmetry point of the BZ, where according to DFT calculations the bulk

bandgap is located. Particularly striking is the absence of a direct photoemission signature of

the orthorhombic crystal cell symmetry of the CsPbBr3 crystals in the band mapping, as well

as, in the supplementary temperature and polarization-dependent study. This was explained

by the weakness of the deformation potential originating the reduction of crystal symmetry in

the tethragonal and orthorhombic phases. Nevertheless, thorough band unfolding calcula-

tions showed a better overlap of the theoretical and experimental photoemission intensity

distributions when assuming a correct orthorhombic crystal phase. The high resolution data

on the fully-inorganic compound allowed to experimentally measure the effective mass of

photoholes, and, together with DFT calculations, to discern the many-body effective mass

renormalization effect. In addition, the results exclude a sizable Rashba effect at the VBM.
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4 Ultrafast charge carrier dynamics in
CsPbBr3

This chapter will showcase the capability of XUV-based TR-ARPES to study light-induced charge

carrier dynamics in energy, momentum, time and space on the example of CsPbBr3 single

crystalline semiconductor. The spatial resolution, as will be shown, originates from the extreme

surface sensitivity of the employed technique. Section 4.1 will describe in detail the varied ability

of hybrid and fully-inorganic LHPs to resist degradation under UV irradiation and under UHV

conditions. Implications for pump-probe studies will be explained. Section 4.2 will present a

fluence-dependent study of ultrafast transport of photo-injected electrons from the surface to the

bulk of the crystal, and discuss microscopic mechanisms governing charge carrier population

dynamics in high carrier density regime.

I would like to acknowledge the help provided by many people who participated in this partic-

ular project, particularly Dr. Michele Puppin and Dr. Alberto Crepaldi, who, with the help of

Dr. Gianmarco Gatti, provided a technical assistance during measurements, and who gave an

insightful and profound feedback during the data analysis and interpretation, together with

Prof. Marco Grioni and Dr. Ralph Ernstorfer. Special thanks to Prof. Marco Battiato with whom

we had interesting and thought-provoking discussions that contributed to the interpretation of

the experimental and modelling results.

4.1 Light- and vacuum-induced degradation of hybrid LHPs

Despite all the potential of LHPs in a multitude of technological applications, deriving from

outstanding optoelectronic properties, their widespread commercial use is predominantly

hindered by their inherent instability under a wide range of external factors, particularly

those typically exerted on the potential devices under normal operational conditions [163],

[208]–[210]. In a more narrow sense, the instability of LHPs can create a serious obstacle on

the path of studying their fundamental properties.

LPHs were found to be particularly susceptible to exposure to a wide spectral range of radi-

ation, heat, and even vacuum conditions [63], [211]–[215]. Because of this, photoemission
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Chapter 4 Ultrafast charge carrier dynamics in CsPbBr3

experiments on LHPs, particularly the hybrid organic-inorganic, proved to be difficult to

conduct. Fully-inorganic perovskites were found to be more instrinsically stable and more

suitable for high excitation density optoelectronic applications [29]–[31], [63].

In the following the influence of a prolonged exposure of MA-, FA- and Cs-based lead halide

tribromides to UHV conditions, and to UV-irradiation were investigated. The intensity of the

VB and of the accessible shallow core levels was monitored, and related changes were observed.

Specifically, the intensity as a function of the kinetic energy of electrons was measured at a

fixed momentum around M high symmetry point, the so-called energy distribution curves

(EDCs). The main advantage of shallow core level spectroscopy is to a certain extinct its

element-specificity: the electronic levels of different atoms are usually well separated and

have a distinctive binding energy. This allows to study structural and chemical changes related

to a particular element within a unit cell.

The photoemission spectra in Fig. 4.1 (a) and (b) were constructed by stitching together indi-

vidual spectra covering an energy window of ∼ 5 eV. The individual spectra were normalized

by intensity of the peaks located in the overlapping regions near the borders. Fig. 4.1 (a) shows

that the Pb 5d spin-orbit split doublet has a pronounced shoulder at a higher photoelectron

kinetic energy side (corresponding to a lower binding energy), particularly pronounced at

∼ 18 eV. This feature is commonly reported in literature and was assigned to reduced lead Pb0

[99], [216]–[218]. The spectrum in Fig. 4.1 (b) was acquired approximately ten hours later. The

peak intensity apparently increased in UHV conditions, indicating a segregation of lead to the

surface or alternatively/additionally an evaporation of MABr from the surface, leading to a

formation of surface defects and a change in surface stoichiometry as discussed in [49]. While

the change is definitely noticeable, the quantitative peak area analysis reveals that only ∼ 6

extra percent of the surface lead species got reduced (the ratio of Pb0 to the neighboring peak

area increased from ∼ 5% to ∼ 11%), showing that the surface segregation is a slow process in

UHV conditions without an external heat or UV irradiation.

Figure 4.2 (a) shows a photoemission spectrum of the VB and shallow core levels of FAPbBr3

single crystal collected on a freshly cleaved sample. The peak corresponding to the Pb0 species

is completely absent in the new sample. The same spectrum measured the next day shows a

small additional peak corresponding to the metallic lead as in the case of MAPbBr3. In the case

of FA-based compound, the increase of the peak area by ∼ 3% is smaller than in the MA-based

compound even after twice the amount of time in the UHV conditions. This indicates that

FAPbBr3 single crystal is also susceptible to the change in surface stoichiometry under UHV

conditions, albeit to a lesser degree than the MA-based compound, supporting the reports of

higher stability of FA- over MA-based LHPs, as discussed in Sec. 3.2.2.

Figure 4.3 (a) shows a photoemission spectrum of an additional freshly cleaved FAPbBr3 single

crystalline sample. Notably, the Pb0 peak is absent once again, showing a good reproducibility

of the sample cleave. Figure 4.3 (b) showcases the change in photoemission spectrum of

FAPbBr3 induced by a prolonged UV exposure (∼ 10 hours) in addition to UHV conditions
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(a)

(b)

Figure 4.1 – Photoemission spectra of MAPbBr3 showing valence bands and shallow core levels.
The overlapping spectra covering the energy range of ∼ 5 eV were joined into a single spectrum
by normalizing individual spectra by common peak intensities. The spectrum (b) was taken
∼ 10 hours after the spectrum (a) in otherwise the same experimental conditions, revealing an
increase in the intensity of the peak at ∼ 18 eV. The probe photon energy was 40.1 eV.
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(a)

(b)

Figure 4.2 – Photoemission spectrum of FAPbBr3 showing valence bands and shallow core
levels. The overlapping spectra covering the energy range of ∼ 5 eV were joined into a single
spectrum by normalizing individual spectra by common peak intensities. The spectrum (a)
was taken on a freshly cleaved sample, while the spectrum (b) was taken ∼ 20 hours later
in otherwise the same experimental conditions, revealing an appearence of a new peak at
∼ 18eV. The probe photon energy was 40 eV.
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(∼ 24 hours). It was exposed to an intense UV radiation overnight in order to accelerate

and exemplify UV-induced hybrid perovskite sample damage, and its potential influence on

shallow core level structure. The incident fluence was estimated at ∼ 200 µJ/cm2. In these

conditions the metallic lead peak has increased to almost half of the intensity (∼ 43%) of the

adjacent Pb 5d5/2 peak, indicating that a comparable ratio of Pb atoms was reduced. This

result showcased that UV irradiation strongly accelerates surface degradation.

Figure 4.4 shows a photograph of the FAPbBr3 sample surface after a prolonged exposure to

intense UV irradiation (at ∼ 200 µJ/cm2) as described above. Several spots in the right part

of the sample were exposed to UV light. The increase in the ratio of the metallic lead on the

surface, measured by shallow core level spectroscopy, is consistent with visual changes of the

sample surface: the illuminated areas became opaque and more reflective and changed their

color from orange-red to metallic grey.

Although typical experimental conditions are less extreme than in the presented measure-

ments, however even smaller modifications in surface stoichiometry can lead to strong

changes in measured electron dynamics, not representative of intrinsic electronic properties

of a single crystal. This surface effect is further amplified by surface sensitivity of the XUV-

based TR-ARPES. Furthermore, typical excitation fluences used in TR-ARPES are only one-two

orders of magnitude smaller, since visualization of unoccupied states is very challenging, and

the highest possible pump powers are typically used to achieve an adequate signal to noise

ratio. Adding another temporal degree of freedom consequently increases the measurement

time by an order of magnitude to capture the dynamics at several temporal delays. Adding

yet another degree of freedom in the form of excitation fluence-dependent measurements

can result in an accumulation of sample damage to an extent comparable to that of the one

described above.

Overall, due to aforementioned reasons, time-resolved photoemission measurements of

hybrid organic-inorganic LHPs single crystals remain experimentally challenging up to this

day. Fully-inorganic LHPs seem to show more promise both in terms of ability to sustain

typical experimental conditions, and in terms of an actual device application [29]–[31], [63].

4.2 Ultrafast electron population dynamics in CsPbBr3 single crys-

talline semiconductor

Advanced research of lead halide perovskite (LHP) photophysics and perovskite-inspired

material design have so far been an extremely extensive and promising bet on improving the

efficiency of modern optoelectronic devices, achievable at a fraction of price and technological

complexity as compared to those required by state-of-the-art semiconductor industry. This is

especially important in view of the necessity to perform a qualitative jump in the adoption of

photo-voltaic technologies for a sustainable coverage of the society’s energy needs.

LHPs are semiconducting materials, which have been known and praised for their outstanding
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(a)

(b)

Figure 4.3 – Photoemission spectrum of a different FAPbBr3 sample showing valence bands
and shallow core levels. The overlapping spectra covering the energy range of ∼ 5 eV were
joined into a single spectrum by normalizing individual spectra by common peak intensities.
The spectrum (a) was taken on a freshly cleaved sample, while the spectrum (b) was taken
after a prolonged exposure (∼ 10 hours) to an intense UV radiation (∼ 200 µJ/cm2) under UHV
conditions (∼ 24 hours in total), revealing an appearance and a strong increase in the intensity
of the peak at ∼ 18eV. The probe photon energy was 40 eV.
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Figure 4.4 – The resulting change in the appearance of FAPbBr3 sample surface after a pro-
longed exposure to intense UV radiation: the surface became visually opaque and changed
the color from orange-red to gray with a metallic tint.

optoelectronic properties [2]. Particularly valuable seems to be the possibility to relatively

easily fine tune these properties [219]–[223] by adjusting LHPs chemical composition and

crytalline structure. This feature makes them remarkably adaptable to a wide range of appli-

cations [3], [5], [224]. Notably, LHPs drew most of the overgrowing scientific and industrial

attention to them through successful test applications in photovoltaic devices [224], nano-

crystal light emitters [5] and radiation detectors [3], [4].

LHP are known to be strong light absorbers. For example, CsPbBr3’s absorption coefficient

[225] corresponds to an absorption depth (AD) of only ∼ 60nm. This leads to formation of

strong spatial gradients of the carrier density on a nm scale. Various transport phenomena on

such a short length scale can occur in an ultrafast sub-ps or even fs regime. These processes

are in general relevant for an operation of a multitude of devices, such as single-junction and

tandem solar cells [226]–[231], nanolasers [6], [7], [232]–[235], light emitting diodes (LEDs)

[5], [236], and photo-catalytic systems [8], [9], [237]. Therefore, considering the perspective

of their practical use, shedding some light onto the photo-excited charge carrier transport at

interfaces and in nanoscale structures is of a principal importance. The complexity of these

processes in LHPs originates from a complex and pervasive interplay of electronic and lattice

dynamics with spatial and temporal disorder and defects [238]–[240].

Comparing to hybrid organic-inorganic LHPs, which reportedly display a weaker long-term

stability under environmental conditions, the fully-inorganic CsPbBr3 semiconductor is espe-

cially suited [29]–[31] for the kinds of applications, where normal device operation is charac-

terized by high charge carrier densities, such as LEDs, lasers and solar concentrators [241],

[242]. A complex blend of photo-physical phenomena was reported in LHPs at charge carrier

densities higher than ∼ 1018 cm−3, the value at which the scientific community typically
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observes an onset of many-body processes [32], [33]. These include, but are not limited to the

hot phonon bottleneck [34], [35], [243], band filling (or phase space filling) [36], and Auger re-

combination and heating processes [37]–[39]. In the high carrier density regime the polaronic

transport picture is expected to collapse, due to a forced overlap between the wavefunctions of

individual polaron, arising from geometric considerations. This brings strong and important

consequences as, it is believed to be responsible for carrier effective mass renormalization, as

shown in Sec. 3.2.3 and in [40], [244], and potentially for the defect tolerant nature of LHPs

[28], [107], [129], [130]. Various out-of-equilibrium effects, including the ones mentioned

above, can tremendously modify transport properties and energy dynamics of photogenerated

charge carriers [245], [246]. Understanding the photophysics of this material in this intricate,

yet technologically relevant, high carrier density regime is associated with both a theoretical

and an experimental challenge, as demonstrated by a multitude of investigations related to

this topic [17], [151], [247]–[250]. Developing such an understanding would constitute an

important step towards a prediction, and could eventually develop into a capability to control

optoelectronic properties of and microscopic processes within semiconductor-based devices.

Following photo-excitation an ensemble of electron quasiparticles evolves in energy, mo-

mentum, time, and space. Optical techniques have proven to be capable of exploring energy

dynamics of photocarriers with an outstanding temporal resolution. Microscopic imaging

techniques successfully employed the spatial resolution on a nanoscale, making a valuable

breakthrough in studying lateral transport of photocarriers across surfaces of materials. The

timescales of the processes involved in charge carrier transport vary by orders of magnitude.

Ballistic processes dominate carrier dynamics on 10s of fs timescale before the onset of carrier-

carrier scattering processes [246]. And as soon as carriers randomized their velocities the

carrier density-driven thermal diffusion prevails on 100s of ps timescale [251]–[254]. Different

recombination pathways usually reveal their individual effects on ns timescales for commonly

used carrier densities, although, notably, these processes can strongly scale as a function of

carrier density and sample morphology.

Studying the timescales of 100s of fs is a particularly intricate task, which is related to a

crossover between the ballistic and the diffusive transport regimes and an overall difficulty in

modelling non-equilibrium material properties. Although ultrafast optical imaging techniques

have recently experienced significant advances, that made them capable of contributing even

more to the characterization of the lateral transport of charge carriers on LHPs surfaces [251],

[253], [255]–[257], the surface to bulk transport in these materials remains elusive up to now.

An understanding of microscopic processes driving the photocarrier transport from interfaces

towards the bulk on a fundamental level is of pivotal importance for improving the efficiencies

of devices that rely on this type of transport in their operation.

In this experiment, an ultrafast evolution of photo-injected electrons is directly observed by

time- and angle-resolved photoelectron spectroscopy (TR-ARPES) in single crystalline samples

of CsPbBr3. Surface sensitivity of the XUV-based technique, combined with fs temporal

and great momentum resolution enable selective tracking of an ultrafast evolution of the
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4.2. Ultrafast electron population dynamics in CsPbBr3 single crystalline semiconductor

CB electrons. Charge carrier spatial dynamics is theoretically modeled within the classical

diffusion theory. The investigation reveals that carrier transport under strong photo-excitation

is strongly influenced by the interaction of photo-carriers with the polar lattice distortions, as

will be shown in the following.

Photoemission spectroscopy can directly access the electronic band structure of a material.

This fundamental property predominantly defines the light-matter interaction [21]–[23], and

therefore, together with the microscopic details of electron-phonon interactions, is responsi-

ble for the majority of technologically relevant optoelectronic material properties. Employing

ARPES technique in a pump-probe configuration allows investigating the effect of optical

excitation, and the electron and hole dynamics upon light absorption. As mentioned previ-

ously in Ch. 3, the inelastic mean-free-path of a photoelectron in solids containing heavy

elements (like Pb and Br in CsPbBr3) is ∼ 5Å at 20 – 40 eV photon energies [43], which leads

to the extreme surface sensitivity [45], [46] of this technique, as shown in Fig. 4.5, where

the green shaded area marks the probed fraction of charge carriers. This property can be

exploited to extract information about the spatial distribution and evolution of charge carriers

on a sub-nm scale in the direction orthogonal to the surface (along z axis in Fig. 4.5), which

would be infeasible when using bulk-integrating techniques. The application of this unique

capability of XUV-based TR-ARPES is capitalized in this experimental work to study the CB

electron dynamics in real and reciprocal space, in time and in energy.

N

depth

Ne,h (t=0)

Nh (t>0) Ne (t>0)

∼5Å

1

Figure 4.5 – Schematic representation of the experiment. The numbered arrows correspond
to (1) carrier transport towards the bulk, (2) lateral transport across the surface, (3) surface
trapping and recombination, (4) bulk recombination, (5) bulk trapping. The green shaded
area indicates the probe collection efficiency.

Numerous processes can contribute in a non-linear fashion to the charge carrier dynamics

upon photo-excitation. Hence, it is generally difficult to discern their individual contributions

in conventional pump-probe experiments. In the case of our setup a unique combinations of
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experimental parameters turns it into a tool capable of directly addressing electron transport

from the surface region into the bulk as reflected in the schematic representation of our

experiment in Fig. 4.5. Upon light excitation, the ultraviolet (UV) pump pulse forms an

exponential distribution of photogenerated carriers inside the crystal (solid black line). The

penetration depth of the 3.2 eV pump, used in this experiment, is ∼ 60 nm [225]. The evolution

of this distribution in time is followed by the XUV probe pulses, that photoemit primary

electrons from the small probed volume, schematically shown in green. As a result, generally

speaking, any variation in the density of photoelectrons (solid blue line) in the probed volume

would be reflected in the strength of the photoemission signal. This relation ensures a direct

access to carrier population dynamics at the surface.

The Harmonium HHG laser source was used to produce ultrashort XUV pulses, that served as

a probe, in the energy range of 20 – 40 eV [59], [75]. A fraction of the fundamental IR beam was

separated and frequency doubled to produce ∼ 3.2 eV pump pulses, that were used to excite

VB electrons above the bandgap. The optical path length of the pump beam was controlled

with a mechanical delay stage to provide the temporal resolution. The intensity distribution of

the photoelectrons as a function of kinetic energy and the angle of emission was determined

by a hemispherical electron analyzer (Specs Phoibos 150).

The time resolution of the setup was characterized by following an ultrafast broadening of the

VB of WSe2 upon photoexcitation. The effect is caused by a change in hole lifetime, and has

a rise timescale of a few fs, order of magnitude faster than the expected temporal resolution

of the setup. Therefore, the FWHM of a Gaussian, in the fitting model consisting of a single

exponential decay component convoluted with the Gaussian, provides a good estimate of the

cross-correlation of the pump and the probe pulses, yielding a value of ∼ 70 fs, as shown in

Fig. 4.6 (a).

The energy resolution was predominantly limited by the tunable XUV monochromator, that

was set in the best temporal resolution mode. It was estimated from the FWHM of a multi-

Gaussian fit of an EDC. This approach is justified by the fact that the natural VB width of WSe2

is an order of magnitude smaller than the expected energy resolution, yielding a value of ∼ 300

eV, as shown in Fig. 4.6 (b).

The single crystals of CsPbBr3 were grown from a liquid solution using an inverse temperature

crystallization method [3]. All the measurements were performed at room temperature, where

according to X-ray diffraction, as shown in Sec. 3.2.3.2, the crystal cell possesses orthorhombic

symmetry, created by the deformation of high temperature cubic cell (see Fig. 3.10 (a)),

stemming from the rotation of the [PbBr]4− octahedra, surrounding the central Cs+ cation.

The single crystals were glued with a conductive silver epoxy to a sample holder, and a metallic

pin was glued on top of the crystal, according to the procedure described in Sec. 3.1. The

samples were mechanically cleaved under UHV conditions, which yielded a flat fresh surface,

free of contamination.

An introduction of a symmetry-breaking surface can result in a formation of a macroscopic

62



4.2. Ultrafast electron population dynamics in CsPbBr3 single crystalline semiconductor

(a)

(b)

Figure 4.6 – Characterization of the experimental resolution: (a) fit of the temporal trace
reflecting an ultrafast rise and decay of the signal above the VBM of WSe2 caused by VB upon
photoexcitation; (b) tri-Gaussian fit of an EDC of the VB of WSe2.
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dipole, which might consequently lead to a surface band bending (SBB) originating from a

space charge region forming beneath the surface. Upon cleavage, the surface appears to be

slightly n-doped, which manifests itself in a downward band bending [258], [259] of ∼ 300

meV, albeit this value was found to vary from sample to sample. The surface states donating

electrons could possibly originate from a metallic lead and/or a bromide deficiency at the

surface [216], [260].

Figure 4.7 shows the VB and shallow core level spectrum of CsPbBr3 acquired immediately

after sample cleave. Strikingly, there is no apparent Pb0 peak. Subsequent irradiation of this

sample by the UV pump beam for about 20 hours at ∼ 25 mJ/cm2 lead to the development of

reduced lead surface contribution of about 2% (based on the ratio of the areas of the new peak

to the neighboring Pb peak, shown in the blue inset), increasing the measured SBB amplitude

from 0.17 eV to 1.1 eV.

(a)

Figure 4.7 – Photoemission spectrum of the CsPbBr3’s VB and shallow core levels. The over-
lapping spectra covering the energy range of ∼ 5 eV were joined into a single spectrum by
normalizing individual spectra by common peak intensities. The full spectrum was acquired
on a freshly cleaved surface. The blue inset shows the development of the additional peak at
∼ 18 eV. The probe photon energy was 40.1 eV.

By illuminating the sample with a visible white light continuous wave (CW) source the SBB can

be mitigated upon photo-generation of minority charge carriers population, that subsequently

neutralizes charged surface states [261]. This effect is known as surface photo-voltage (SPV).

Less than 1 mW/cm2 of CW radiant power was sufficient to completely saturate the SPV.

Therefore, all the measurements were carried out in a flat band condition [262], which allowed

to avoid any effects built-in fields could have on the transport dynamics of photocarriers.

Additionally, the CW white light sample illumination slightly improved the apparent energy

resolution, which can be attributed to the alignment in energy of the spatially inhomogeneous

band banding regions within the probe spot.
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Figure 4.8 (a) shows an iso-energy ARPES map of the CB, measured at 2.6 eV above the VBM.

The measurement was performed at a delay of t = 100 f s after the pump excitation. The

measured angular intensity distribution is overlapped with density functional theory (DFT)

calculation for the cubic high temperature phase, as it was described before in Sec. 3.2.3.3, and

shown in Fig. 3.20. Even though ab-initio DFT predicts the CB and VB extrema to be located

at the center of the BZ in room temperature orthorhombic phase, a detailed band unfolding

calculation, shown in Fig. 3.25 revealed that upon distortion only a negligible spectral weight

transfer occurs towards the BZ center, and the bandgap extrema remain located at the corners

(M) of the SBZ, momentum regions only accessible by XUV photon energies. Figure 4.8 (a)

shows localized electron pockets at the M points of the SBZ. The momentum resolution of

ARPES at XUV photon energies is fully exploited in the following in order to track the dynamics

of electrons at the CBM.

Figure 4.8 (b) shows the dispersion of the bandgap edges, taken using 24.3 eV probe energy, at

the delay of t = 100 f s after the pump excitation. Notably, the energy-momentum dispersions

of both the VB and the CB are resolved for the first time, and the direct character of the bandgap

in directly visualized within the experimental resolution. Red and blue lines represent the

two extremes of the DFT-derived dispersion of bandgap edges as a function of momentum

component orthogonal to the surface kz . The theoretical bandgap value was matched with

the experimental one, determined from an optical absorption spectrum of the sample (2.29

eV).

Although, a determination of precise bandgap values of LHPs has proven to be a non-trivial

task, due to experimental broadening and a vanishing density of states (DOS) at the band

extrema [98], the value for CsPbBr3 determined experimentally by TR-ARPES was estimated

at ∼ 2.3 eV, as will be shown below. The value is in a good agreement with the optical data

from literature (2.21 – 2.4 eV) [4], [225], [263], [264], and with combined photoemission and

inverse photoemission studies (2.3 eV) [98], [221]. This further supports that our experiment

is sensitive to the electron dynamics at the bottom of the CB.

In order to minimize the influence of the resolution-related band broadening on the determi-

nation of the bandgap value a separate measurement with the HHG monochromator set for

an ultimate energy resolution (see Sec. 3.2.3.2) was conducted. The probe photon energy of

27.2 eV was used, as it provides a better VB contrast when compared to the 24.3 eV probe (see

Sec. 3.2 and in particular Fig. 3.5). The gap magnitude was then estimated from an EDC at

the M point, as shown in Fig. 4.9, by measuring the energy difference between the CB peak

position at few ps time delay when the majority of the carriers has cooled down to the CBM,

and the linearly extrapolated edge of the VB, yielding a value of ∼ 2.3 eV.

Theoretical calculations [16], [150] have predicted that the bandgap edges of CsPbBr3 disperse

isotropically and nearly parabolically along all three orthogonal axes of the momentum space.

This prediction was further supported experimentally through the joint photoemission and

DFT investigation described in Sec. 3.2.3. Here it is important to draw attention to the fact that
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Figure 4.8 – Electronic band structure of CsPbBr3 single crystal measured by TR-ARPES: (a)
experimental iso-energy intensity map of the CB as a function of in-plane momentum (the
part at the top right corner) overlapped with a DFT simulation; (b) dispersions of the VB and
the CB measured at the pump-probe delay of t = 100 fs (upper part of the image was multiplied
by a factor of 5 to match the colorscale) overlapped with DFT bands at kz = π/a (red) and
kz = 0 (blue). The pump photon energy used is 3.2 eV. The probe photon energy is 24.3 eV.

Figure 4.9 – The EDC at the M point of the ARPES data taken in high energy resolution mode.
The linear extrapolation fit of the VB shows its edge position. The Gaussian fit of the CB gives
the peak position. The energy bandgap is estimated as a difference of these two values. The
probe photon energy is 27.2 eV.
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the highest theoretically possible excess energy of an excited electron is equal to the difference

between the pump energy and the bandgap value, which gives ∼ 0.9 eV. According to DFT

calculations, this is not sufficient to excite electrons across higher order bandgaps into higher

energy valleys, e.g. at the bulk M high symmetry point. Therefore, the entire population of

photogenerated electrons stays exclusively in the lowest valley of the bulk BZ, close to the bulk

R point. One can then draw a conclusion that the total photoemission intensity from the CB

proportionally represents the entire population of the photo-injected electrons.

Figure 4.10 shows a typical outcome of a TR-ARPES measurement. The EDCs taken at the

M high symmetry point were additionally integrated within the range of ±0.23Å−1, and then

plotted in the top left panel against the pump-probe delay. As explained before, the integration

was performed to determine the total CB signal in order to to follow the temporal evolution

of the entire CB population. The resulting integrated EDCs were adequately fitted with a

minimal model constructed from a Gaussian peak and a parabolic background, as shown

in the top right panel of Fig. 4.10. This allows to reliably extract the Gaussian peak area and

position. The variation of the peak area as a function of time delay reflects the evolution of

the photogenerated CB electron population. At the same time, the evolution of the the peak

position corresponds to the average kinetic energy of the photoexcited CB electrons.

The total energy resolution is mainly limited by the energy resolution of the monochromator,

and the energy-momentum broadening due to the imperfection of the surface, as well as,

at high pump fluences, the pump-induced space charge effect. Altogether they lead to a

broadening of the width of the CB. Therefore, a Gaussian profile provides a good representation

of the EDC of the CB. This assumption sets the basis for choosing an analytical function used

for the fitting of the integrated EDCs as shown in the right panel of Fig. 4.10. This approach

allows to separate the background contribution, and facilitates the determination of the total

peak area and the peak position. A typical example of the former is shown in the bottom panel

of Fig. 4.10. The CB population is observed to increase abruptly upon light excitation within

the temporal resolution of the setup (∼ 70 fs). The rise of the integrated signal is followed by a

subsequent decay of the CB electron population on a ps timescale.

A complementary model-agnostic approach to extracting the aforementioned quantities

consists of two steps: 1) subtracting the ARPES images at t > t0 from the image taken at

t < t0, to visualize the difference in the photoemission signal induced by the light absorption,

and subsequently 2) integrating the signal in a fixed energy-momentum window around the

CBM. The result yields the total photoemission intensity solely from the CB, automatically

suppressing the background contribution. The "center of mass" or the first moment of this

intensity distribution in energy is a measure of the average kinetic energy of CB electrons.

Both of these approaches yield marginally equivalent results for the total area, as well as for

the peak position as shown in Fig. 4.11.

The rise and decay of the electron population in the bottom panel of Fig. 4.10 can be repro-

duced well with a model function consisting of a Heaviside step function multiplied by two
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Figure 4.10 – Time-resolved ARPES measurements: top left: temporal evolution of the inte-
grated EDC (integration range is indicated by dashed lines in Fig. 4.8 (b); top right: Gaussian
fits of the EDCs at the two pump-probe time delays marked by vertical lines on the left panel;
bottom: temporal dynamics of the electron population in the CB, fitted with a bi-exponential
fit (blue-green Gaussian shows a cross-correlation (CC) of the pump and probe pulses, with
the time-zero fixed at a half-rise of the trace).

25.5

25

24.5

24

23.5

23

22.5

E
k
in
 (

e
V

)

500040003000200010000

time delay (fs)

Figure 4.11 – Difference map of TR-ARPES signal, showing the chage of the signal upon light
absorption, as a function of time delay. The CB peak positions extracted from a Gaussian fit
are shown in black, and from the first moment of the photoelectron distribution vs energy – in
green. An exponential fit to the former dataset is shown in red. The probe energy is 27.7 eV.
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exponential decaying terms, all convoluted with a Gaussian to account for the finite tempo-

ral resolution. The necessity to include two time components points to a minimum of two

processes involved in the population decay.

Seeing as an aim a clarification of the influence that the charge carrier density has on the

observed CB dynamics, the dependence of the extracted time components as a function of

the excitation fluence in the range of 20−290±5 µJ/cm2 was investigated. The temporal

traces of the CB population and the corresponding double exponential fits (indicated by solid

lines) are shown in Fig. 4.12 (a) and (b) for the 24.3 eV and the 27.7 eV probe photon energies,

respectively.

At the same time, measurements with higher probe photon energy of 30.5 eV (not shown

here) yielded almost zero photoemission intensity from the CB. This can indicate an increased

mismatch in kz with the bulk R point, where the optical bandgap is located, albeit the kz

requirement is somewhat relaxed in this experiment due to the extreme surface sensitivity, as

discussed in Sec. 3.2.1. The photon energies from even higher order harmonics expectedly

gave zero CB signal purportedly due to even stronger mismatch in energy and momentum

with the true bandgap. Another important mechanism to significantly contribute to this effect

is a nearly exponential decrease of the Pb 6p-derived CB cross section with photon energy.

Although, it is challenging to disentangle these two contributions, one can conclude that both

of the photon energies of 24.3 eV and 27.7 eV seem to probe charge carriers close to the bulk R

point.

Firstly, based on a brief analysis of the datasets in Fig. 4.12, the maximum value of the CB

population was found to scale linearly with the absorbed pump fluence, as will be detailed

below. This indicates the dominance of the single photon absorption process over the multi-

photon possibility. Secondly, a slowdown of the electron population decay at higher pump

fluences also seems to be instantly apparent for both of the datasets.

Figure 4.13 shows the CB population at the fixed time delay of t = 150 fs, plotted as a function of

the photogenerated electron-hole pair density. The presented data was acquired throughout a

single measurement to ensure that the pump power was the only variable in the experiment.

The excitation density was calculated under the assumption of a linear absorption: one UV

photon creates exactly one electron-hole pair. The linear fit to the experimental data confirms

that the experimental fluence range is well below the onset of the two photon absorption

process.

The calculation of the electron-hole pair density injected upon UV pump absorption was

estimated according to the procedure detailed below. The following expression was derived

for the absorbed exposure:

He A =
P

A∗ f
∗ (1−R)∗ (1−e−αl ). (4.1)
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Figure 4.12 – Fluence-dependent temporal evolution of the total electron population in the
CB, fitted with a bi-exponential decay model, in which a slower time component τ2 is a global
fitting parameter: (a) acquired with 24.3 eV probe photon energy; (b) acquired with 27.7 eV
probe photon energy. The legend shows corresponding pump incident fluences for each scan.
Traces were offset by 100 arb.u. to improve the visibility.
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Figure 4.13 – Electron population in the CB of CsPbBr3 at a fixed pump-probe delay of t = 150
fs, plotted as a function of electron-hole pair density, adequately fitted with a linear model.
The probe photon energy is 27.7 eV.

The pump spot area can be calculated according to A = πD2

4 ∗ cos(θ), where D = 650µm is

the pump spot FWHM at normal incidence, and the θ ≈ 30◦ is the angle of incidence during

measurements. P is the pump power measured with the powermeter, f = 6000 Hz is the

laser’s repetition rate. The sample’s power reflection coefficient can be calculated from Fresnel

equation for TE wave:

R = r 2
T E =

[
cos(θ)−

√
n2 − si n2(θ)

cos(θ)+
√

n2 − si n2(θ)

]2

, (4.2)

where n is the complex refractive index of the CsPbBr3 single crystal measured by spectroscopic

ellipsometry [225]. The absorption coefficient α≈ 1.7 ·105 cm−1 at 400 nm was measured in

the same study. The value of l = 5Å equal to the estimated escape depth in the crystal was used

in order to estimate the carrier density in the probed volume. Dividing the absorbed exposure

He A by the pump pulse energy EUV ≈ 5.09 · 10−19 J and the probing depth l results in the

photon density per pulse per cm3. Under the aforementioned assumption that one photon

produces exactly one electron-hole pair, the resulting value is equal to the electron-hole pair

density in the probed volume. The main uncertainty of the final result stems from the inherent

pump power fluctuation.

The characteristic time of the fast decay component of the electron population is denoted

as τ1, and the slower contribution as τ2. Unlike τ2 parameter, τ1 exhibits a clear evolution

with the pump fluence. Due to the facts that 1) the timescale of τ2 is comparable to the

temporal window of observation, and 2) τ1 is weakly affected by τ2 for all the pump fluences, a

global fitting of all the experimental traces in Fig. 4.12 was performed for both of the datasets.

The τ2 was set as a global parameter within an individual dataset, while the two exponential

amplitudes, a temporal offset and the τ1 were set as local fit parameters. This resulted in
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τ2 ≈ 20 ps for both of the datasets. The temporal offset was introduced due to the fact that the

overlap of pump and probe pulses in time can undergo a slow drift of a few 10s of fs between

hours-long measurements. This effect supposedly originates from small inevitable thermal

drifts in the temperature of the laboratory throughout the day. Fixing the τ2 in a tentative

manner at 30 ps and 10 ps and re-fitting all the traces individually showed an insignificant

influence on the value of τ1: the typical change was less than 1% and the maximum change

was ∼ 4% for the highest pump fluence.

Figure 4.14 illustrates the dependence of τ1 extracted from the global fit on the electron-hole

pair density in the probed volume, ρeh . The dataset measured with the 24.3 eV probe is

marked in black, while the 27.7 eV dataset – in blue. Since the first set of measurements

has more datapoints, covers larger range of densities, and generally has a smaller vertical

errorbars, a further analysis of this data was performed in order to discover the nature of

the dependence. Smaller errorbars can be partially explained by a larger cross section of the

CB, and thus stronger signal, at the lower probe photon energy. The horizontal errorbars are

the same in both cases and represent the uncertainty of measuring the pump power with a

powermeter. The fit showed that the fast time component increases linearly with the carrier

density. The τ1 increases from 580±150 fs at ρeh = 5.6±1.5 ·1018 cm−3, to 1650±175 fs at

ρeh = 8.00±0.15 ·1019 cm−3. The datapoints from the second dataset seem to largely agree

within the error bars with the behaviour indicated by the fit. The increase does not display any

apparent saturation behavior within the range of investigated densities.
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Figure 4.14 – Fast time component τ1 of the CB electron population decay, as a function of the
electron-hole pair density in the probed volume, measured with 24.3 eV probe energy (black),
and with 27.7 eV probe (blue). Linear fit to the dataset at 24.3 eV is shown in orange.

As of now there have been two reports of a photoemission observation of an ultrafast decay of

the CB population in LHPs on a similar ps timescale. In both cases the two photon photoemis-

sion (2PPE) technique was employed. In the first study on CsPbBr3 [25] the population decay

was attributed to an ultrafast reduction of the photoemission crossection of electrons upon

formation of polaron quasiparticles – charge carriers regarded together with the surrounding
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phonon cloud, typically occurring in solids with a soft ionic lattice. Comparing to the mea-

surements in this work, a lower pump fluence was used to photogenerate the carrier density of

ρeh = 8 ·1017 cm−3, a value that is slightly below the onsets of many-body effects in LHPs [37],

[243]. In the latter study on MAPbI3 [26] single crystals a comparable to the current work’s

lowest pump fluence of 20 µJ/cm2 was used. The observed decay of the CB intensity was

ascribed to a charge segregation due to a residual surface dipole, that could form i.e. as a result

of sample cleaving, as discussed earlier. Similarly to the present work, this study revealed an

additional slower decay component of the CB signal, and attributed it to a diffusive charge

transport out of the probed volume.

The photoemission crossection reduction upon polaron formation can be dismissed as having

a significant effect in current experimental conditions. The measurements performed at low

temperature revealed a slower decay time [25] contrary to a reportedly enhanced low tempera-

ture carrier mobility. Several studies [138], [265], [266] demonstrated that the charge carrier

mobility in LHP single crystals is limited by the deformation potential scattering by acous-

tic phonons, leading to a ∼ T −3/2 dependence, as a characteristic experimental fingerprint.

Therefore, it was natural to conclude that the change in photoemission crossection is the

only remaining plausible explanation. It was based on the assumption that the dynamically

localized charge carrier dressed by a phonon cloud, would have a weaker optical transition

strength to a free electron state above the vacuum level, as compared to a bare carrier. This

explanation was further supported by the experimental finding showing that the formation of

a polaron in this material has a similar timescale as the photoemission intensity decay.

Three factors have to be considered in relation to the presumed change of polaron crossection.

First, it is important to take into account that in the present study the excitation has sufficient

fluence to photogenerate charge carrier density that overcomes a characteristic Mott density

for a polaron in this material, a phenomenological quantity reflecting the condition when

neighboring polarons are forced to overlap, and, therefore, no such quasiparticle can be

defined whatsoever. The most basic estimate of this quantity can be obtained by calculating

the density of tightly packed spheres with the radius equal to that of the polaron. In such

configuration, there is one polaron present per cubic volume with the side equal to the

diameter of the polaron. This results in the following formula:

ρpol =
1

2
· 1

(2 · rpol )3 ≈ 4 ·1017cm−3, (4.3)

where rpol = 54.85 Å is the hole polaron radius, which was determined by static ARPES band

mapping in Sec. 3.2.3. The factor of 1
2 arises because of the fact that ρpol represents, in this

case, only the density of hole polarons, whereas an absorbed UV photon would generate one

electron and one hole polaron. Second, the change of the photoemission crossection on the

observed scale would require a strong modification of the involved orbital symmetry, which

cannot be practically justified. Third, such a change should also be reflected to a comparable

degree in the photoemission signal from the VB (not shown in the original publication), due to

73



Chapter 4 Ultrafast charge carrier dynamics in CsPbBr3

the fact that both of the bandgap edges are originating from the s- and p-orbitals of the same

atoms in the network of [PbBr]4− octahedra. The experimental data of this work exhibits a

typical photoinduced depletion of the VB signal of only a few percent (not shown here) with a

fast subsequent recovery, contrary to an expected decay trend analogous to that of the CB.

Upon analysing the experimental configuration of the current work from a theoretical point

of view, the observed CB population decay can be attributed to the two following pathways:

1) carrier recombination, and 2) carrier transport out of the signal collection volume. The

latter effect is expected to be greatly amplified by the sub-nm probing depth of XUV-based

TR-ARPES. Taking into account the data analysis yielding a ps timescale for the observed

decay, the following mechanisms should be naturally distinguished as dominant: 1) Auger

recombination, and 2) ballistic and diffusive regimes of carrier transport from the surface

towards the bulk of the crystal (indicated as (1) in Fig. 4.5). While other remaining mechanisms

will be discussed below, they typically act on longer temporal scales, and can, therefore, be

regarded as less relevant in explaining the observed dynamics.

The trap-assisted non-radiative and radiative recombinations of charge carriers were charac-

terized by time-resolved photoluminescence and were found to take place on a ns timescale

[267]: 4.4 ns and 30 ns, respectively. These mechanisms are respectively illustrated as (5) and

(4) in Fig. 4.5. Another potential pathway of CB population decay, marked as (3) in Fig. 4.5, is

typically represented by the so-called surface recombination velocity, which was measured

for CsPbBr3 to be 3.7 ·103 cm · s−1 [31]. This value corresponds to a ns timescale, as well. In

current experimental settings one would expect the surface recombination to have a strongly

amplified impact, due to the extreme surface sensitivity of the XUV-based TR-ARPES. However,

due to the fact that the estimated density of surface trap states in LHP single crystals is at least

one order of magnitude lower than the experimental carrier densities [268], all of the traps are

expected to be saturated [269]. This observation precludes this mechanism from having any

fluence-dependent effects in the observed dynamics. As a tri-molecular process, the Auger

recombination is expected to be increasingly likely at higher charge carrier densities. As a

direct consequence, one would expect a faster CB population decay at higher pump fluences –

a hypothesis that directly contradicts the experimental observations and analysis of the trends

presented in Fig. 4.12 and 4.14, respectively. Accordingly, one has to conclude that the tri-

molecular recombination coefficient in LHPs should be on the lower side of the range reported

in the literature [147], [270]–[273]. Therefore, neither of the processes described above can

lead to the observed carrier density-dependent dynamics. Nonetheless, each of them needs

to be accounted for within numerical models of carrier dynamics in general. Several other

mechanisms were estimated to have a negligible effect on the observed experimental trends.

They will be briefly discussed in the following.

While there is a possibility of lateral charge transport out of the probe spot (indicated as (2) in

Fig. 4.5), its influence can be excluded on a sub-ps timescale. It is related to the fact that the

diameter of the pump spot (∼ 650µm) is much larger than that of the probe spot (∼ 100µm).

The possibility of the momentum space scattering out of the observation window was already
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discussed earlier, and is infeasible from the energy balance perspective. The excess energy

of photocarriers is not sufficient to promote electrons into higher energy valleys, hence the

cooling of hot carriers happens exclusively in the experimentally observed lowest-energy R

valley of the bulk BZ.

Based on the previous considerations, one can conclude that the fluence-dependence in

the CB population decay predominantly stems from the peculiarities of different types of

carrier transport from the sample surface into the bulk. Therefore, this perspective will be

elaborated further. The mechanism of charge segregation due to a residual surface dipole

mentioned in [26] can be disregarded for the reason that the built-in fields are neutralized

through the aforementioned CW white light illumination. Another possibility of a dynamical

electric field development is caused by the so-called photo-Dember effect [274]. In the case

of a hypothetical mismatch of electron and hole mobilities an electric field could gradually

develop, stemming from different concentration gradients of the charge carriers, as shown

in Fig. 4.5, where the blue and red curves show a development of different carrier density

profiles with time for the electrons and holes, respectively. Nonetheless, this mechanism is

expected to have little to no significance. The main arguments in support of this assumption

are the predictions by theoretical studies [17], [151] of CsPbBr3, which typically expect a small

mismatch in electron and hole mobilities. This prevents an occurence of any sizeable effect on

an ultrafast timescale. The results seem even more natural when taking into account almost

symmetrical dispersions of the CB and the VB, as revealed by the DFT calculations in Sec.

3.2.3.3.

As shown in a recent transient absorption microscopy study [256], out-of-equilibrium charge

carriers in LHPs can balistically propagate over 150 nm within 20 fs after the light excitation.

This can result in a considerable part of photocarriers leaving the probed volume within the

experimental time resolution of the current experiment. While for this reason the process

cannot be resolved, it can nevertheless reduce the initial CB population by a certain offset.

Another important consideration is that the carriers with a small projection of band velocity on

the surface normal can contribute to the charge transport even on a longer sub-ps timescale,

and, thus, be reflected in the experimentally observed dynamics. Therefore, it has to be taken

into account in some way when interpreting the experimental results, ideally in a form of an

out-of-equilibrium numerical transport modelling.

In light of all these considerations, the transport of charge carrier from the probed volume

into the bulk is expected to provide a dominant contribution both to the temporal and to the

fluence-dependent trends observed in the CB electron population dynamics.

The slowdown of the fluence-dependent CB population decay can be explained by a change in

the mean-free-path of the photocarriers. This effect can be related to a change in the electron-

phonon and carrier-carrier scattering rates as a function of the carrier density. Electron-

phonon coupling in LHPs is a complex process due to their ionic nature. In polar materials

electrons generally couple to the lattice vibrations through the Fröhlich mechanism, which
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depicts the Coulomb interaction between charges and the macroscopic field created by lon-

gitudinal optical (LO) oscillations of the lattice [155]. The phase-space filling phenomenon

was observed in LHPs through transient absorption spectroscopy [36]. This effect causes an

increased fraction of photocarriers to longer maintain the excess energy above the LO phonon

emission threshold during the carrier cooling process, effectively increasing the coupling to

LO phonons. This, in addition to an increased rate of phonon emission, consequently results

in a higher probability of electron-phonon scattering at higher carrier densities. As a result,

the mean-free-path of the photocarriers reduces, hindering the carrier transport out of the

probed volume, and explaining the carrier density-dependent slowdown of the CB population

decay.

An additional hypothetical effect that could modify electron-phonon scattering originates

from the reported light-induced lattice disorder [275]–[277]. The energy transfer from elec-

tronic to phononic degrees of freedom can alter the equilibrium atomic positions causing a

lattice deformation of surface layers. According to the spatial profile of light absorption, this

distortion would have the largest magnitude near the surface and gradually disappear in the

bulk. In such conditions photocarriers near the surface could experience a stronger scatter-

ing probability with the locally disordered lattice. This would result in disruption of charge

carrier transport out of the probed volume at higher excitation density, which would agree

with the experimental findings. Notably, a related phenomenon – energetic disorder-induced

scattering, was named to be the strongest inhibitor of the ballistic transport in LHPs [256].

Under the purely theoretical hypothesis that all of the absorbed energy of a pump pulse

transfers impulsively from electronic to lattice degrees of freedom, an absolute upper limit

of the temperature increase inside the crystal can be estimated as∆T =
Epul se

Cvol umetr i c∗ρ∗V , were

Epul se represents the fraction of the pulse energy absorbed within the sample volume V .

The sample heat capacity Cvol umetr i c = 275 J/kg/K [278] and the volumetric mass density

ρ = 4750 kg/m3 were used in the calculation. Figure 4.15 shows the resulting temperature

vs depth profile obtained from this simple model. The temperature in the probed volume

rises by a maximum of 30 K even at the highest experimental pump fluence. Although, this

is not sufficient to induce an actual structural phase transition from an orthorhombic to a

tethragonal cell symmetry, occurring at 361 K [4], nevertheless, a certain alteration of the

electron-phonon coupling in this process cannot be entirely eliminated.

At such high photoexcited carrier densities, the contribution of the direct carrier-carrier

scattering to transport properties can become significant. According to calculations, the

carrier mobility in CsPbBr3 is expected to be limited by scattering of charge carriers with LO

phonons at carrier densities below ∼ 1019 cm−3 [151]. At the same time, the investigation of a

similar MA-based lead bromide [279] reveals that the diffusion coefficient in this material starts

to decline at ∼ 3 ·1019 cm−3, as the electron-hole scattering becomes the dominant limiting

mechanism. Therefore, in addition to the ballistic contribution, the diffusive contribution to

the carrier transport is expected to vary significantly within the range of investigated carrier

densities.
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Figure 4.15 – The upper theoretical limit (corresponding to the highest experimental excitation
fluence) of pump-induced temperature increase as a function of the probing depth.

In order to gain some extra insight into the mechanisms responsible for the CB population

decay, the carrier density evolution inside the probed volume as function of pump-probe delay

was modelled. The values of thermal diffusion coefficient D = 6 cm2/s [270], surface recom-

bination velocity S = 3.7 ·103 cm/s [31], absorption coefficient β = 1.7 ·105 cm−1 [225], mono-

[267], bi- [270], and tri-molecular [271] bulk recombination coefficients γ1 ≈ 2.3 ·108 s−1,

γ2 = 2 ·10−10 cm3/s, γ3 = 3 ·10−28 cm6/s, respectively, in Eq. 4.4, were taken from the corre-

sponding references:

∂N (z, t )

∂t
= D

∂2N

∂z2 −γ1N −γ2N 2 −γ3N 3,

∂N (z, t )

∂z

∣∣∣∣
z=0

=
S

D
N (0, t ), N (∞, t ) = 0,

N (z,0) = N0 exp[−βz],

(4.4)

The differential equations were integrated following a Forward Euler scheme. The resulting

time traces were convoluted with a Gaussian to account for the finite temporal resolution of

the experimental setup in the simulation.

Figure 4.16 shows the fitted experimental traces of CB population, as solid lines, together with

the simulated traces for the corresponding pump fluence, as dashed lines of the same color.

The qualitative analysis reveals that only the theoretical curve corresponding to the highest

fluence exhibits a somewhat satisfactory agreement with the experimental fit, hinting at close

to diffusive transport regime at the highest excitation densities. The classical diffusive model

fails progressively as the carrier density (or pump fluence) is decreasing. Overall, the model

seems to underestimate the carrier population decay, which points toward a super-diffusive

transport at lower experimental carrier densities. These observation can be interpreted in
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terms of a crossover from a quasi-ballistic to a purely-diffusive transport within the employed

pump fluence range.
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Figure 4.16 – Fitted experimental traces of the CB electron population (solid lines) together
with numerically simulated traces (dashed lines) modelled according to the classical diffusion
theory.

This simple classical model accounting only for diffusive transport was tested with a range of

possible parameters reported by different literature sources. Particularly a range of reported

constant diffusion coefficients [4], [151], [171], [254], [263], [270] was tested without a signifi-

cant progress in improving the agreement between the complete experimental dataset and the

model. In summary, the classical model is insufficient to fully explain the fluence-dependent

ultrafast population decay on sub-ps timescale, especially at lower experimental excitation

densities, hinting towards the possibility of a quasi-ballistic transport in this regime. In ad-

dition, the apparent slowdown of the transport at the highest carrier densities is consistent

with the increased dominance of electron-hole scattering in this regime [279], as discussed

before. Ideally, a solution of the complete out-of-equilibrium Boltzmann transport equations

could help to elucidate the microscopic mechanisms governing charge carrier transport within

various transport regimes.

4.3 Conclusions and outlook

The hybrid organic-inorganic LHPs: MAPbBr3 and FAPbBr3 single crystals were found to be

extremely susceptible to a damage caused by both an exposure to UHV conditions and to UV

light irradiation. The quality of the surface from the chemical perspective was assessed by

taking shallow core level spectra, which was possible due to the availability of high energy

XUV probe pulses. They provide element-specific information about the electronic structure

related to a particular photoemission site. Spectral changes in the Pb 5d spin-orbit split

doublet revealed an increase of the content of reduced Pb0 on the surface after a prolonged
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storage of the crystals in UHV chamber. This change was followed by an increase in the

amplitude of surface band bending. Regardless of its amplitude, the flat band conditions could

be always restored by a continuous wave visible white light illumination. Sample excitation by

ultrashort pulses with above-bandgap energy, necessary for time-resolved studies, was found

to strongly accelerate the observed surface degradation, making such experiments infeasible.

The fully-inorganic CsPbBr3 single crystals were found to be significantly more stable under

the aforementioned experimental conditions, exhibiting only a few percent increase in the

intensity of Pb0 peak even after several days of measurements, making them a more practical

candidate for TR-ARPES studies.

A state-of-the-art experimental technique was employed to track the pump fluence-dependent

ultrafast electron population dynamics, and to discern microscopic mechanisms controlling

the nanoscale carrier transport in CsPbBr3 single crystals. The surface sensitivity, tempo-

ral resolution and momentum selectivity of XUV-based TR-ARPES together with numerical

simulations recognized the modification in the efficiency of charge carrier interaction with

the lattice, induced by many-body correlations, and an increase in the direct electron-hole

scattering under the strong light excitation, to be the main factors regulating carrier density-

dependent transport on the nanoscale. The change in electron-phonon and electron-hole

scattering rates can induce modification of the mean-free-path of charge carriers, directly

altering the transport properties on the ultrafast timescale. In addition to the fundamental

scientific interest in understanding of the non-equilibrium carrier properties in high exci-

tation density regime, the results have a major relevance for other LHPs and LHP-based

nano-optoelectronic devices in general, in particular those that rely on the ultrafast surface to

bulk transport in their operation.

Based on the reported experimental observation of a strong modification of charge carrier

transport properties of LHPs under light excitation, as a function of photon energy [245], a

further investigation of charge carrier population dynamics by TR-ARPES with a varied pump

photon energy could make a substantial contribution in understanding of this unconventional

behaviour. In addition to this, recent advances in numerical modelling of charge carrier

dynamics through out-of-equilibrium Boltzmann transport equations could further elucidate

microscopic processes influencing ultrafast nanoscale charge transport in different carrier

density regimes.
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5 Electronic band structure of Zn-
terminated ZnO single crystal surface

This chapter is concerned with the surface preparation and the electronic structure investigation

of a single crystal of a transition metal oxide ZnO. The band mapping of both the occupied

and unoccupied states was performed by means of ARPES. Section 5.1 will describe the ZnO

Zn-terminated sample preparation procedure to remove surface contamination and restore the

atomic order on the surface. The quality of the surface will be monitored in Sec. 5.2 by means of

low energy electron diffraction (LEED). Section 5.3 will provide a more detailed discussion about

the chemistry and energetics of ZnO’s surface. The VB mapping within the entire BZ will be

carried out in Sec. 5.4 by means of ARPES with a He lamp as a probe. The unoccupied electronic

states will be probed by utilizing polarization tunability of the HHG source in Sec. 5.5. Section

5.6 will summarize the experimental findings and provide an outlook of promising research

directions on ZnO.

I would like to thank Arash Estiri and Dr. Ji Dai, who contributed their time and knowledge

helping with the sample preparation, as well as Dr. Michele Puppin, Dr. Alberto Crepaldi, Dr.

Gianmarco Gatti and Prof. Marco Grioni for providing technical assistance and sharing their

expertise for this new project. Additional thanks to Prof. Steven Johnson for his comments and

suggestions for improvement of this chapter.

5.1 Sample preparation procedure

ZnO is a semiconductor with a great technological potential due to its advantageous properties,

such as high optical transmittivity, strong room-temperature luminescence, large bandgap,

large exciton binding energy (60 meV), high electron mobility, natural n-type doping, pho-

toconductivity, high electromechanical coupling coefficient, and high crystalline quality, to

name a few [280]. In order to realize its full potential in applications [281], like charge-injecting

material in light emitting diodes, transparent conducting electrodes, detectors and transparent

thin-film transistors, the fundamental properties have to be studied. These include the elec-

tronic band structure, band gap character and size, and charge carriers’ effective masses and

nature, which are predominantly responsible for the interaction of this material with light and
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electric current. Nowadays the advanced techniques, such as low energy electron diffraction

(LEED) and angle-resolved photoelectron spectroscopy (ARPES) when applied together can

give the information about both the atomic structure of the surface in real space, as well as the

momentum-dependent electronic structure in the reciprocal space. Two considerations are

important for the success of these investigations. First, only a single crystal of a semiconductor

can provide the information about the most fundamental semiconducting properties, unlike

a polycrystalline thin film, where grain boundaries and surface morphology can mask or alter

their properties. Second, due to an exceptional surface sensitivity of these techniques a great

attention must be given to the quality of the sample surface: a single atomic monolayer of a

contaminant deposited on the surface can hinder the success of the measurements. Thus, an

extensive investigation of the available surface preparation techniques is required.

The high quality single crystal, whose shape and dimensions are shown in Fig. 5.1 (a), of

ZnO with (0001)-oriented (Zn-terminated) surface was grown by hydrothermal method and

mechanically polished to the root mean square (RMS) surface roughness of < 0.03µm by

Surface Preparation Lab (Zaandam, Netherlands). During the normal transportation the

crystals are inevitably exposed to the atmosphere, which leads to the deposition of various

hydrocarbons and water present in the atmosphere on the sample surface. A variety of tech-

niques including chemical and plasma etching, Ar-ion sputtering and annealing at elevated

temperatures up to 1000 ◦C are used nowadays for surface cleaning and flattening depending

on the required surface quality and composition [282]. While simple ultrasonic bath with

organic solvents such as ethanol, acetone and deionized water allow to remove the majority of

the hydrocarbons from the surface without destroying the underlying surface, this method

might even increase the concentration of water, hydrogen and OH groups on the surface

[283]. The chemical etching by e.g. hydrochloric acid, followed by flash annealing, allows

to remove several upper atomic layers together with contamination without any complex

equipment, but since the acid attacks the crystal itself this method can also roughen the

surface microscopically [50]. The method comprised of Ar+-ion sputtering of the surface in

ultrahigh vacuum (UHV) chamber with a subsequent annealing to reconstruct the destroyed

atomic layers has been extensively used recently for the preparation of transition metal oxides,

including the ZnO itself, with a different degree of success and reproducibility in each case,

pointing to the absence of consensus on the exact technical procedure [27], [87], [284]–[289].

The ability to prepare a clean atomically flat surface of a ZnO single crystal is of paramount

importance for the investigation of its fundamental optoelectronic properties, and might pave

the way for an accelerated technological application of this material in numerous fields.

The preparation procedure that was followed in this work consists mainly of several cycles

of Ar+-ion sputtering of the surface in ultrahigh vacuum (UHV) chamber with a subsequent

high-temperature annealing. The exact parameters for the preparation were chosen based on

the extensive literature review of ZnO surface preparation for ARPES and electron microscopy

studies. In addition the dynamics of surface quality change was monitored from cycle to cycle

by means of LEED and ARPES.
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Before mounting the sample the bare Mo sample holder was annealed for 30 min in the UHV

preparation chamber at the temperature of ∼ 900◦C. Then annealed for the second time in

the same conditions with all the mounting screws and a holding ring in place, which can

be seen in Fig. 5.1 (b). This sample holder annealing at the temperature well above the one

required during the ZnO surface preparation was necessary to avoid the holder degassing

during subsequent sample annealing.

(a) (b)

Figure 5.1 – ZnO sample: (a) schematic drawing of the crystal shape and dimensions (the
cut on the top part of the crystal indicates a high symmetry direction); (b) a photograph
of the ZnO single crystal after it was mounted on the Mo sample holder and fixed with a
specifically-shaped ring and screws.

After mounting and fixing the ZnO(0001) single crystal on the holder and transferring into the

preparation chamber (see Fig. 5.1 (b)) the surface treatment was conducted for 16 cycles in

total. One preparation cycle consisted of the following steps:

• 10 min of Ar+-ion sputtering of the sample surface. The ion current was kept at ∼ 1.5µA.

The accelerating potential – at 1 kV.

• Slow heating of the crystal to ensure homogeneous heat distribution up to ∼ 650◦C

within about 45 min.

• Annealing the sample at the maximum temperature for 10 min.

• Slowly cooling down the sample within about 45 min.

• Measuring a reference diffraction pattern from the surface with the LEED instrument.

The sample temperature was monitored with a pyrometer through a glass window, and con-

trolled via a contactless heating. The maximum annealing temperature was chosen as a
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compromise value, taking into account two factors. Firstly, the RMS surface roughness seems

to increase above ∼ 600◦C [283]. Secondly, the potassium impurities present in the bulk

of the crystal, inherent to the hydro-thermal method of crystal growth, can migrate to the

surface during the annealing process. Their presence was greatly reduced when annealing

at the temperatures of at least ∼ 650◦C, as evidenced by Auger spectroscopy (see Supporting

Information in [87]). Therefore, the value of 650 ◦C was found to be in a good accord with both

of the requirements.

5.2 Surface quality verification with low energy electron diffraction

The progress of surface preparation was followed by taking a reference LEED pattern at the

end of each sputtering-annealing cycle. LEED allows to continuously verify surface properties

[85], [290] in a qualitative fashion, since the collected diffraction pattern is a direct depiction

of the reciprocal lattice of the crystal’s surface. Low energy electron energy ensures surface

sensitivity of the technique [44], so only the information from the first few atomic layers is

collected. This gives information about the symmetry and periodicity of the atomic ordering

on the surface layers.

Figure 5.2 provides examples of three LEED patterns of the ZnO(0001) surface after (a) three,

(b) seven and (c) sixteen preparation cycles. In general, the LEED patterns exhibit an improved

quality for higher number of cycles, which indicates a reduction of the density of point defects

and contaminants, as well as the geometrical ordering of the atoms.

(a) (b) (c)

Figure 5.2 – LEED images of ZnO(0001) single crystal after (a) three, (b) seven and (c) sixteen
surface preparation cycles.

After only three preparation cycles the pattern shows well-discernible peaks with a clear hexag-

onal symmetry in an excellent correspondence to the hexagonal (0001) face of a ZnO crystal.
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There is a good amount of contrast between the peaks and the background intensity. The

background, in general, corresponds to deviations from a long term order, and a consequent

out of phase diffraction from the statically or thermally disordered atoms or point defects

[291]. Uncorrelated emitters produce a homogeneous background, while a structured back-

ground hints to a certain correlation between these emitters. Both a constant and a correlated

background can be distinguished after a few preparation cycles. The first and the second

surface-projected Brillouin Zone (SBZ) of a polar ZnO surface can be seen in Fig. 5.3. The black

line shows the border of the first SBZ, with the red circles indicating high symmetry points.

The single Γ1 point, corresponding to the zeroth order diffraction from the atomic plane is

obstructed by the electron gun, while the six Γ2 points correspond to the first order diffracted

beams, forming the observed LEED peaks. The fact that some minor fraction of intensity

interferes constructively along high symmetry directions yet outside the spots corresponding

to the observed Γ2 high symmetry points of, in this case, the second SBZ, indicates a possible

presence of a weak (probably 2×2) surface reconstruction, presumably within small ordered

islands probed altogether by the LEED electron beam spot. Subsequent preparation cycles

progressively reduced the intensity of this correlated fraction of the background.

K
M

2

1

Figure 5.3 – Surface-projected Brillouin Zone for the (0001) face of ZnO. High symmetry points
are indicated in red. The black hexagon indicates the boundary of the first SBZ.

Four additional preparation cycles further improved the peak to background contrast in

Fig. 5.2 (b), with almost no intensity outside the LEED spots, except for a weak constant

background throughout the whole image. As seen in Fig. 5.2 (c), extra cycles after this point

provide no visual improvement to the LEED quality, resulting in nearly identical pattern, as

in Fig. 5.2 (b). Both of these LEED patterns can be attributed to a clean macroscopically and

geometrically unreconstructed ZnO polar surface, free of any adsorbents.

The intensity profile in Fig. 5.4 taken along the path passing through the two adjacent LEED

spots in Fig. 5.2 (a) gives an additional insight into the LEED spot structure and properties.

One can distinguish two high and narrow peaks on top of the background contribution. The

peak shape can be adequately reproduced with a Gaussian profile. The full width at half of

the maximum (FWHM) of the peak is known to represent the inverse of the dimension of
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coherently ordered islands/domains on the surface [291]. Therefore, it is of great interest to

investigate the evolution of the FWHM of the LEED peaks as a function of the preparation

cycle number.

Figure 5.4 – An example of a line profile of the LEED pattern, taken along a path passing
through two adjacent spots in Fig. 5.2 (a).

Figure 5.5 shows the FWHM of the LEED peak, obtained from a Gaussian fit, extracted from

the LEED pattern taken after each preparation cycle. The progression taken at the electron

beam energy of 46.5 eV is shown. In addition to providing a sharp image with only six peaks,

which is convenient for the subsequent analysis, this energy is close to the photoelectron

energy that will be used in the subsequent ARPES experiments, and, therefore, LEED probes

the surface structure within a similar depth of the crystal.

Figure 5.5 – The evolution of the FWHM of the LEED peak at 46.5 eV electron energy, as a
function of surface preparation cycle.

The most apparent observation is that the FWHM width progressively decreases only within

about first five preparation cycles. After this one can observe a saturation behaviour, when the

the FWHM just fluctuates around some lower value, indicating no apparent further increase

in the size of the atomically ordered islands on the surface. This agrees well with the visual

analysis of the LEED patterns showing that the highest quality is achieved starting from the
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seventh cycle, with subsequent cycles bringing no apparent improvement. Although the

sputtering can be very efficient at removing surface contaminants, and in particular hydrogen

adspecies, it can also lead to a surface roughening [50]. Therefore, it might be beneficial to

perform less than ten full preparation cycles to obtain a clean flat surface, and after this solely

perform a flash annealing of the surface before measurements to evaporate minor residuals

inside the UHV chamber without further damaging the surface by heavy Ar+-ion sputtering.

This should preserve the surface quality for as long as the sample is stored inside an UHV

chamber.

5.3 Stability of surface termination

A cleaved ZnO surface can have several different faces: polar and nonpolar. The polar surface

can be Zn- or O-terminated, like (0001) or (0001), respectively. These surfaces are energetically

unstable and need to reconstruct [288], [292] or take adsorbates to reduce their potential en-

ergy [293], [294]. The Zn-terminated face was found to adsorb -OH groups, while O-terminated

– atomic hydrogen. Nonpolar surfaces, like (1010) and (1120), have the same number of Zn

and O atoms, and are natural cleaving planes of the crystal, because the density of bonds that

have to be broken is the lowest in this case.

Scanning tunneling microscopy study shows that different faces substantially vary in their

reactivity and stability [86]. The Zn-terminated surface has atomic terraces covered with a high

density of triangular islands and pits with sizes of several angstroms. The islands and terraces

both have a mono-atomic height. This triangular reconstruction leads to the cancellation of

the surface polarity, making it more energetically stable [295]. The O-terminated surface, on

the other hand, has flat hexagonal terraces of double-layer height. The nonpolar (1010) surface

has well-defined flat rectangular terraces of mono-atomic height. All of these terminations

geometrically represent a (1×1) reconstruction.

Reports show [296] that ZnO can undergo surface metallization by creating bonds with hydro-

gen in the case of O-terminated [297], [298], Zn-terminated [50], and nonpolar [286] surfaces.

X-ray photoelectron spectroscopy of Zn-terminated surface showed [293] that the H coverage

of less than 0.8 mono-layers (ML) is not achievable, and a downward band bending, corre-

sponding to more metallic behaviour, was observed. The O-terminated surface exhibits a

wider range of respective behaviour: more than 1 ML of hydrogen leads to metallic surface,

∼ 0.4 ML – to upward band bending and semiconducting character of the surface, and ∼ 0.9

ML results in a flat band condition. A single hydrogen atom was found to donate ∼ 0.5 electron

to the surface electron structure in the case of O-terminated ZnO [299], which might explain

the observation of surface conduction layers [300].
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5.4 Valence band mapping

Zinc oxide predominantly crystallizes in a wurtzite-type structure with a polar hexagonal axis.

The primitive unit cell contains two Zn and O atoms, with each O2−-ion being tetrahedrally

surrounded by four Zn2+-ions and vice versa, as shown in Fig. 5.6. While tetrahedrally co-

ordinated wurtzite-type crystal structure typically originates from sp3-hybridized covalent

bonds [301], the ZnO’s binding character lays somewhat in-between fully-covalent Si and Ge

semiconductor and fully-ionic NaCl insulator. This significantly ionic nature of bonding leads

to almost exclusive O2− 2p character of the top of the VB (or HOMO), whereas the bottom of

the CB (or LUMO) is predominantly derived from the 4s levels of Zn2+-ions.

Figure 5.6 – Crystal cell of ZnO: Zn atoms (in grey) tetrahedrally surrounded by O atoms (in
blue). Solid black contour shows boundaries of the primitive unit cell. The drawing was
produced using VESTA visualization software [302].

The spin-orbit coupling (SOC) in the VB leads to a partial lifting of sixfold degeneracy by

splitting into a j = 3/2 fourfold and a j = 1/2 twofold bands. The j = 1/2 band shifts higher

in energy than j = 3/2 due to "negative" SOC [303]. In fact the SOC is always positive, but in

the case of ZnO, due to a small nuclear charge of O, the SOC is expected to have a very low

amplitude of only ∼ 10meV. And it is the repulsive interaction with the adjacent fully-occupied

Zn 3d levels that leads to the inverted VB ordering [301]. The crystal field of wurtzite structure

has a similar magnitude as SOC in ZnO, and further lifts the VB degeneracy into three twofold

degenerate bands. The p states of the VB are more localized, as compared to delocalized s

states in the CB, which directly manifests itself in low hole and high electron mobility [304].

The room temperature hexagonal crystal cell parameters were determined from neutron

powder diffraction data: a = 3.2501 Å, c = 5.2071 Å [305]. The space symmetry group is P63mc.

The real space wurtzite structure has a hexagonal surface-projected BZ, as was shown before

in Fig. 5.3. Some characteristic distances in the reciprocal space can be calculated as follows:
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ΓM = 2π/
p

3a ≈ 1.1161Å−1, Γ K = 4π/3a ≈ 1.2888Å−1 and KM = 2π/3a ≈ 0.6444Å−1. And in

the direction perpendicular to the surface the bulk BZ dimension is 2×Γ A = 2π/c ≈ 1.2067Å−1.

Comparing to the Harmonium laser-based XUV source a He gas discharge lamp operates in a

continuous wave (CW) mode, which eliminates the problem of space charge [62], inherent

to pulsed light sources [306]. In addition its narrow spectral linewidth ensures that the in-

strumental energy resolution is limited only by the capabilities of the electron analyzer. The

VB mapping was performed using He IIα emission line, which represents ∼ 5 % of the entire

lamp’s intensity. A grating monochromator was used to separate the probe at 40.814 eV from

other emission lines: less intense (0.5 %) He IIβ at 48.372 eV, comparably intense (5 %) He

Iβ at 23.087 eV, and the most intense (88 %) He Iα emission line at 21.2182 eV. The angle of

incidence depends on the detection angle, as seen from the experimental geometry in Fig.

3.14, and equals to 45◦ at normal detection.

The monochromatization is performed in order to suppress band replicas at different energies,

as well as to avoid unnecessary exposure of the sample surface to other spectral components

of the probe. The higher energy probe was chosen for the convenience of larger momentum

observation window: at this photon energy a single scan covers the∆k∥ range of ∼ 1.4714 Å−1,

which is more than sufficient to cover ΓM or Γ K distance in the reciprocal space, facilitating

the SBZ mapping. A differential pumping stage was employed in between the gas discharge

lamp and the photoemission chamber in order to maintain UHV conditions around the sample

during operation of the XUV source at He gas operational pressure of ∼ 8 ·10−4 mbar.

Figure 5.7 shows photoelectron intensity distribution as a function of electron momentum,

acquired at constant energies referenced to the Fermi level: -4.2 eV, -4.7 eV and -5.9 eV. The

data was collected using He IIα emission line at 40.8 eV as the probe photon energy. The SBZ

boundary and high symmetry points are marked by red dashed line and red spots, respectively.

(a) (b) (c)

Figure 5.7 – Constant energy maps of ARPES intensity from the VB of ZnO(0001) single crystal
taken at an energy indicated in each figure. The SBZ boundary and high symmetry points are
indicated in red on top of the data. The probe photon energy is 40.8 eV (He IIα line).
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The high intensity region in the center of the map in Fig. 5.7 (a) corresponds to the tip of the

E(kx ,ky ) dispersion of one of the top-laying VBs. Based on the visual analysis of Fig. 5.7 (a)

and (b), the bands surrounding the peak at Γ point possess an evident hexagonal symmetry,

and seem to converge when approaching the VBM, which hints that they might belong to the

topmost VB, losing photoemission cross section in the vicinity of the SBZ center, perhaps as a

matrix element related effect [48]. This observation will be further scrutinized in the following

paragraphs when analyzing E(k∥) VB dispersion. Figure 5.7 (c) shows six pronounced closed

contours at each of the six K high symmetry points. These loops are perfectly centered at

the corners of the SBZ, as the symmetry within the partially accessible high-order SBZ is also

preserved. The size, the orientation and the symmetry of the hexagonal SBZ calculated from

the crystal cell parameters and the analysis of the LEED patterns visually agree well with those

inferred from the experimental iso-energy ARPES data cuts at different energies, as well as

with the previously reported results [50], [307], [308].

Previously, the LEED pattern of the freshly prepared surface indicated an absence of any

surface reconstruction or surface adsorbents. The subsequent surface electronic structure

investigation by ARPES independently confirms this observation. The SBZ shows no signs of

band backfolding and size reduction, which are the manifestations of the surface symmetry

reduction. Therefore, even despite an extreme surface sensitivity of XUV-based ARPES, one

can still draw conclusions about both the surface and the bulk electronic band structure of

ZnO(0001) single crystals, and corresponding optoelectronic properties.

Figure 5.8 shows the ARPES data cut through momentum space along (a) the K−Γ−K and

(b) Γ−M high symmetry directions of the SBZ. It shows the E(kx ) and E(ky ) nearly parabolic

dispersions of the top of the VB. As expected, the topmost VB strongly disperses in energy

by more than 2 eV along the Γ−K direction and by at least 1.5 eV along Γ−M direction. The

dispersion is symmetric across the SBZ center at the Γ point, and the data agrees well with

the calculated SBZ boundaries (shown by red dashed lines). This provides further support

to the correspondence between the predicted and the measured dimensions of the SBZ. The

band quality noticeably degrades for large electron momentum values. This can be related

to the probe spot size increase at large incidence angles due to geometric considerations. A

larger spot size leads to the data being collected from a larger crystal area, which amplifies the

influence of macroscopic imperfection of the surface, gradually reducing the band quality,

especially noticeable close to grazing incidence.

Apparently, there are factors hindering a direct observation of the actual VBM, in a fashion

similar to previous reports [50], [307], [309]. This might be related to final state or matrix

element effects, as the photoelectron emission from sp orbitals can be strongly suppressed

at normal emission, particularly in the case of polarized light. Except for a small anisotropy

introduced by the monochromator, the He lamp’s emission is considered to be unpolarized.

Therefore, one would not expect any anisotropy related to O 2px and 2py orbital components

of the VB, while the out-of-plane O 2pz orbital component might be strongly suppressed at

normal emission, due to the absence of the longitudinal component of the electric field [48],
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(a) (b)

Figure 5.8 – The dispersions of the top of the VB of ZnO(0001) single crystal along (a) K−Γ−K
and (b) Γ−M high symmetry directions, collected using 40.8 eV (He IIα line) probe photon
energy. Dashed red lines indicate the boundary of the SBZ.

[50].

It is also important to mention the uncertainty in the value of kz , due to the surface sensitivity

of XUV-based ARPES. It leads to an effective integration of the ARPES signal in kz , potentially

reducing the momentum and energy resolution, as the VB is predicted to disperse along all

three momentum axes [287], [308]. For the inelastic mean free path (IMFP) of photoelectrons

of ∼ 5 Å [44] this corresponds to the standard deviation of the value of kz of ∼ 0.1 Å−1, which is

∼ 15% of the Γ A distance in the reciprocal space.

5.5 Polarization- and energy-dependent conduction band mapping

The CB mapping was performed employing Harmonium as an XUV-source to probe the states

above the band gap. This choice is driven by the capability of this source to vary the photon

energy and the polarization of HHG emission. Photon energy tuning allows to probe states

close to the bulk Γ point at ∼ 25 eV. Whereas the latter allows to investigate the matrix element

effects in photoemission from the CB to gain more insight into the symmetry of the orbitals

involved in the photoemission. Although, ZnO is a semiconductor and should normally have

unoccupied Zn 4s orbitals constituting its CB, there are numerous studies reporting natural

n-doping of ZnO surfaces [281], [301]. For the reasons behind this phenomenon, the debate is

still active in the scientific community, as discussed in Sec. 5.3. Two possibilities that are often

mentioned are the creation of O vacancies during sample annealing [65], [283], [310], or under

an intense UV irradiation [51], [311], and surface metallization by H (or OH) adsorption. Both

of these processes would donate electrons to the Zn 4s orbitals close to the surface.

Figure 5.9 shows E(ky ) dispersion of the CB as probed by ARPES at different photon energies

and polarization orientations indicated on each image. Seven photon energies between 21

ev and 40.9 eV were tested with s and p polarization with respect to the scattering plane. The
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angle of incidence at normal detection was 45◦. Only the first three photon energies: 21 eV,

24.3 eV and 27.6 eV, are shown in Fig. 5.9, since there was no CB intensity observed for any of

the higher photon energies: 31 eV, 34.1 eV, 37.5 eV, 40.9 eV.

(a) (b) (c)

(d) (e) (f)

Figure 5.9 – ARPES images of the CB of the ZnO(0001) single crystal at probe photon energy
and polarization indicated on each image.

One can clearly see that the maximum CB intensity is observed close to the bulk Γ point,

probed by ∼ 24.3 eV in this case. The neighbouring harmonics visualize a comparatively faint

CB. This energy dependence is in good agreement with the experimentally determined kz

dispersion of the CB [87]. The polarization dependence is even more striking: only by probing

at ∼ 24.3 eV one can observe a faint CB with the p polarization. The signal is practically absent

at other photon energies, which indicates a strong suppression of photoemission for this

orientation of the electric field of the laser probe.

A detailed analysis of the matrix element effect in a similar experimental configuration [48]

shows that the photoelectron angular distribution for emission involving s orbital should
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have a node at normal detection for the s-polarized light, while the suppression is instead

observed for the p-polarized light in our case. One explanation, obtained through numerical

modelling, and voiced in the ARPES study of Zn-terminated ZnO surface [50], suggests that the

hybridization of hydrogen orbitals, upon its adsorption on top of Zn, with subsurface oxygen

would result in an sp symmetry. The resulting state can then provide a contribution to the CB

electronic structure typically originating from the Zn 4s states. In addition, as observed in the

same study, the intensity of the observed electron pocket reduces after additional cycles of

sputtering and annealing, which were found to reduce the amount of H and OH ad-species,

further supporting the hydrogen-induced origin of the angular anisotropy in photoemission.

This effect might also contribute to a generally weak signal from the CB, as the sputtering and

annealing cycles were used to prepare the sample in this work.

Another argument for hydrogen adsorption comes from the photoemission cross sections of

the the H 1s and O 2p orbitals, which have nearly the same 100:1 ratio at 103.5 eV, as the CB to

VB intensity [50]. The investigation of the CB at the photon energy of 24.4 eV were a 5:1 cross

section ratio is expected [112], nonetheless yields roughly the same 100:1 ratio between the

CB and VB intensities, which although does not disprove the H involvement in the formation

of the surface electronic structure, yet hints at a more complex mechanism of the electronic

pocket visualization. Including more exotic final state diffraction effects, such as i.e. scattering

of photoelectrons by adsorbates [312].

By performing a parity analysis one can find out which orbital projections would have a

nonzero matrix element when excited with a certain vector potential [80]. In case of s-polarized

light and y axis chosen to be along the polar angle axis (see experimental geometry in Fig.

3.14), the py and dy z are the two orbital projections with nonzero emission probability for

detection along the normal to the sample surface. In our experimental geometry, we have 45◦

incidence angle at normal detection, and therefore a p-polarized light has an equal projection

of the vector potential on x and z axes, which can effectively interact with px and dxz orbital

projections for the former, and s and dz orbitals for the letter. In this situation, provided

that the orbitals forming the surface CB have a strong contribution with in-plane p orbital

symmetry, it is not impossible to have an enhanced photoemission signal for the s-polarized

light, as observed experimentally in our measurements. This is further supported by the

reported claim that the adsorbed hydrogen 1s orbital is hybridizing stronger with in-plane,

rather than out-of-plane, oxygen 2p orbitals [50].

Although the kz dispersion is expected to be relaxed due to surface sensitivity of ARPES and

the fact that the n-doping is mostly relevant for the surface layers, nevertheless the measured

energy dispersion of the CB is consistent with the reported bulk periodicity for the bands

formed by normally unoccupied Zn 4s orbitals. At the same time, the photoemission angular

distribution suggests that the hybridization with electron donating surface ad-species changes

the apparent orbital symmetry of these states. This further supports the presence of external

species or some sort of surface symmetry reorganization, which are reportedly required to

stabilize ZnO polar surfaces.
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Figure 5.10 shows the results of the complete photoemission CB mapping of the ZnO single

crystal with 24.4 eV probe. Exploiting the momentum selectivity of ARPES, the constant energy

map in Fig. 5.10 (a) was taken close to the energy center of the observed electronic pocket

and integrated within an energy window of 350 meV for better visualization. It shows a nearly

round pocket of ∆k∥ ≈ 0.3 Å−1 in diameter in agreement with previous reports [50], [87],

[285], [297]. The E(ky ) and E(kx ) dispersions of the CB are also shown in Fig. 5.10 (b) and (c),

respectively. They displays a nearly isotropic CB along the corresponding Γ−K and Γ−M

high symmetry directions.

(a) (b) (c)

Figure 5.10 – Photoemission conduction band mapping of the ZnO(0001): (a) iso-energy map
of the CBM; (b) CB dispersion along K−Γ−K direction; (c) CB dispersion along M−Γ−M
direction. The probe photon energy is 24.4 eV.

Figure 5.11 shows another image of CB dispersion taken in conditions yielding nearly a twice

better energy and momentum resolution, while trading off the signal collection efficiency, and,

therefore, requiring an order of magnitude longer measurements for a comparable number

of CB counts, as in Fig. 5.10 (a) - (c). While the CB visibly disperses in energy, attempts to

perform a fit to determine it are hindered by strong broadening even for these measurement

conditions, as compared to literature results, which report much smaller natural linewidths

and effective masses for the CB [50], [87], [285], [297].

Further attempt to reduce the broadening by improving the energy resolution and suppressing

the thermal part of the broadening through measurements performed at liquid nitrogen

temperatures, also do not yield a significant improvement. This suggests that the broadening

predominantly stems from a disorder on the surface of ZnO(0001). On one hand, this might

originate from an insufficient surface quality calling for further improvements of the surface

preparation procedure. Alternatively, the disorder might be related to the irregularity of the

adsorbents stabilizing the surface, meaning that it is a progressive process, that has to be more

precisely and actively controlled to yield a better surface arrangement.
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Figure 5.11 – High resolution ARPES image of the CB of ZnO single crystal. The probe photon
energy is 24.45 eV.

The bandgap of ZnO was measured by two-photon absorption technique to be ∼ 3.44eV [303].

The experimental bandgap can also be estimated from the ARPES data, and was found to

be close to this value at ∼ 3.4 eV, however it contains a large uncertainty related to the VBM

position, which cannot be precisely determined, due to suppression of photoemission from

this region of momentum space, as discussed in Sec. 5.4. A possibility of using larger photon

energies as a probe would allow measurements of the conduction and valence bands in higher

order BZs, as demonstrated in [50] and [87], which can alleviate the matrix element problems

and allows for a more precise bulk bandgap determination by means of photoemission.

5.6 Conclusions and outlook

In summary, the electronic band structure of the Zn-terminated polar surface of ZnO single

crystal was investigated at the ASTRA endstation of the Harmonium facility. The clean and

atomically flat surface, required for ARPES measurements, was prepared by exposing crystal

to several cycles of Ar+ ion sputtering and annealing. The surface quality was assessed after

each cycle by means of LEED visually and by tracking the reduction of the FWHM of the

LEED peaks, which showed that the optimal conditions were met after ∼ 5−7 cycles, with

no apparent improvement afterwards. Exploiting an ultimate energy resolution and space

charge free operation of the He lamp, the structure of the top of the VB was investigated

throughout the entire SBZ. The results showed an excellent agreement with the calculated

SBZ dimensions and orientation, and with previous reports. The energy and polarization

tunability of the HHG was utilized to study the CB structure. While the energy dependence of

the CB intensity showed a good agreement with the reported bulk kz dispersion of the CB, the

polarization dependence hinted that the orbitals constituting the CB at the surface with high

certainty possess a different spatial symmetry than pure Zn 4s orbitals. This trait was assigned

to the hybridization of Zn and subsurface O orbitals with adsorbed species, possibly an atomic
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hydrogen, which also explains polar surface stabilization and reported surface n-doping.

The possible directions for further research of the surface electronic structure of ZnO single

crystals include 1) improvement of the surface preparation procedure; 2) studying other sur-

face terminations; 3) investigating possible electronic effects induced by different surface

treatments and adsorbents; and 4) probing temporal dynamics upon light-induced electron

excitation. As it was shown earlier, the current surface preparation procedure leads to good

results in both LEED and ARPES, nevertheless the CB mapping hints that there is a space

for further improvement in visualization of the electronic pocket from the surface treatment

perspective. Since ZnO single crystals have several possible polar and nonpolar cleaving

planes with different electro-chemical and structural characteristics, it is, therefore, of great

interest to perform the electronic structure investigation on other surface terminations: (0001),

(1010) and (1120), and relate the findings to relevant optoelectronic and chemical properties

in the context of potential applications. The mechanism of stabilization of different (especially

polar) surface terminations is not yet fully understood, and commonly explained by surface

reconstruction in conjunction with surface adsorption of various species. The capability of

a high density two-dimensional electron gas creation at the surface of several TMOs was

reported, and can be achieved by a high intensity UV light irradiation [51], [311], or by de-

positing several monolayers of an alkali metal on the TMO surface in UHV [87], [313]. It is,

therefore, important to study the role of different adspecies and surface treatments on the

surface electronic structure, in view of the perspective of an active control of electronic and

chemical surface properties of TMOs. Since most of the technologically relevant chemical

and optoelectronic phenomena occur on the ultrafast timescale, a colossal insight in this field

can be gained by employing the time-resolved XUV-based ARPES to study various processes,

such as UV light-induced excitation energy-dependent electron injection from the VB to the

CB; electron thermalization, cooling and recombination/trapping at the bandgap edges; and

electron "re-heating" and further cooling dynamics in the n-doped CB by means of an infrared

or visible excitation. The time- and angle-resolved charge carrier dynamics in TMOs is an

ambitious, yet a feasible research opportunity with currently available experimental tools and

techniques.
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Time- and angle-resolved photoelectron spectroscopy (TR-ARPES) is a state-of-the-art tool for

studying electronic structure and charge carrier dynamics of solar materials. Nowadays, lead

halide perovskites (LHP) and transition metal oxides (TMO) have presented themselves as

highly potent building blocks for next-generation photovoltaic, light emission and photodetec-

tion devices, offering earth-abundance, low cost and facile processability, while maintaining

outstanding optoelectronic properties. These features, in addition to tunability of the desired

characteristics by elemental and structural composition adjustments have drawn an enor-

mous attention to them as being a potential replacement to conventional materials and related

technological processes in these fields. These novel solar materials are presently regarded as

able to provide a qualitative step up in the continuous challenge of modern photonics to fulfill

ever-growing energy and technological advancement needs of the society.

The unique capabilities of TR-ARPES have been able to provide a direct access to material’s

out-of-equilibrium electronic band structure in energy, momentum, time and space. This

knowledge is of fundamental importance for advancing our understanding of the most basic

prerequisites forming an efficient energy conversion process or device. An extensive combi-

nation of tools available at the ASTRA endstation of the Harmonium lightsource has met the

requirements for a comprehensive investigations of light-matter interaction in a selection of

promising solar materials.

The energy tunability of the monochromatized high harmonic generation (HHG) source in

the range of ∼20 – 40 eV allowed to achieve the best probing conditions for the observation

and mapping of the occupied states in the set of three lead tribromide single crystals. The

compounds with different organic: methylammonium (MA) and formamidinium (FA), and

inorganic (Cs) cations were studied. In addition to obtaining an ultimate valence band (VB)

contrast, the probe energy tuning allowed to fine tune the momentum observation window

close to the bulk R high symmetry point of the cubic Brillouin zone (BZ), where the optical

bandgap of the studied LHPs is located. High photon energy of the extreme ultraviolet (XUV)

ensured the accessibility to the corners of the surface-projected BZ. The capability of switching

between an ultimate temporal or energy resolution diffraction grating in the monochromator,
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depending on the requirements, secured the best experimental resolution for the static VB

mapping in all three LHPs. The ultimate data quality for the most stable fully-inorganic

CsPbBr3, with an advanced theoretical support, allowed to directly resolve a renormalization

of the effective hole mass, which was attributed to the dynamic structural response of the soft

ionic lattice of this material to external photogenerated charge carriers. These results have

provided a colossal contribution to understanding of LHP transport properties in low carrier

density regime.

The availability of XUV probe provided the capability to acquire shallow core level spectra,

from where an element-specific information about the oxidation state of surface Pb atoms was

obtained. The appearance and increase of the intensity of the additional photoemission peak,

assigned to the reduced lead, provided an indication that an exposure of a pristine hybrid

LHP surface to ultrahigh vacuum (UHV) conditions leads to a gradual sample degradation.

An irradiation by UV light was found to strongly accelerate this process. This creates an

experimental obstacle in studying these materials with TR-ARPES. At the same time, the fully-

inorganic compound was found to much better withstand the same experimental treatments,

permitting further pump-probe investigations.

The use of time-preserving monochromator with the ultrashort sub-50 fs pulses provided by

the Harmonium ensured ∼ 70 fs time with a simultaneous ∼ 300 meV energy resolution for

the momentum-selective investigation of the conduction band (CB) population dynamics

in CsPbBr3 semiconductor by TR-ARPES. This approach yielded the first experimentally

measured energy-momentum dispersion of both of the bandgap edges. The extreme surface

sensitivity of this XUV-based technique allowed to relate the observed CB signal decay to the

transport of electrons out of the probed volume on a sub-ps temporal and a nm spatial scales.

This process is extremely relevant for many LHP devices, due to their strong light absorption,

typically occurring within a sub-100 nm surface layer. Further pump fluence-dependent

measurements together with numerical simulation of classical diffusion equations pointed

towards a quasi-ballistic to diffusive transport crossover within the range of experimental

fluences. This effect was explained by an enhanced electron-phonon and electron-hole

scattering at higher carrier densities, reducing the mean-free-path of charge carriers, which

hinders the ultrafast transport from the surface towards the bulk of the crystal.

Finally, a clean and atomically flat polar surface of Zn-terminated ZnO single crystal was

prepared in UHV chamber by several cycles of Ar+ ion sputtering and subsequent annealing.

ZnO is an actively studied and technologically promising example of TMOs. The availability of

the He gas discharge lamp allowed to perform the space charge-free VB mapping of the entire

surface-projected BZ of this material, which showed a good agreement with the BZ’s predicted

dimensions and symmetry and with the available reports. In addition, the photon energy

and polarization tunability of the Harmonium were utilized to probe the CB of the slightly

n-doped surface. The results hint towards a modified spatial symmetry of the CB formed by Zn

4s orbitals with an extra contribution from hybridized orbitals deriving from adsorbed species.

This explained the polar surface stabilization and the reported natural surface n-doping.

98



Conclusions and outlook

Recent reports of a strong excess energy-dependence of charge carrier transport in LHPs invite

for a further TR-ARPES investigation of this phenomenon with a tunable pump photon energy.

This would allow to elucidate the role of the carrier energy above the respective bandgap edge

in defining its energy cooling and population decay dynamics. Further theoretical advances

in ab-initio modelling of non-equilibrium transport could greatly facilitate an interpretation

of pump-probe photoemission studies of ultrafast charge carrier transport at the nanoscale.

The various means of characterization of the quality of ZnO surface suggested a possibility of

further improvements to the existing surface preparation techniques. In addition to studying

the electronic structure of Zn-terminated polar surface, focusing on other surface terminations

could make a significant contribution to discerning the role of the atomic order in obtaining

the desired chemical and optoelectronic surface properties. This research direction can be

further broadened by involving the surface deposition capability to place various adsorbents

on the surface to study corresponding electronic structure modifications, and eventually

control them. And an ultimate TMO research advancement can be achieved by performing

excitation energy-dependent TR-ARPES measurements of the ultrafast charge carrier dynamics

at the bandgap edges of ZnO single crystals and other TMOs. This would provide a valuable

insight into microscopic details of technologically relevant ultrafast chemical and electronic

light-induced phenomena.

While the suggested research directions are without any doubt experimentally demanding

and challenging, recent advances in ultrafast table-top high photon energy laser systems and

photoelectron detection technical capabilities provide an unprecedented opportunity for

exploring light-induced charge carrier dynamics in novel solar materials with momentum-

selectivity and on an ultrafast temporal scale. The knowledge earned in this way could guide

the necessary modifications of the existing compounds, and facilitate the development of

next-generation substances, that would maintain the desired characteristics, but are not

subjected to degradation under operational conditions, which often limits a widespread

commercialization of LHPs and TMOs, as of now.
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