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Abstract
In modern ultrafast optoelectronic technologies based on wide band gap insulators, the

non-equilibrium dynamics of photogenerated charges plays a major role. Unravelling the

mechanisms of interaction between these charge carriers and their environment is crucial to

support the design of more efficient devices. Especially, the absorption of photons with more

energy than the optical band gap generates electrons-hole pairs (EHP) whose transport and

dissociation as excitons or free charge carriers is of pivotal importance for the charge separa-

tion at photovoltaic interfaces. The advent of ultrafast pump-probe optical spectroscopy in the

UV provides access to the dynamics of EHP through a variety of transient modifications of the

optical spectrum. In this Thesis, the cooling of electrons in ZnO and methylammonium lead

bromide perovskite (MAPbBr3), two broadly used direct band gap semiconductors, is tracked

as they end up and accumulate at the bottom of the conduction band. In ZnO, the cooling

time depends on the pump photon energy, of the order of ∼1 ps, which contrasts with the theo-

retically predicted cooling time of a few hundreds of femtoseconds. In MAPbBr3, a rather slow

electron cooling time of the order of ∼400 fs is measured, favorable for charge separation at

interfaces as it drives the injection of hot carriers. Additionally, the high energy carried by the

UV probe photons provides access to the photodynamics at different high symmetry points in

the Brillouin zone. Following the study of neat ZnO and MAPbBr3, these two semiconductors

have been associated to other materials to form prototypical photovoltaic assemblies such as

dye-sensitized (ZnO/N719) and solid-state lead perovskite sensitized (TiO2/MAPbBr3) inter-

faces. Upon electron injection into the transition metal oxide (ZnO or TiO2), dramatic changes

are observed in the absorption close to the optical band gap from which the timescale of

electron injection is obtained. It highlights how slight screening length and chemical potential

changes can generate large modifications in the optical properties through many-body effects.

At both interfaces, a delayed appearance of the electron at the bottom of the conduction band

is observed which may be due the electron localizing in a shallow trap. This Thesis extends

beyond the band insulators to the photodynamics of NiO, a strongly correlated charge-transfer

insulator. Excitation above the optical band gap generates a large photoinduced absorption

below the optical band gap which is characteristic of the interplay between the electronic and

the low energy bosonic excitations. The dressing of electronic excitations with bosonic modes

generates low energy excitation modes on ultrafast timescales which generate a competition

between itinerant and localized resonances with a high degree of tunability. The progress

made in resonant X-ray based time-resolved spectroscopies allows the investigation of the

degree of charge localization around specific atoms in a system. Photogenerated electron
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localization in NiO is studied by time-resolved X-ray absorption spectroscopy, causing bond

elongations and the formation of an electron-polaron in less than 100 ps. In a last part, the

linear dichroism of the steady-state X-ray absorption spectrum of anatase TiO2 at the K-edge

is studied which provides an unambiguous assignment of the pre-edge transitions as their

orbital composition is strongly anisotropic and sensitive to the crystal orientation. A complete

characterization of the spectrum is provided with the support of ab initio calculations and

analytical derivations of the angular X-ray absorption cross-section.

Keywords: Ultrafast Optical Spectroscopy, Charge-Transfer Insulator, Time-Resolved X-ray

Absorption Spectroscopy, Charge Injection, Lead Halide Perovskite



Résumé
Dans les applications optoélectroniques modernes basées sur des isolants à large bande

interdite, la dynamique hors-équilibre des charges photogénérées joue un rôle majeur. La

résolution des mécanismes d’interaction entre ces charges et leur environnement est cruciale

pour appuyer le développement de technologies plus efficaces. En particulier, l’absorption de

photons avec plus d’énergie que la bande optique interdite génère des paires electron-trou

dont le transport et la dissociation en tant qu’excitons ou porteurs de charges libres a une

importance de premier plan dans la séparation des charges aux interfaces photovoltaïques.

Les avancées dans le domaine de la spectroscopie ultrarapide pompe-sonde dans l’UV fournit

l’accès à la dynamique des paires electron-trou au travers d’une variété de modification du

spectre d’absorption optique. Dans cette Thèse, le refroidissement des électrons dans ZnO et

dans le bromure de plomb methylammonium (MAPbBr3), deux semiconducteurs directs très

largement utilisés, est observé jusqu’à ce qu’ils atteignent le bas de la bande de conduction

et s’accumulent. Dans le cas de ZnO, un temps de refroidissement qui dépend de l’énergie

du photon de pompe de l’ordre de 1 ps est mesuré qui contraste avec la prédiction théorique

qu’il devrait avoir lieu en quelques centaines de femtosecondes. Pour MAPbBr3, un temps

de refroidissement lent de l’ordre de 400 fs, favorable pour la séparation de charges aux in-

terfaces puisque c’est un paramètre qui oriente l’injection de porteurs de charges "chauds".

En outre, l’énergie élevée portée par les photons de la sonde dans l’UV donne accès à la

photodynamique à différents points de haute symmétrie dans la zone de Brillouin. Suivant

létude des semiconducteurs seuls ZnO et MAPbBr3, ces derniers ont été associés à d’autres

matériaux pour former des prototypes d’assemblages photovoltaïques comme des interfaces

sensibilisées par colorant (ZnO/N719) ou par une couche solide de perovskite au plomb

(TiO2/MAPbBr3). Sous l’effet de l’injection d’électrons dans l’oxyde de métal de transition

(ZnO ou TiO2), des changements dramatiques sont observés dans l’absorption près du seuil

optique à partir desquels l’échelle de temps de l’injection électronique est obtenue. Cela met

en lumière comment de petites modifications de la longueur caractéristique d’écrantage et du

potentiel chimique peuvent générer de larges modifications dans les propriétés optiques au

travers des effets à plusieurs corps. Aux deux interfaces, l’apparition retardée des électrons au

bas de la bande de conduction est observée, qui est possiblement due à la localisation des élec-

trons dans des défauts peu profonds. Cette Thèse dépasse le cadre des isolants de bande pour

s’intéresser à la photodynamique de NiO, un matériau fortement corrélé à transfert de charge.

L’excitation au-dessus de la bande interdite optique génère une large absorption induite

en-dessous de la bande interdite qui est caractéristique de l’intrication entre les excitations
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électroniques et bosoniques de basse énergie. L’habillage des excitations électroniques avec

les modes bosoniques génère des excitations de basse énergie sur des échelles de temps ultra-

rapides qui déclenchent une compétition entre l’itinérance et la localisation des résonances

avec un grand degré d’accordabilité. Les progrès fait dans le domaine des spectroscopies X

résonantes résolues en temps permettent l’investigation du degré de localisation des charges

autour d’atomes spécifiques d’un système. La localisation d’électrons photogénérés dans le

NiO est étudiée par spectroscopie d’absorption X résolue en temps, causant une élongation

des liaisons et la formation d’un électron-polaron en moins de 100 ps. Dans une dernière

partie, le dichroïsme linéaire du spectre d’absorption X statique de l’anatase TiO2 au seuil

K est étudié ce qui fournit une attribution fiable des transitions en-dessous du seuil du fait

que leur composition orbitalaire fortement anisotropique et sensible à l’orientation du cristal.

Une caractérisation complète du spectre est fournie avec le support de calculs ab initio et la

dérivation analytique des sections efficaces angulaires d’absorption X.

Mots clés : Spectroscopie Optique Ultrarapide, Isolant à Transfert de Charge, Spectroscopie

d’Absorption X Transitoire, Injection de Charge, Perovskite au Plomb Halogénée
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Introduction

The interaction between light and matter is one of many ways to tune material properties by

playing with the spin, lattice, orbital and/or charge degree of freedom (DOF) [18]. Especially,

photons with energies above the optical band gap of semiconductors in the range of a few

electronvolts can promote electrons and holes out-of-equilibrium by populating higher energy

bands. The relaxation of these charge carriers occurs along different radiative and non-

radiative pathways with different efficiencies depending on the topology of the band structure.

The non-radiative carrier relaxation to the band extrema relies on the coupling between the

charge and the lattice DOFs called the electron-phonon or hole-phonon coupling. In many

optoelectronic materials, the strength of this coupling is not known accurately which would

help in designing materials with better efficiencies. The deeper comprehension of the coupling

and relaxation of photogenerated charges goes hand in hand with the technological progress

in ultrafast optical laser sources which can readily deliver sub-100 fs pulses with high energy

and high shot-to-shot stability [19].

In this Thesis, ultrafast spectroscopy techniques in the Visible, the ultraviolet (UV) and the hard

X-ray spectral range are used to unravel the charge-carrier cooling, injection and localization

dynamics in a range of semiconductors with different degrees of electronic correlations.

In Chapter 1, some basic concepts of semiconductor physics are presented, which are used in

the following Chapters with a brief introduction to pump-probe spectroscopy in general. The

different type of signals one can expect are presented and their connection to the dynamics of

the photogenerated particles in the material band structure.

In Chapter 2, the electron cooling in methylammonium lead bromide perovskite (MAPbBr3)

thin film is investigated by differential transmission in the UV. The high energy of the photons

provides a selective access to the population of the conduction band (CB) where the electrons

cool down to the R-point and accumulate, which provides an accurate estimate of the cooling

time. Transient optical non-linearities triggered at different high-symmetry points in the Bril-

louin zone (BZ) are also observed which are not directly populated upon band gap excitation

but undergo many-body effects such as the screening of the exciton oscillator strength and

suppression of the Coulomb enhancement.

In Chapter 3, the charge-carrier cooling in a colloidal suspension of ZnO nanoparticles (NPs),



Acronyms

widely used in light-emitting devices [20], is investigated by transient absorption spectroscopy

in the UV. The cooling time is observed from the spectral movement of the photobleach (PB)

on the high energy side of the band edge bleach which represents the population of single

particle states away from the Γ-point by hot charge carriers. The results are compared with the

ab initio calculations by Zhukov and coworkers. We find that the experimental cooling times

are approximately 3 times longer than than the theretical prediction [7, 21]. The shape of the

PB at different excitation densities is modelled using a simple theory developed by Banyai and

Koch [22]. The incorporation of the changes in the refractive index are needed to reproduce

the transient signal in the spectral region above the optical band gap.

In Chapter 4, the electron injection at the interface between MAPbBr3 and anatase TiO2 (a-

TiO2) thin films is investigated by differential transmission in the UV from selective excitation

of the MAPbBr3 layer. The spectral signature of an exciton bleach in the a-TiO2 layer is retrieved

which is only possible under electron injection. The injection timescale is very slow with the

main time constant of the order of 1 ns. The formation of a bound state at the interface is a

possible explanation for the slow injection rate. This calls for a better design of the interface

which can screen the charges more efficiently.

In Chapter 5, the electron injection at the interface between N719 dye molecules attached

to ZnO NPs is investigated by transient absorption spectroscopy in the UV under selective

excitation of N719 at the metal-to-ligand charge-transfer (MLCT) transition. The electrons

injected into the ZnO NPs end up at the Γ-point where they bleach the direct band gap due to

phase-space filling (PSF). The injection process is slow with two time constants of 64 ps and

590 ps. The possible causes of this slow injection rate are discussed. Especially, the possibility

to form an interfacial charge-transfer complex has already been invoked. However, we discuss

that there should not be a significant injection rate difference between N719 and a-TiO2 on

one side and N719 and ZnO on the other side in this scenario while drastic differences are

observed. The involvement of surface states in the formation of the bound state is one possible

explanation for the delayed injection.

In Chapter 6, the transient optical response upon bang gap excitation of a benchmark charge-

transfer (CT) insulator, NiO, is investigated in the spectral region of its optical band by transient

reflectivity in the deep-UV. We find a significant spectral weight redistribution after excitation

with a strong photoinduced absorption (PA) below the optical gap which is not observed in

standard band insulators. This may be due to the dressing of the electronic excitation with

the underlying bosonic field which generates quasiparticles resonant below the optical band

gap. Experiments performed in differential transmission of NiO thin films show acoustic

oscillations whose amplitude is related to the antiferromagnetic ordering of the material first

increasing up to the Néel temperature and then decreasing.

In Chapter 7, the electron localization upon band gap excitation of NiO microcrystals is

investigated by time-resolved X-ray absorption spectroscopy (TRXAS) at the Ni K-edge. The

electron localization is observed through a combination of chemical shift of the band edge,

2



bond elongation observed both in the X-ray absorption near-edge structure (XANES) and in

the extended X-ray absorption fine structure (EXAFS) and bleach of a pre-edge transition. We

estimate the electron localization occurs faster than the time resolution of the experiment of

the order of 100 ps.

In Chapter 8, the linear dichroism of the X-ray absorption spectrum (XAS) spectrum of a-TiO2

at the Ti K-edge is investigated. The angular variation of the absorption cross-section largely

affects the peak A1 in the pre-edge due to the strong orbital polarization in the final of the

transition. With the support of ab initio calculations and the analytical derivation of the XAS

angular cross-section, we provide an unambiguous assignment of the pre-edge transitions

and their degree of localization or delocalization in the final state. A strong linear dichroism

is also observed in the EXAFS which is due to the p-orbital polarization. Surprisingly, peak

A2 exhibits a quadrupolar angular evolution. Its large amplitude shows that the angular

momentum selection rule of the transition relaxes when an oxygen vacancy is formed in the

vicinity of a nickel atom.

Conclusions and future directions of the topics presented in this Thesis are discussed in a last

part.





1 Basic concepts of semiconductor
physics and time-resolved spec-
troscopy
Summary

In this Chapter, we briefly introduce the concepts behind pump-probe spectroscopy and the

different signals one can expect when applied on solid materials in the vocabulary of solid state

physicists. Then, the concept of charge-carrier cooling in semiconductors is presented which

is used in Chapters 2 and 3 of this Thesis. Also presented are the nature of two encountered

quasiparticles, namely excitons and polarons.

1.1 Pump-probe spectroscopy

1.1.1 General description

Among time-resolved spectroscopy techniques, pump-probe spectroscopies are very popular

because they are often easy to implement and provide femtosecond (fs) time resolution

with nowadays available laser sources. In pump-probe, a first intense light pulse, called the

pump, is shined on the system to excite it (Figure 1.1). Then, a second less intense laser

pulse, called the probe, is shined on the system. The probe transmitted or reflected spectral

intensity is measured by a spectrograph coupled to a charge-coupled device (CCD) array

in the ultraviolet (UV)-Vis or a silicon diode in the X-ray regime. The experiment consists

in measuring the probe intensity after interaction with the sample at different time delays

between the pump and the probe alternatively with and without pump pulse. The delay can

be controlled electronically by the laser (pulse delivery) or by a mechanical translation stage

to change the optical path of the pump or the probe. The temporal overlap between the

pump and the probe at the system position is called time zero. For negative time delays, the

probe arrives first at the sample and nothing happens since there is no difference in the probe

intensity with or without a pump pulse arriving at later times. However, for positive time

delays, the pump arrives first and the probe will experience a difference between the pumped

and unpumped sample. This difference depends on the time delay between the pump and

the probe. Hence, pump-probe spectroscopy measures the excited state dynamics of a system
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Chapter 1. Basic concepts of semiconductor physics and time-resolved spectroscopy

mapping both in the spectral domain (with the spectral content of the probe) and in the time

domain with the control of the delay between the pump and the probe pulses.

t

Dispersion system

CCD array

Pump pulse

Probe pulse
Sample

Figure 1.1 – Schematic of the pump-probe experiment in transmission around the sample
position. The pump pulse is intense which brings the system out-of-equilibrium. After a
controlled delay time ∆t , a weaker polychromatic probe pulse arrives at the sample position
which will have its spectral components transmitted depending on the system excited state.
The transmitted probe pulse is dispersed and imaged into the Fourier plane by a CCD camera.
An alternative geometry to the transmission is a measurement in reflectivity adapted to bulk
solid samples.

Now, we focus on the type of signal measured in non-linear spectroscopy such as pump-probe

spectroscopy. The energy transfer between a light pulse and a system is given by the variation

of the light intensity I per unit distance d z according to,

−d I

d z
= 〈E ·

∂P

∂t
〉 (1.1)

with I the intensity of the light pulse, E its electric field and P the polarization oscillating

in the system at the same frequency as the light. In pump-probe spectroscopy, we look at

higher order terms of the polarization P which can be expanded in power laws and give birth

to interaction terms mixing the frequencies of the pump and the probe pulse. Following

equation 1.1, the signal (light intensity variation) between the probe and the sample can be

written as,

S =ℑ
∫

d tε∗S
dP

d t
(1.2)

where εS is the probe field amplitude, ℑ the imaginary part and P is a polarization oscillating

at the same frequency as the probe and including different interactions between the pump

and probe photons depending on the interaction order. At first order for instance, only εS

at frequency ωS is included in P which is the usual absorption process where the pump

photon frequency plays no role. The second order polarization proportional to the second

order rank electric susceptibility tensor χ(2), plays no role since it is zero in most samples
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1.1. Pump-probe spectroscopy

but most important is the fact that one cannot create an oscillating polarization at the probe

frequency ωs at second order. At third order, one term plays a role which relies on εS , εP and

εP which oscillates at the frequency ωS =ωS +ωP −ωP with an automatic phase-matching

kS +kP −kP = kS for the wavevectors of the pump pulse kp and the probe pulse kS . This is the

pump-probe signal which can be expressed following equation 1.2 as,

S =ωsℑ
∫

d tε∗S (t )P (3)
S (t ) (1.3)

with P (3)
S the third order polarization field. A set of Feynman diagrams are associated to

the third order polarization which show that when the pump and probe do not temporally

overlap, only population terms play a role in the expression of the transient signal [23]. This is

straightforward to interpret, the pump excites the molecule or the solid and the probe arriving

at later time measures the system state in which excited populations have evolved. However,

when the pump and probe pulses temporally overlap, there can be an interaction between the

electronic fields which can give an important contribution to the signal, called the coherence

term [24]. In practice, if the pump and the probe are spectrally non-degenerate, one can

show that the ratio between the population and coherence term is of the order of the ratio

between the pulse duration and the coherence relaxation time. This ratio is often very large

and the coherence effect is negligible. If the pump and the probe contain the same frequencies

(degenerate case), the population and coherence term have equal amplitudes at time zero

which means that the signal measured close to time zero does not reflect the dynamics of the

system, it is called the coherent artifact.

In most cases, equation 1.3 does not give an analytical formula. However, in the situation

where the probe pulse is a gaussian in time and the population term decays exponentially, the

convolution product gives an analytical formula involving the error function, a gaussian and

an exponential decay. The width of the gaussian is called the instrument response function

(IRF) and represents the convolution product of pump and probe temporal envelopes without

resonant interaction in the sample. It can be measured separately from the pump-probe

experiment by measuring the transient optical response of a medium with the same thickness

and similar refractive index as the sample. For liquid systems, this can be a measurement

of the pure solvent while for thin films, a piece of substrate of the same thickness as for the

sample of interest can be used. The separate measurement of the IRF is useful to disentangle

the actual signal coming from the system close to time zero from the response due to the

non-resonant modulation of the system optical properties.

1.1.2 Type of signals

A typical pump-probe signal of a band semiconductor after above band gap excitation can

contain three types of contributions as sketched in the transient transmission signal in Figure

1.2. The absorption spectrum is shown with a dotted line which has a sharp rise at the

optical band gap reaching a local maximum at the exciton resonance if any (vide infra).
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E (eV)

-    T/T
0

Transient spectrum

Ground state spectrum

PA

PA

PB

Figure 1.2 – Schematic of a transient spectrum measured in differential transmission (−∆T /T0)
at the optical band edge of a semiconductor after above band gap excitation. The ground state
spectrum is shown with dots. The transient exhibits three regions with two photoinduced
absorption (PA) above and below the band gap while a photobleach (PB) appears at the exciton
line.

The photobleach (PB) close to the absorption maximum at the optical gap corresponds to

an induced transparency. This is the consequence of a filling of the states involved in the

formation of the exciton which decreases the absorption coefficient. In the language of solid-

state physics, the expression phase-space filling (PSF) is often used to describe the filling of the

single particle states involved in an optical transition which leads to its blocking (bleaching).

It is a consequence of the Pauli exclusion principle which cannot put two electrons with

the same spin at the same energy position and crystal momentum in reciprocal space. In

contrast, the photoinduced absorption (PA) on both sides of the PB (red and blue parts)

correspond to an increase of the absorption coefficient. In the context of a semiconductor

transient optical response, these two PAs have different origins. The red PA is due to the

renormalization of the band gap which generates empty states below the band gap on ultrafast

timescales. These states can be transiently populated before the cooling of the charge carrier

is completed [25]. It is thus an increased absorption of the light at the corresponding probe

photon energy due to the formation of new states. The blue PA does not correspond to the

formation of new states but is usually due to the increase of the semiconductor refractive

index [26, 27]. Since the quantity measured is a transient transmission, any increase in the

sample reflectivity will translate into a decreased transmission which can be misleadingly

interpreted as a PA of photogenerated charges in the excited state. Finally, not shown in Figure

1.2 is the possibility that the electromagnetic radiation can stimulate an emission from the
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1.2. Charge carrier cooling in band semiconductors

excited state. Stimulated emission is observed as an induced transparency with the same sign

as a PB. It occurs efficiently in some semiconductors which have large Einstein B21 coefficients

[28]. Stimulated emission and PB are usually close in energy at the optical absorption edge of

the semiconductor and not easily disentangled [29].

In band insulators or semiconductors such as MAPbBr3, TiO2 or ZnO, a description of the

optical transition in terms of electron and hole excitation between single particle states at a

given crystal momentum in the band diagram is preferred. In this context, stimulated emission,

PB and PA can be represented as vertical arrows in the band diagram of the solid. The probe

photons connect different points in the band diagram from which the transient population

with photogenerated charges can be monitored by transient absorption spectroscopy (TAS).

The probe photon is more sensitive to crystal momenta with high density of states (DOS)

which usually occur at high symmetry points of the Brillouin zone (BZ) (the so-called Van

Hove singularities [30]). An example of the sensitivity of TAS to different high symmetry points

is given in chapter 2 where high energy probe photons in the deep-UV have been used to

access higher order interband transitions and high symmetry points away from the band gap

minimum in reciprocal space.

1.2 Charge carrier cooling in band semiconductors

The illumination of a semiconductor with photons carrying more energy than the single

particle band gap results in the generation of a large non-equilibrium carrier density with

elevated temperatures as high as a few thousand of degrees [31]. The dynamics of transient

populations affect the optical properties of the system in different manners which can be

investigated by pump-probe spectroscopy with femtosecond time resolution.

Following the optical excitation, electrons and holes undergo a spatial (ballistic and diffusive)

and temporal evolution with characteristic times which depend on the various relaxation

pathways [32]. Initially, the pump photon energy is entirely transferred to carriers with specific

momentum states depending on the energy difference between the bands matching the

photon energy (Figure 1.3). The initial rise in the electron (hole) temperature depends on the

excess energy which is the difference between the absorbed pump photon energy and the

band gap Eg . As the system evolves towards equilibrium, there is a momentum and energy

relaxation which depends on the topology of the band structure. Momentum relaxation or

randomization occurs on a few femtoseconds timescale via elastic and inelastic scattering

with the consequence that the average particle momentum becomes zero in isotropic bands

[33]. On the same timescale, the carrier-carrier scattering of the electrons (holes) results in

thermalization and the charges energy can be described by a Fermi-Dirac (FD) distribution

with average temperature Te (Th). Because the hole effective mass is often larger than the

electron [34], electrons carry more of the excess energy and the electron temperature is larger

than the hole. Electron-hole scattering eventually brings the two distributions into thermal

equilibrium to set a common carrier temperature (Te = Th).

9



Chapter 1. Basic concepts of semiconductor physics and time-resolved spectroscopy
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Figure 1.3 – Schematic of the cooling of electrons and holes in the valence band (VB) and
conduction band (CB) of a band insulator or semiconductor.

Energy relaxation occurs primarily via the emission of optical phonons. All optical phonons

generated eventually decay into two or more lower energy phonons (longitudinal acoustic

(LA)+LA, LA+longitudinal optical (LO), etc. . . ) via multiphonon processes associated with

lattice anharmonicity. The time necessary for the phonons to reach an equilibrium distribution

associated to a lattice temperature varies from ∼10 ps at cryogenic temperatures to ∼4 ps or

less at room temperature [35]. Because the phonon equilibration can be longer than the

carrier-optical phonon cooling time, large non-equilibrium optical phonon populations can

be generated during the carrier energy relaxation called hot phonons [36, 37]. This is especially

important in lead halide perovskites in which this effect called the "hot phonon bottleneck"

can slow down significantly the carrier cooling time due to the reabsorption of phonons

[38, 39].
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1.2. Charge carrier cooling in band semiconductors

On a timescale greater than 100 ps (depending on the carrier density), electron-hole recombi-

nation occurs according to a second order kinetic law or at high carrier densities via three-body

Auger processes following a third order law. Other recombination processes can take place

on even longer timescales1 and therefore are considered negligible in the femtosecond to

picosecond regime investigated in most of this Thesis.

Because the excitation beam is focused on a narrow region of the sample surface, one has

also to consider the spatial behavior of the various microscopic processes in addition to the

temporal aspect of the laser pulse excitation which are related to the diffusive and ballistic

transport of the carriers [35]. Most of the charge carriers are generated in a small region close

to the sample surface which is especially important for experiments performed on single

crystals such as NiO in Chapter 6. This leads to carrier diffusion which is one mechanism for

the excited system to go back to equilibrium. The diffusion of electrons and holes can differ

significantly, leading to a dominant charge in one spatial region at the sample surface. The

initial rise in temperature of the charge carriers leads to a large increase in diffusion coefficient

which causes the carriers to move away from the interaction region. As the carriers lose their

excess kinetic energy and the system returns to equilibrium, the diffusion coefficient also

returns to its ambient value. In most semiconductors, this diffusion coefficient enhancement

lasts the time it takes for the carrier to lose their excess kinetic which corresponds to the

carrier-phonon cooling time in a few picoseconds.

Laser pulses contain a large number of photons generating very dense electronic excitations.

For such high densities, the carriers cannot be considered as behaving independently and

many body effects are often not negligible [40]. Some of these effects are exciton screening

[41, 42, 43] (see section 1.3) and band gap renormalization (BGR) [44] encountered in this

Thesis. The latter is related to the normalization of the particles self-energies as the exchange

and correlation terms are modified by the changes in the Coulomb potential upon excitation

(which includes a screening length factor in solids2) [46].

The cooling of the charge carriers to their equilibrium state can be readily monitored by

TAS. The transient absorption signal depends proportionally on the occupation number of

electrons and holes at a given probe photon energy and crystal momentum3. In the process

of charge carrier relaxation, the thermalization of the charge carriers has to be distinguished

from the cooling of the charge carriers [47]. While the former is related to carrier-carrier

scattering processes setting up a thermalized carrier temperature on a few femtoseconds

timescale, the latter exchanges energy between the carriers and the lattice degrees of freedom

which allows the relaxation to the band edges. In the context of this Thesis, the IRF of our

1This includes the oxidation of the solvent molecules at photovoltaic interfaces studied in this Thesis which is
relevant in applied systems.

2See for instance the work by Yukawa to include the corrections due to the excited carrier density to the Coulomb
potential in solids [45].

3The absorption coefficient α at probe photon energy E for an excited density of electron-hole pairs n is related
to the ground state absorption coefficient α0 by α(E ,n) =α0(E )[ fV (EC ,n)− fC (EV ,n)] with fV , fC the VB and CB
FD distributions, and EV , EC the energy of the VB and CB extrema [25]. This expression is averaged over all crystal
momenta.
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Chapter 1. Basic concepts of semiconductor physics and time-resolved spectroscopy

setups is of the order of 100 fs which is longer than the thermalization time. The consequence

is that the probed charge distribution is already thermalized which for low excitation densities

populates the band edges at the time zero of the experiment. Hence, the cooling of the charge

carriers in the following will only refer to the electron-phonon coupling mechanism due to the

the insensitivity of our experimental techniques to thermalization. While the photogenerated

electrons and holes cool down to their band extrema, they occupy single particle states in

momentum space which are resonant with optical frequencies contained in the probe pulse.

In that case, the probe pulse has a decreased probability of absorption after the excitation

with the pump pulse which gives a negative signal in TAS corresponding to a PB. This effect is

illustrated in Figure 1.3 in which, while the electron and hole cool down, optical transitions

which are lower and lower in energy (colored arrows) are blocked by the particle occupation.

This translates into a PB which is spectrally moving to lower photon energies (see Chapter

3, Figure 3.8). An alternative way to look at this process is to observe the rise of the PB at

the band edge. The slower the carrier-phonon cooling process, the longer it takes for the

PB to reach its maximum amplitude. This is illustrated in Figure 1.4 for PbSe quantum dots

(QDs), a semiconductor with a band gap of ∼0.9 eV in which an increase in pump photon

energy leads to slower cooling time and thus longer rise time for the bleach at the optical

band edge [1]. The effect is enhanced in the example given in Figure 1.4 because the bands

are partially discretized in QDs, slowing down the cooling even more when the pump photon

energy increases. Note that other effects can slow down the cooling time of charge carriers

such as polaron formation [48] of intervalley scattering [49].

As just explained, after the charge carriers have cooled down to the band extrema, a PB

peaked at the optical band gap is observed. Its amplitude is related to the excited densities

of electrons and holes. Since the hole effective mass is usually an order of magnitude larger

than the electron (m∗
h/m∗

e ∼ 6 in CdSe [50]) and the VB degeneracy is usually more than the

CB, there is a large difference between the hole and electron density at the band edges [51].

The consequence is that the photogenerated holes occupy single particle states which extend

to larger crystal momenta than the electrons. Since the amplitude of the PB at the band edge

is proportional to the density of electrons and holes in a narrow range of momenta around the

band extrema, the asymmetric band dispersion contains a larger density of electrons causing

the PB to be more sensitive to the photogenerated electrons than holes [52]. This has been

experimentally observed in CdSe [53, 54]. However, in the semiconductors investigated in this

Thesis such as ZnO and MAPbBr3, the electron and hole effective masses are of the same order

of magnitude or almost equal in MAPbBr3 [55]. This implies that the contribution of holes to

the transient signal cannot be neglected and that the observed cooling is due to an interplay

of electron and hole dynamics.

For a more detailed description of the charge-carrier cooling in semiconductors, a few review

papers provide a detailed formalism [27, 56] and examples investigated by pump-probe

spectroscopy [1, 33, 57].
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1.3. Excitons in solids

Figure 1.4 – Evolution of the carrier cooling at the optical band edge of PbSe under different
pump photon energies at 1.15 eV (blue), 1.55 eV (orange), 2.07 eV (yellow) and 3.35 eV (purple).
The larger the pump photon energy, the slower the cooling due to the larger number of electron-
phonon scattering processes required for the electron to cool down in the CB. Reproduced
from [1] (Figure under Creative Common License).

1.3 Excitons in solids

The Coulomb interaction between the photogenerated electron and hole can form bound

states called excitons. They are resonant below the energy gap of the semiconductor. As the net

charge of the electron-hole pair is zero, excitons do not contribute to the electric conduction

but can be excited by electromagnetic fields and contribute to the optical absorption of a

system.

In an isotropic semiconductor, the electron-hole interaction is described in a similar way as for

the hydrogen atom. The Coulomb interaction is screened by the static background dielectric

constant εω→0 = εr ε0 of the semiconductor. Both the hole and the electron can be represented

by spherical wavefunctions and the energy of the bound state follows a geometric progression

given by,

En = Eg − e4µ

2ħ2ε2
ω→0n2

(1.4)

where n = 1,2,3, . . . is the exciton principal quantum number and µ the reduced electron-hole

effective mass µ−1 = m∗−1
e +m∗−1

h . The spatial extension of the exciton in the ground state

(n = 1) can be estimated by similarity with the hydrogen atom problem and is called the
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exciton Bohr radius as,

aB = εω→0ħ2

e2µ
(1.5)

For small band gap semiconductors, the static dielectric constant εω→0 is correspondingly

large and the spatial extension of the exciton is large going beyond several unit cells. This is

the Wannier exciton limit [58] with a low binding energy (typically a few meV) possibly ionized

at room temperature [59]. In wide band gap semiconductors or insulators, the dielectric

constant is smaller and the exciton remains confined within a unit cell with a large binding

energy which corresponds to the Frenkel exciton limit [60]. It is common in alkali halides

systems [61]. Extrinsic effects can significantly increase the exciton binding energy such as

the spatial confinement of the electron and hole wavefunctions so that they are "forced" to

interact. This is typically the case in quantum dots [1], nanorods [62], quantum wells [63] or

monolayers [64] which exhibit robust excitons at room temperature.

Equation 1.4 describes the energy of an exciton at rest. The motion of the electron-hole pair

can be decomposed into the relative motion around the centre of mass and the motion of the

centre of mass itself. The latter is equivalent to a free particle with a total mass m∗
e +m∗

h and

in the effective mass approximation has a translation motion with kinetic energy following,

Eki n = ħ2K2

2(m∗
e +m∗

h)
= ħ2(ke +kh)2

2(m∗
e +m∗

h)
(1.6)

This parabolic dispersion is similar to the free charge dispersion with a larger mass. The

excitonic progression forms sharp lines in the absorption spectrum below the band gap of

semiconductors at low temperature [65]. As the temperature increases, the progression gets

broader and is usually not resolved at room temperature for low band gap semiconductors.

The sensitivity of the excitons to the Coulomb field in the semiconductor provides a high

degree of tunability of these optical resonances [41]. Exciton screening refers to the process

where increasing carrier concentration makes the resonant exciton absorption broader and

eventually disappears because the screening length becomes comparable to the exciton Bohr

radius. In that latter case, the electron-hole interaction is fully screened and a bound state

cannot be formed which means that the charge carriers after excitation only exist as free

charge carriers (Mott transition) [66].

The transient optical properties of the excitons have been investigated in detail by Chemla and

coworkers in GaAs quantum wells [2]. In Figure 1.5, the ground state absorption spectrum (red

curve) shows two prominent absorption lines corresponding to excitons formed at the heavy-

hole (peak at 1.46 eV) and light-hole (1.47 eV) VBs. Upon continuous laser irradiation with

photon energy above the band gap, a strong damping of the exciton lines is observed together

with an increased absorption below the band gap (blue curve) as a result of the broadening

of the exciton lines and a slight energy shift of the spectrum to the red (BGR). The difference

spectrum between the irradiated and non-irradiated sample is depicted as a black line which
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Figure 1.5 – Evolution of the absorption spectrum of GaAs/AlGaAs quantum wells under laser
irradiation at 35 meV above the heavy-hole exciton (peak at 1.46 eV). Adapted from [2].

gives negative signals (PB) at the energy positions of the excitons and a positive signal (PA)

below the optical gap. Although the difference spectrum is obtained by continuous irradiation

(quasi-equilibrium), it corresponds to the typical transient signal observed around the exciton

lines upon above band gap excitations with light pulses [2, 67]. The exciton PB and broadening

occurs immediately after excitation which shows that the screening of the exciton due to the

photogenerated free charge carriers occurs in less than 100 fs [68]. From these first studies,

theoretical developments have quantified the contribution from the PSF and the Coulomb

screening (CS) to the PB of the excitonic lines [69]. In direct band gap semiconductors, PSF is

usually the dominant mechanism of exciton PB. In more recent studies on indirect band gap

semiconductors such as anatase TiO2, the effect of CS on the exciton bleaching can compete

with PSF [43, 70]. In the eighties, a simple theory has been developed by Banyai and Koch to

describe the modification of the optical spectrum under irradiation with a continuous-wave

laser (quasi-equilibrium) with great success on low band gap semiconductors such as GaAs

and CdSe [22, 71]. The theory is presented in more details in Chapter 3 to model the transient

absorption spectrum in the ZnO spectral region of the exciton. The theory typically takes into

account the change in electron and hole chemical potential (PSF), BGR and screening length

to compute the optical spectrum in the excited state for a given photogenerated density of

electron-hole pairs.

15



Chapter 1. Basic concepts of semiconductor physics and time-resolved spectroscopy

1.4 Polarons

The term polaron often refers to the quasiparticle ensemble of a trapped carrier and the

associated lattice displacement out of its equilibrium position. More generally, a polaron

defines the movement of a charge carrier with the associated lattice deformation due to the

modification of the Coulomb potential [72]. The polaron can have very different mobility

coefficients depending on the strength of the interaction with the lattice. In the weak-coupling

regime, the polaron has an effective mass slightly larger than the bare carrier mass while

it is much larger for a strongly coupled polaron. The coupling strength affects the spatial

localization with large polarons extending over several unit cells while small polarons typically

involve the few atoms linked to a single site. The formation of polarons in optoelectronic

systems affect the charge transport properties and are thus of fundamental importance for a

lot of applications among which photovoltaics. Although the polaron effective mass is larger

than the bare carrier which decreases its mobility [73], it prevents the carrier to interact with

other particles in the system. This effect can be viewed as a sort of protection in which the

coupling with the bosonic modes screens the charge from the surroundings [74, 75]. It has

recently been shown that the formation of electron polarons in lead halide perovskites can

explain the slow electron cooling time since it competes with the electron cooling [75].

Due to the lattice deformation they induce, the formation of polarons can be conveniently

detected with ultrafast techniques which are sensitive to bond distances around the specific

atoms where the localization occurs. Time-resolved X-ray absorption spectroscopy (TRXAS)

provides the sensitivity to both the change in geometry and electronic structure of specific

atoms. It has been recently used to track the decay of polarons in inorganic lead halide

perovskites [76, 77, 78]. In this Thesis, a similar method is used which tracks the formation of

small electron polarons in NiO microcrystals and the lattice extension of ∼7% induced by the

electron localization around the Ni centres (Chapter 7).
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2 Photodynamics in methylammonium
lead bromide perovskite (MAPbBr3)

Summary

In this Chapter, the photodynamics of charge carriers in MAPbBr3 thin films is studied by

femtosecond differential transmission spectroscopy in the ultraviolet (UV). The electron

and hole dynamics are disentangled by probing higher energy interband transitions in the

Brillouin zone (BZ), similarly to the strategy implemented for MAPbI3 [3]. The differential

transmission exhibits three photobleaches (PBs) with different rise times. The PB around

3.47 eV is sensitive to the electron cooling in the M-R valley of the BZ and provides a cooling

time of ∼400 fs with 3.1 eV excitation. This is half the cooling time usually reported in transient

absorption spectroscopy (TAS) experiments with Visible probe looking at the optical band gap

[79, 80, 81, 82] meaning that the hole is limiting the overall cooling of the charge-carriers. It is

consistent with the results on other hybrid organic-inorganic lead halide perovskites (HOIPs)

[83] where slow hole cooling is reported which may explain the efficiency of hole extraction

for this class of perovskite [84]. Part of this Chapter has been published in a proceedings [85].

Introduction

HOIP with formula MAPbX3 (MA stands for methylammonium, X=Cl, Br, I) are very promising

materials for applications in photovoltaic [86, 87], light-emitting [88], sensor devices [89]

or actuators [90]. They can be easily synthesized with cheap production costs [91]. Among

HOIP, MAPbBr3 can generate high open circuit voltages which are promising for photovoltaic

applications [92, 93].

Excitation above the band gap of MAPbBr3 (Eg = 2.3 eV at room temperature [94]) generates

electron-hole pairs in the R −M valley of the BZ (thick purple arrow in Figure 2.1). The excess

energy prevents the formation of excitons which dissociate on a sub-10 fs timescale [82, 95]

such that the photogenerated charges behave as free electrons and holes [96]. The thermal-

ization of the charge carriers occurs on ultrafast timescales within the instrument response

function (IRF) of our setup which populates the extrema of the valence band (VB) and the con-
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duction band (CB) in less than 100 fs [97, 98, 99]. After thermalization, the charges cool down

to the R-point (pink circles in Figure 2.1) via electron-phonon and hole-phonon scattering

where they recombine or get trapped [100]. The charge-carrier dynamics in MAPbBr3 with

above band gap excitation has been intensively investigated by femtosecond TAS in the Visible

[39, 81, 82, 101]. Carrier cooling times around 1 ps are reported with 3.1 eV pump photon

energy (0.8 eV excess energy) [39] similar to other bulk polar semiconductors like CdS [102] or

GaAs [103] in which the charge-phonon Fröhlich coupling is dominant [104]. The cooling time

increases to several picosecond (ps) in MAPbBr3 quantum dot (QD) [101] as previously ob-

served in CdSe QD [51, 105] due to the discretization of the bands into energy levels. This slow

cooling is beneficial to achieve efficient charge injection into acceptor materials or molecules

[101, 106]. However, TAS at the optical band gap does not distinguish between the type of

charge carrier since electron and hole have similar effective masses [107] and thus density of

states (DOS) at the CB and VB extrema. The consequence is that electron and hole populations

are expected to contribute similarly to the transient spectrum at the optical band gap so that

they cannot be easily disentangled [108]. This contrasts with other polar semiconductors such

as CdSe in which the large ratio between the electron and hole effective masses (m∗
e /m∗

h = 0.3

[109]) leads to TAS being more sensitive to the electron population changes. It calls for ultrafast

spectroscopy strategies which can access selectively the dynamics of electrons or holes.

In this Chapter, using femtosecond UV differential transmission with 150 fs time resolu-

tion from 3.45 eV to 4.55 eV [110, 111], higher order interband transitions can be reached

in MAPbBr3, from which we specifically observe the electron dynamics. In addition, a broader

phase-space can be sampled with optical transitions at the M and X -points in the BZ.

2.1 Results

In this Chapter, the pump-probe experiments measure the differential transmission of MAPbBr3

thin films from Prof. T. F. Guo in Taiwan (the sample synthesis is described in Appendix A.4).

The sample characterizations are provided in Appendix (section C.1) which includes the UV-

Vis and emission spectra as well as the analysis of the absorptive properties with the Elliott

formalism to determine the band gap and exciton binding energy [112]. A characterization of

the setup IRF is provided in Appendix (Figure C.3a). The differential transmission signal is

plotted with a negative sign (−∆T /T0) so that the PB appear as negative and the photoinduced

absorption (PA) is positive.

Figure 2.2b shows the pseudo-color coded differential transmission energy-time map of

MAPbBr3 thin films excited at 3.1 eV (400 nm, excitation density 1.3×1017 cm−3) and probed

in the deep-UV. The transient signal exhibits three PB centred at 3.47, 3.87 and 4.57 eV labelled

PB2 to PB4 in the following (we keep PB1 for the optical band edge bleach at 2.3 eV). PB2 and

PB3 correspond to specific features in the imaginary part of the dielectric constant (Figure 2.2a).

The PB energies agree with the resonances retrieved in previous spectroscopic ellipsometry

studies [4, 113, 114, 115, 116] and summarized in Appendix (Table C.2). Stimulated emission
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Figure 2.1 – Schematic band structure of MAPbBr3 BZ. The pump excitation (3.1 eV) is rep-
resented by a thick violet arrow. The optical transitions involved in the PB measured in the
deep-UV are represented with thin arrows at the R-point (PB2, green), at the M-point (PB3,
red) and at the X-point (PB4, blue). The PB at the optical band edge in the Visible (PB1) is
shown with a yellow arrow.
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Chapter 2. Photodynamics in methylammonium lead bromide perovskite (MAPbBr3)

is excluded since the pump photon energy is lower than the probe. In order to rule out a

contribution from the change of refractive index to the differential transmission, we performed

a transient reflectivity experiment shown in Appendix (Figure C.4). Both detection modes give

the same signal shape which means that the observed transient transmission signal originates

from changes in the absorption coefficient only1 [25]. This is in turn related to the changes in

the band populations in the BZ and to many-body effects [68].

a) b) c)

Figure 2.2 – a) Imaginary part of the dielectric constant of MAPbBr3, b) Differential trans-
mission of MAPbBr3 following 3.1 eV excitation (density 1.3×1017 cm−3), c) Spectral traces at
different time delays.

Spectral traces at different time delays are shown in Figure 2.2c. At time delays within the

setup IRF (< 150 fs, green circles), PB3 exhibits weak positive wings with the low energy one

at 3.7 eV quickly overwhelmed by PB2. A red shift of the PB3 minimum is observed between

time 0 and 1 ps (cyan and blue circles in Figure 2.2c) while PB1 and PB3 minima remain at the

same energy.

Time traces at the PB minima are shown in Figure 2.3 from 1 ps to 1 ns. They are best fitted with

a third order kinetic law which shows that Auger recombination dominates at our excitation

1The differential transmission and transient reflectivity signals are proportional to both the change in refractive
index ∆n and absorption coefficient ∆α. However, they depend differently on the change of refractive index so
that a similar pump-probe signal in transmission and in reflectivity shows that only the change in absorption
coefficient ∆α is present in the signal.
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density. However, the actual kinetics is likely a mixture of second and third order law similarly

to previous works [117, 118].

Band integrals2 normalized at time 0 centred at the PB minima are depicted in Figure 2.4

together with the IRF (time traces at single probe wavelengths are given in Appendix Figure

C.3b for comparison). PB2 (green curve) and PB3 (red curve) have similar decays while PB4

decay is slower (blue curve). At short time delays (inset in Figure 2.4), PB3 and PB4 reach

their maximum absolute amplitude within the IRF while PB2 follows a bimodal rise with

a prompt bleach within the IRF followed by a further bleach in ∼0.4 ps. Such bimodal rise

is also reported for the optical band edge bleach in the Visible and has been attributed to

charge-carrier phonon cooling (vide infra) [81, 82]. The IRF-limited PB over a wide spectral

range in the UV is related to the ultrafast suppression of the Coulomb enhancement [27] due

the screening of the electron-hole pair interaction by free charge carriers in MAPbBr3 [82].

To complement the differential transmission experiments in the deep-UV, we have also re-

peated the measurements in the Visible following 3.1 eV excitation of MAPbBr3. Since these

results are not novel [39, 81, 82, 101], they are described in Appendix D.2. They will be used in

the Discussion (section 2.2) to compare the kinetics at the optical band edge in the Visible and

in the UV, the latter involves higher energy interband transitions and portions of the band

diagram away from the R-point.

2.2 Discussion

2.2.1 Assignment of the photobleaches

We first discuss the assignment of the PB in the differential transmission signal of MAPbBr3

by comparing with previous TAS measurements performed on other HOIP systems such as

MAPbI3. This is a reasonable starting point since the UV-Vis spectra of methylammonium lead

perovskites with different halogens look similar with an energy shift of the spectrum which

depends on the halogen composition (see Figure 2b in Ref. [4] for comparison). This way, we

can expect a direct correspondance between the PB in MAPbBr3 and MAPbI3 which is given

in Table 2.1 and serves as a basis for the assignment of the optical transitions underlying the

PB in MAPbBr3. In the measurements by Sum et al. on MAPbI3 [3, 119, 120, 121], two PB are

observed in the region of the optical band edge at ∼1.63 eV (PB1) and above the band edge at

∼2.61 eV (PB2) under 2.1 eV excitation in the R −M valley as shown in Figure 2.5B. PB1 is due

to a combination of Coulomb screening (CS) and phase-space filling (PSF) [81, 82, 118, 122].

Both PB have similar decays (Figure 2.5C). Since PB1 and PB2 are at different energies, they

involve different interband transitions. The similar decay times show that they have a band in

common which is either the VB or the CB so that they are sensitive to the recombination rate

of the same particle (electron or hole) [3, 123]. While PB1 is sensitive to both the electron and

2See Appendix section D.9 for the mathematical definition of a band integral. It is a useful analytical tool which
can detect the onset and evolution of state filling without reference to specific structures in the transient spectrum
[82].
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a)

b)

c)

Figure 2.3 – Kinetic models at PB2 (blue), PB3 (cyan) and PB4 (green) on MAPbBr3: a) first
order law, b) second order law and c) third order law. Experimental data are circles and fits are
continuous lines.
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2.2. Discussion

Figure 2.4 – Band integrals from the differential transmission of MAPbBr3 following 3.1 eV
excitation in the spectral region of PB2 (green), PB3 (red) and PB4 (blue). The IRF for each
range of probe energies is given by the thin dashed lines.

hole dynamics at the R-point after optical excitation in the R −M valley, PB2 is sensitive to

only one type of charge carrier, electron or hole, if it involves the CB or the VB, respectively.

Based on complementary experiments with electron and hole extraction layers in contact with

MAPbI3, the authors find that PB2 is compatible with a transition from the second VB3 to the

CB at the R-point. In addition, they performed one measurement with an increased pump

photon energy at 3.1 eV above the PB2 energy to excite directly the corresponding interband

transition. Time traces are reproduced in Figure 2.6 with pump photons above (upper pannel)

and below (lower pannel) PB2 energy. A new fast decay of ∼400 fs appears with the pump

photon energy higher than PB2 (black curve in Figure 2.6A) which is compatible with hot-

hole scattering between VB2 and VB1 (confirmed in [124]) when holes populate directly VB2,

scatter and cool down in VB1. This is longer than in most organic semiconductors in which

the hot-hole scattering occurs in ∼100 fs [125]. PB1 has a consistent delayed rise time of the

same ∼400 fs as the hot-hole scattering time (red curve in Figure 2.6A). However, we note that

the hot hole fast decay has also been observed elsewhere with the pump photon energy tuned

in between the two PB energies [123]. Three important conclusions can be drawn from this

3the second VB (labelled VB2 in the following) refers to the band located at a lower energy than the VB at the
R-point (called VB1 in the following). See Figure 2.1 for an illustration.
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∆
T

/T
0

C

Figure 2.5 – (A) UV-Visible absorbance spectrum of a pure MAPbI3 layer. (B) Differential
transmission spectra of MAPbI3 films in vacuum under excitation at 600 nm (2.1 eV) at different
time delays: red (1 ps), green (100 ps), blue (500 ps), and cyan (1 ns). (C) Normalized time
traces at different wavelengths of MAPbI3 film in vacuum following excitation at 600 nm. The
signals at 640 nm and 700 nm have been sign-flipped for better comparison. Adapted with
permission from [3], Copyright American Association for the Advancement of Science.
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study which are interesting for the parallel made with MAPbBr3. First, PB2 in MAPbI3 is due

to a transition between VB2 and CB1 at the R-point. Second, the hole cooling limits the rise

time of PB1 at the optical band edge. Third, PB2 rise time gives direct access to the electron

cooling time at the R-point since it is sensitive to VB1. From this last point, the authors have

not observed a significant delayed rise of PB2 increasing the pump-photon energy which

means the electron cooling is expected to be in < 200 fs within their IRF consistent with recent

studies [126]. The photodynamics in the PB2 spectral region has been further investigated

by Manser, Kamat and coworkers [122] which confirmed the assignment by Xing et al. More

recently, the formation of a charge-transfer (CT) complex has been invoked to explain PB2

[127].

Table 2.1 – Correspondance between the PB observed in the transient spectra of MAPbBr3

and MAPbI3 and assignment of the corresponding interband transitions in MAPbI3. The letter
subscript gives the high-symmetry point of the optical transition in the BZ.

MAPbBr3 PB MAPbI3 PB assignment in MAPbI3

PB2 (3.5 eV) PB2 (2.58 eV) (VB2→CB1)R [3, 5, 122]
PB3 (3.86 eV) PB3 (3.1 eV) (VB1→CB2)R ,(VB1→CB1)M [114]

Following the pioneering work by Sum and coworkers, two studies have investigated in more

details the origin of PB2 in MAPbI3 [5, 128]. Anand and coworkers managed to access three

PB in MAPbI3 (labelled PB1 to PB3) extending the spectral bandwidth of the probe pulse

in the Visible up to 3.55 eV (Figure 2.7). The energy positions of the PB are in agreement

with ellipsometry data [107] and theory including spin-orbit coupling (SOC) [129]. All PB

are observed with the lowest pump energy of 2.5 eV (550 nm) which populates only the VB

and CB at the optical band gap of MAPbI3. They investigated the changes in kinetics of the

PB upon different pump photon energies which is illustrated in Figure 2.8. For every pump

photon energies of 2.5, 3.1 (not shown) and 4.1 eV, PB1 at the optical band edge has a slow

rise (red curve) while PB2 and PB3 (green and blue curves) reach their maximum within the

IRF. In contrast, a faster initial decay of PB2 and PB3 appears when the pump photon energy

is tuned above PB2 (green and blue circles) which is consistent with the results by Sum and

coworkers of the hot-hole scattering [3]. Comparatively, a slower rise of PB1 is observed due to

the delayed hole cooling. These results are compatible with a multiband picture at the R-point

in which PB2 is due to the transition between VB2 and CB1. The authors propose that PB3 is

either due to a transition from VB3 to CB1 or from VB1 to CB2 at the R-point. We already note

a striking similarity between the rise times of PB2 and PB3 in MAPbI3 (Figure 2.7) which is not

observed in MAPbBr3 (vide infra). In their work, Appavoo and coworkers have investigated the

changes in the transient absorption response of MAPbI3 upon temperature change through

the different structural phases of the material (tetragonal and orthorhombic) [128]. PB2 at

2.6 eV splits in energy in the low temperature orthorhombic phase. From a symmetry analysis

of the energy levels under symmetry lowering at the phase transition, the authors assign PB2
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Chapter 2. Photodynamics in methylammonium lead bromide perovskite (MAPbBr3)

Figure 2.6 – Normalized PB kinetics at 480 nm (PB2) and 760 nm (PB1) in a short time range
show the intervalence band hot-hole cooling for MAPbI3 film (in vacuum) after excitation at
(A) 400 nm (3.1 eV) and (B) 600 nm (2.1 eV). Reproduced from [3] with permission, Copyright
American Association for the Advancement of Science.

to an almost degenerate transition from VB2 to CB1 at the R-point with a small contribution

from VB1 to CB1 at the M-point (the energy difference between the two transitions is ∼50 meV

at room temperature).

In summary, previous TAS experiments on MAPbI3 show that the electron and hole dynamics

can be disentangled by probing higher energy transitions at the R-point by TAS which is the

strategy we aim at implementing in MAPbBr3 where these transitions fall in the UV.

We have chosen the PB labelling such that a natural analogy can be drawn between the MAPbI3

and MAPbBr3 transient responses. In Figure 2.9, the UV-Vis and differential transmission

spectra of MAPbBr3 (blue curve) and MAPbI3 (red curve) are overlapped. PB2 in MAPbBr3 and

MAPbI3 coincides with the local maximum in the UV-Vis spectrum at ∼3.44 eV in MAPbBr3

and ∼2.58 eV in MAPbI3 so that we naturally assign PB2 in MAPbBr3 to a transition from

VB2 to CB1 at the R-point. While in MAPbI3 the PA is observed between PB2 and PB3 at

2.9 eV, it appears in MAPbBr3 (3.7 eV) only at short time delays within the setup IRF (Figure

2.2C). Besides, PB3 is at the energy position of a shoulder in the MAPbBr3 UV-Vis spectrum
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2.2. Discussion

Figure 2.7 – Transient spectra measured in the 350−800 nm probe range for different time
delays between pump and probe beams on MAPbI3. Visible and near-UV parts of the spectrum
here are taken with different excitation densities and matched to each other at the PB2 peak
for ≥ 1 ps time delays to account for differences in photoexcitation levels. The colored bands
are used to indicate the positions of various features: bleaches PB1 (green), PB2 (purple), PB3
(orange), the broad long-lived PA (white) and the short-lived PA signals (blue) adjacent to PB
bands. Also shown is the steady-state UV-Vis linear absorption spectrum (black curve referring
to the vertical right axis). Reproduced with permission (License # RNP/18/SEP/007900).

while in MAPbI3, PB3 does not correspond to any particular feature. This is supported by the

ellipsometry data of MAPbI3 where no resonance is found between the two local maxima of

the UV-Vis spectrum at ∼2.58 and 3.4 eV [4, 114, 130]. However, a transition is possibly at this

energy position in MAPbI3 which does not have a large oscillator strength based on its energy

position between the two local maxima of the UV-Vis spectrum similarly to PB3 in MAPbBr3.

PB4 has not been observed in any experiment on MAPbI3 so far because of the lack of high

probe photon energy in the deep-UV.

We now compare the kinetics of the PB in MAPbI3 and MAPbBr3. The kinetics of PB1 and PB2

in MAPbI3 reported in the literature are inconsistent: Xing and coworkers find similar decays

[3] while Anand and coworkers find a significantly longer decay time for PB1 than PB2. We

compare the kinetics of PB1 and PB2 in MAPbBr3 in Figure 2.10. A slower decay is observed for

PB1 when normalized at time zero (Figure 2.10a). However, the same decay time is observed
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Figure 2.8 – Normalized kinetics at the PB extrema following excitation with different pump
photon energies. The PB labelling is the same as in Figure 2.7. Reproduced with permission
(Licence # RNP/18/SEP/007901).

on the long time delays when the time traces are normalized on the nanosecond timescale

(Figure 2.10b). This is fully consistent with the results by Anand on MAPbI3 [5]. Such behaviour

shows that PB1 and PB2 in MAPbBr3 are sensitive to electron-hole recombination at the band

gap which is given by the longest time constant they have in common. As shown earlier, PB2 in

MAPbBr3 has a bimodal rise (green curve in Figure 2.4) which indicates a sensitivity to charge-

carrier cooling while PB2 in MAPI3 exhibits a prompt rise independent of the pump photon

energy (green curve in Figure 2.8). Since PB2 in MAPbI3 has been consensually assigned to

the transition VB2→CB1 at the R-point [3, 122], it is surprising that no electron cooling has

been observed so far from the rise time. This is consistent with the recent results by Richter

and coworkers which show that electron thermalization in MAPbI3 populates the VB and CB

extrema in less than 85 fs with a pump photon energy at the band gap (∼1.7 eV) and becomes

sub-10 fs at ∼2.1 eV [126]. This is within the IRF of the experiments performed earlier by others

which may explain the insensitivity of PB2 to electron cooling [3, 5]. In our study of MAPbBr3,

the bimodal rise of PB2 is due to a slow electron cooling time to the R-point in ∼ 400 fs (green

curve in Figure 2.4 inset). This result shows a fundamental difference between MAPbBr3 and

MAPbI3 with respect to the electron cooling mechanism in the CB while high pump photon

excess energies have been used in some experiments on MAPbI3 [5] which do not show a slow

electron cooling. These results pave the way to a more systematic study of the electron cooling
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Figure 2.9 – Overlap of MAPbI3 (red) and MAPbBr3 (blue) UV-Vis spectra and differential
transmission. Continuous lines are UV-Vis spectra and circles are differential transmission
spectra (−∆T /T0) 1 ps after excitation (normalized at PB2 minimum). The UV-Vis spectrum of
MAPbI3 is adapted from [4]. The differential transmission spectrum of MAPbI3 is reproduced
from [5].

time in MAPbBr3 at different pump photon energies and excitation densities thanks to the

sensitivity of PB2 to electron cooling. It is also promising in the field of photovoltaics where a

slow charge carrier cooling is needed to drive the charge injection at interfaces.

The assignment of the transition involved at PB3 in MAPbBr3 can be clarified in the light of

recent temperature dependent ellipsometry measurements by Chi and coworkers [6] (Figure

2.11). The energy position of PB3 in the differential transmission of MAPbBr3 is shown with a

vertical dashed line. A resonance is found at PB3 which undergoes a pronounced narrowing

when the temperature decreases similarly to the resonance at the optical band gap around

2.3 eV. This is compatible with the predicted evolution of the full width at half maximum

(FWHM) of an exciton-phonon optical transition with temperature and shows a similar cou-

pling mechanism and that an exciton may be present at PB3 [6]. Previous ellipsometry studies

by Leguy and coworkers supported by quasiparticle self-consistent GW calculations have

assigned the transition at PB3 to VB1→CB1 at the M-point which is a saddle point in the BZ

[114]. This transition has an excitonic phase [131] of ∼π/2 compatible with the formation of
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a) b)

Figure 2.10 – a) Comparison of the time traces at the optical band edge in the Visible (PB1
at 2.35 eV, orange) and in the UV (PB2 at 3.40 eV, blue) with excitation at 3.1 eV at the same
fluence (excitation density 1.3×1017 cm−3). b) Comparison of the time traces normalized on
the longest time constant. The sign of the time traces has been flipped for convenience.

an exciton4 [114]. PB3 exhibits positive wings within the IRF in the differential transmission

(Figure 2.2b) which resemble CS of an excitonic transition, compatible with this interpretation.

In addition, PB3 should not involve states which are populated by the pump at 3.1 eV since its

prompt rise time indicates that it is not sensitive to PSF and carrier cooling which excludes a

transition at the R-point. Hence, these studies and our results support that PB3 is related to an

exciton, formed at the M-point between VB1 and CB1 as suggested in other works [114, 116].

PB3 itself is then the bleaching and screening of an excitonic transition which recovers with the

same kinetics as the electron-hole pair recombination at the band gap as observed in Figure

2.4 (red and green curves). Since the single particle states involved in the exciton formation

are not populated at our pump energy, PB3 is due to the damping of the exciton oscillator

strength from the CS induced by the photogenerated charge carriers [81, 82].

PB4 is expected to have a small excitonic contribution according to the critical point analysis

of the ellipsometry data [114]. Previous calculations have assigned this transition between

VB1 and CB1 at the X -point in the BZ [114, 116]. We can only observe a weak bleach in Figure

2.2 because PB4 involves single particle states which are not directly populated upon 3.1 eV

excitation. However, the underlying exciton oscillator strength can be damped due to CS

which leads to PB4 within the IRF of the setup similar to PB3. The fact that PB4 recovers more

slowly than PB2 and PB3 may be due to hot holes scattering from the Γ−R valley ending in

the X valley (Figure 2.1). In fact, the topology and energy of this valley is not really well known

because of the lack of accurate theoretical calculations in this region of the BZ.

4The excitonic phase provides information about the topology of the bands close the energy minimum between
them [132, 133]. When for instance the CB and VB reach their minimum and maximum respectively at the same
point in the BZ, this is a favorable band dispersion for the formation of an exciton with similar hole and electron
group velocities. The associated excitonic phase in this band configuration is π/2.
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Figure 2.11 – Imaginary part of the dielectric constant in MAPbBr3 single crystal measured at
different temperatures. The energy position of PB3 in MAPbBr3 is shown by a vertical dashed
line. Adapted with permission from [6] (Licence # 4432070660202).

2.2.2 Absence of first order decay rate

The fact that first order kinetics does not fit the data shows that exciton recombination and

trapped-assisted recombination are negligible in our MAPbBr3 thin film. The former is due

to an ultrafast screening of electron-hole pairs which prevents the formation of excitons

[82] while the latter is due to the low defect density which renders these HOIP attractive for

optoelectronic applications [101, 134].

Conclusion

In conclusion, we have been able to assign the high energy interband transitions of MAPbBr3

by differential transmission in the deep-UV. The transition at ∼3.5 eV is due to the interband

transition from VB2 to CB1 at the R-point, the transition at ∼3.9 eV is due an exciton formed

between VB1 and CB1 at the M-point. We have assigned the transition at ∼4.5 eV to an

exciton at the X -point with a weak oscillator strength. The summary of our assignment of

these transitions involved in PB2, PB3 and PB4 in MAPbBr3 is provided in the schematic

band structure of Figure 2.1. In Chapter 4, the MAPbBr3 perovskite layer is put in contact

with an electron acceptor, namely mesoporous anatase TiO2. Although charge injection
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is unambiguously observed from the PB in anatase TiO2, PB2 and PB4 recovery times are

unchanged so that the injection cannot be used to infer the assignment provided in this

chapter.
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3 Photodynamics in colloidal suspen-
sions of ZnO nanoparticles

Summary

In this Chapter, the charge carrier-phonon cooling in ZnO nanoparticles (NPs) is investigated

under different pump photon excess energies and fluences. The charge-phonon cooling time

is compared with the ab initio calculations performed by Zhukov and coworkers [7, 8, 21].

The transient spectrum after the cooling shows a strong dependence with excitation fluence

when free charge carriers are generated above the band gap while no dependence is observed

when excitons are resonantly generated. This is in agreement with the orders of magnitude

difference in Coulomb screening between free charge carriers and excitons. The shape of the

transient absorption spectrum under different photoexcitation densities above the optical

band gap is modelled with the theory developed by Banyai and Koch in the eighties [22] which

provides an excellent agreement.

Introduction

ZnO is a II-VI direct band gap insulator with a single particle band gap of ∼3.37 eV at room

temperature which exhibits a bound exciton with a binding energy of ∼60 meV in the bulk

[135]. This is the largest binding energy in the II-VI compounds but by far not the largest for

all semiconductors since for example, CuCl and CuO have exciton binding energies around

190 and 150 meV respectively [136]. Materials with band gaps falling in the ultraviolet (UV)

have triggered interest since they can be used as transparent optoelectronic materials in

the Visible [137, 138]. Among them, the ZnO wurtzite polymorph discussed in this Chapter

occurs naturally at room temperature and has been widely applied in photovoltaics [139] and

light-emitting devices [140] among other applications [141].

Wurtzite ZnO has a hexagonal lattice with the zinc atoms tetrahedrally coordinated to oxygens.

The Zn-O bond has a considerable degree of polarity which is caused by the strong electroneg-

ativity of the oxygen together with the rather low electronegativity of zinc. The bond ionicity is

0.616 on the Phillips scale [142]. Therefore, the zinc and oxygen atoms in ZnO may well be
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Chapter 3. Photodynamics in colloidal suspensions of ZnO nanoparticles

considered as ionized Zn2+ and O2– although the bond covalence is not negligible.

The conduction band (CB) close to the Γ-point has s-symmetry because it arises from the

empty 4s levels of Zn2+ and from the lowest antibonding sp3 states [143]. The valence band

(VB) originates from the occupied 2p states of O2– or the energetically highest bonding sp3

states. The VB is energy split due to the crystal-field and the spin-orbit coupling which have

the same order of magnitudes [144]. This becomes clear in low temperature spectroscopy

experiments on single crystals [145] while the experiments performed at room temperature in

this Chapter are insensitive to this effect.

As an electron or a hole is promoted to an excited state in ZnO, its dynamics is relevant for a

range of optoelectronic applications including photocatalysis [146] and photovoltaics [147].

Historically, ZnO has played a key role in the development of dye-sensitized solar cells (DSSCs)

as electron transport material (ETM) [148]. However, it is not as used as anatase TiO2 because

of the difficulty to control precisely its stoichiometry in the NP form [149] leading to rather

large defect densities.

In this Chapter, the transient optical response of a colloidal suspension of ZnO NPs is in-

vestigated by transient absorption spectroscopy (TAS) in the UV under above band gap and

resonant excitation. In particular, the effect of the pump photon energy on the charge carrier

cooling time is observed as well as the effect of generating increasingly large populations of

excitons or free charge carriers on the transient response in the spectral region of the optical

gap.

3.1 Mechanism and theory of electron cooling

In transition-metal oxide (TMO) insulators, the main mechanism of excited electron (hole)

energy-loss is due to the electron-phonon coupling contrary to metals in which the available

phase-space at the Fermi level allows efficient electron-electron scattering [7]. According to

Fermi’s golden rule [150], the probability per unit time of the electron (hole) transition between

two states i and j mediated by the electron-phonon (hole-phonon) coupling is determined by

the equation [151],

Pν
k,i ;k,k+q, j =

2π

ħ |〈k, i |∆Vq,ν |k+q, j 〉 |2δ(ek+q, j −ek,i ) (3.1)

with |k, i 〉 and |k+q, i 〉 the electronic states participating in the transition at crystal momentum

k accompanied by the absorption or emission of a phonon with momentum q and polarization

ν. The operator ∆Vq,ν measures the variation of the self-consistent potential in the crystal

caused by the displacement mode of the phonon. The methods of calculation of this matrix

element have been extensively discussed elsewhere [152]. In equation 3.1, the energy of the

phonon is neglected since it is small compared to the energies of the electronic states ek+q, j

and ek,i , the so-called "quasi-elastic approximation". The integration over all crystal momenta

of equation 3.1 provides the probability of an electron (hole) to leave the state |k, i 〉 by losing
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3.1. Mechanism and theory of electron cooling

the energy ħωνq of the released phonon,

φk,i (ω) = 2π

ħ
∑

j

∑
i

∫
B Z

δ(ωνq −ω)| 〈k, i |∆Vq,ν |k+q, j 〉 |2δ(ek+q, j −ek,i )d 3q (3.2)

The functionφk,i (ω) differs only by a constant from the Eliashberg functionα2Fk,i (ω) = ħφk,i (ω)
2π

which determines the electron-phonon (hole-phonon) strength parameter [153],

λk,i = 2
∫
α2Fk,i (ω)

ω
dω. (3.3)

The integration of expression 3.2 in frequency ω from 0 to the maximum phonon frequency

provides the rate of electron-phonon (hole-phonon) relaxation,

Γk,i =
∫

dωφk,i [1+2n(ω,T )+ f (ω+ek,i ,T )− f (ω−ek,i ,T )] (3.4)

which includes phonon emission and absorption, n(ω,T ) is the Bose-Einstein function for

phonons and f (ω,T ) is the Fermi-Dirac (FD) function for electrons (holes). The inverse of Γk,i

is the time of electron (hole) relaxation τk,i =ħ/Γk,i which means that τk,i measures the time

an electron (hole) can reside in the state |k, i 〉 before it moves to another single-particle state

due to phonon emission or absorption.

Another important parameter of the cooling process is the energy loss time τen which is the

time necessary for an electron (hole) to fall down to the bottom of the CB (top of the VB) via

the repeated emission of phonons. For a state |k, i 〉, it is determined by the first moment of

the probability function φk,i ,

∆ek,i =
∫

dωφk,i (ω)ω[2n(ω,T )+1]. (3.5)

For the TAS experiments, we are sensitive to the energy and not to the crystal momentum

k so that the relevant physical quantities are momentum averaged which provides for the

electron-phonon (hole-phonon) coupling parameter,

λ(ε) = 1

N (ε)

∑
i

∫
d 3kδ(ek,i −ε)λk,i /Ωk,i (3.6)

the relaxation rate,

Γ(ε) = 1

N (ε)

∑
i

∫
d 3kδ(ek,i −ε)Γk,i /Ωk,i (3.7)

and the energy loss,

∆e(ε) = 1

N (ε)

∑
i

∫
d 3kδ(ek,i −ε)∆ek,i /Ωk,i (3.8)
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Chapter 3. Photodynamics in colloidal suspensions of ZnO nanoparticles

with N (ε) the density of electronic states at the energy ε and with the probability normalization

integralΩk,i =
∫

dωφk,i (ω). From Γ(ε) and ∆e(ε), one can calculate the rate of energy loss as

∆e(ε)/τ(ε) =∆e(ε)Γ(ε). Finally, the time to release the total excess energy (which is defined as

the energy of the excited electron (hole) with respect to the CB minimum (VB maximum)) is,

τen(ε) =
∫ ε

0

dE

∆e(E)Γ(E)
(3.9)

The energy loss time τen(ε) and the time of electron (hole) relaxation τ(ε) are the two important

physical quantities that describe the cooling time of electrons in a given material1. The former

measures the time it takes for an electron or hole to transfer all its excess energy ε into the

phonon bath while the latter measures the time an electron (hole) remains on average in a

single particle state with excess energy ε.

Zhukov and coworkers have computed τ(ε) and τen(ε) for the electrons in ZnO by ab-initio

density functional theory (DFT) calculations in a series of articles which we briefly summarize

here [7, 8, 21]. In the articles [7] and [8], the authors identified two electron-phonon cooling

regimes depending on the electron excess energy with respect to the highest phonon energy.

At high electron excess energies, the whole phonon dispersion will act on the electron cooling2

while below the cutoff of the highest energy phonon, only phonons which have a lower energy

than the electron excess energy will play a role in the cooling. Figure 3.1 presents the average

electron relaxation and energy-loss time in these two situations where the electron excess

energy is less (Figure 3.1a) or exceeds (Figure 3.1b) the highest phonon energy involved in the

cooling. For high electron excess energies (panel b), the energy loss-time spans from 100 to

500 fs depending on the excess energy. In contrast, for electron excess energies in the range of

a few tens of meV (panel a), the energy loss time can span a very large range from sub-100 fs

up to 10 ps with a rapid increase below an excess energy of ∼20 meV due to the reduction

of the available phonon phase-space. The differential transmission experiments presented

in this Chapter are with an excess energy of several hundreds of meV which falls into the

high excess energy regime above the cutoff (panel b). The conditions of low excess energy

are difficult to achieve in ZnO since both free electron-hole pairs and excitons are generated

close to the optical band edge, the latter not being accounted for in the model. The energy

loss time in ZnO is rather long with respect to other TMOs such as anatase TiO2 in which

the cooling occurs in less than 50 fs with an excess energy of ∼0.85 eV [154] in contrast to the

∼200 fs predicted for ZnO at the same excess energy. In their latest article [21], the authors

have computed the cooling time of the holes which is typically 3 times faster than the electron

cooling time meaning that they do not limit the overall cooling time of the system

Now, we establish a connection between the relaxation and energy-loss times and the spectro-

1The radiative recombination of charges is not considered here while it is a mechanism of energy release for the
electrons. Our interest is only on the electron-phonon cooling timescale which is of the order of the picosecond
while the radiative recombination of electrons and holes acts on the 100 ps timescale and can be neglected during
the cooling time.

2At the condition that the modes have the correct symmetry.
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3.1. Mechanism and theory of electron cooling

a) b)

Figure 3.1 – Dependence of the energy relaxation τr el and energy-loss time τen on the excess
energy of an excited electron with respect to the CB minimum (E −EC B M ) of ZnO. Reproduced
with permission from [7].

scopic observables in TAS. After excitation and thermalization, a distribution of hot electrons

sets up in the CB of the semiconductor which gives rise to a high-energy tail photobleach

(PB) close to the optical band gap as observed in GaAs [155], MAPbI3 [25], MAPbBr3 [101] (see

Figure 3.9a for an illustration of the high energy tail PB due to hot carriers in ZnO). It corre-

sponds to the high energy tail photoluminescence observed in typical semiconductors such as

GaAs during the carrier cooling because of the hot electron-hot hole radiative recombination

[156]. In the parabolic band approximation, which is appropriate for ZnO [157], the probe

photon is sensitive to the population of electrons in the CB around the Γ-point3. In this simple

band topology, a single probe photon energy connects single particle states in the VB and in

the CB with a unique crystal momentum modulus4. This means that a time trace at a single

probe photon is sensitive to the charge population at a specific crystal momentum modulus

in reciprocal space. Thus, the time constant of the decay is connected to the electron or hole

relaxation rate since the corresponding probe photon is bleached as long as electrons or holes

remain in this single particle state5. In practice, the relaxation rate it rather difficult to obtain

by TAS since thermalization occurs on sub-100 fs timescales which already populates many of

the band states before the cooling occurs.

The electron-phonon coupling leads to the excess energy to be transferred from the electrons

and holes to the lattice degrees of freedom (DOFs). Hence, the charge-carrier energy loss

rate is related to the time taken by the PB minimum to move from its initial position at the

pump photon energy to the optical band edge where the carriers accumulate before they

recombine. There are several methods to estimate the energy loss rate from this spectral

movement in the TAS. A few groups have fitted a Maxwell-Boltzmann (MB) distribution to

the high energy tail of the PB which gives access to the average carrier temperature over time

3At large crystal momentum, the joined density of states (DOS) between the VB and the CB becomes low which
provides negligible TAS signals. In general, the transient signal is strong in the region of van Hove singularities.

4Along a given reciprocal space direction from the Γ-point, a photon with energy ħω can only be absorbed at
crystal momenta +k and −k so that the condition EC B (+k/−k)−EV B (+k/−k) =ħω can be fulfilled.

5Under the assumption that there is no photoinduced absorption (PA). See Figure 1.3 for an illustration, the
bleached probe photons are more and more towards the red while the electron and hole populations cool down to
their band extrema.
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Chapter 3. Photodynamics in colloidal suspensions of ZnO nanoparticles

[101, 158]. However, this approach becomes rather unreliable at low excitation densities for

which the contribution of the MB distribution is more difficult to identify. More recently,

lifetime density method (LDM) provided a way to estimate the time constants of the decays

and spectral movements in broadband TAS [159, 160]. The main difficulty is that the fitting

procedure with a large number of time constants at the core of the method relies on the use

of penalty parameters for the algorithm to converge which may be difficult to determine

accurately in practice [161]. Instead, we have used a much simpler approach in which we

follow the transient signal of constant amplitude to provide an estimate of the cooling time

(energy-loss rate). This approach is valid as long as the electron-hole recombination does not

compete with the cooling. Previous time-resolved photoluminescence studies on ZnO have

measured the radiatiave recombination rate of the order of 300 ps [162, 163]. Since we observe

cooling times shorter than 2 ps, this method is applicable to determine the energy-loss time at

different pump photon energies and compare the results with the prediction by Zhukov and

coworkers [7, 21] (see section 3.3.3).

3.2 Evolution of the optical spectrum under electron-hole pair ex-

citation: quasi-equilibrium regime

After the cooling, the electrons and holes have accumulated at the band extrema around the

Γ-point and get trapped or recombine. This is similar to a quasi-equilibrium regime on the

timescale of several tens of picoseconds. A simple theory has been developed by Banyai and

Koch in the eighties to model the evolution of the UV-Vis spectrum of a semiconductor under

continuous laser irradiation above the optical gap [22, 26, 27]. The excited state absorption

spectrum represents the optical response of the quasi-equilibrium electron and hole distribu-

tion in the system and is derived from the Elliott formalism [112]. In this section, we briefly

summarize the important steps to compute the excited state absorption spectrum which we

use to model the spectral traces of ZnO in the UV after cooling of the carriers.

The absorptive properties of the material are given by the imaginary part of the dielectric

constant (ε2) which depends on the exciton principal quantum number n, the exciton binding

energy ER and the excitation density N through the screening parameter g according to [22],

ε2 = ε tanh

(
1

2

(
ω̃

T̃
− µ̃e − µ̃h

)) g 1/2∑
l=1

πδΓ̃

(
ω̃+

(
1

l
− l

g

)2)
×

2(g − l 2)(2l 2 − g )

l 3g 2

∞∏
n=1,n 6=l

n2[n2l 2 − (g − l 2)2]

(n2 − l 2)(n2l 2 − g 2)
+

∫ ∞

0
d xx1/2

∞∏
n=1

(
1+ 2g n2 − g 2

(n2 − g )2 +n2g 2x

)
δΓ̃(x − ω̃)

(3.10)

with ε = r 2
cv

2πa3
0ER

, ω̃ = (ħω− Eg )/ER , T̃ = kB T /ER , Γ̃ = Γ/ER , µ̃e/h = (µe/h − Eg /2)/kB T and

g = 12/π2a0κ. In equation 3.10, rcv is the dipole matrix element between the VB and the CB

which is considered as independent on the k-point, a0 is the exciton Bohr radius, α= h,e for
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the hole or the electron respectively. The screening length κ which provides g is determined

from,

(a0κ)2 = 4

π
T̃ 1/2

∫ ∞

0
d xx1/2

∑
α

m̃3/2
α f (x − µ̃α)[1− f (x − µ̃α)], (3.11)

where m̃α = mα/m and m−1 = m−1
e +m−1

h . The chemical potential µα is that of an ideal Fermi

gas which is connected to the excitation density N as,

1

2π2 (T̃ m̃α)3/2
∫ ∞

0
d xx1/2 f (x − µ̃α) = a3

0Nα (3.12)

with f (x − µ̃α) = 1/(eβ(ε̃α(k)−µ̃α) + 1) the FD distribution and εα(k) = ħ2k2/2mα + E 0
g /2 the

electron or hole energy. The energy gap Eg in this context is given by the renormalized band

gap energy which, in the Hulthen approximation below the Mott density, is given by [164],

Eg −E 0
g

ER
=−1+ (1− 1

g
)2 (3.13)

The computed excited state spectrum is broadened by the hyperbolic function δΓ̃(x) =
1/(πΓ̃cosh(x/Γ̃)) to account for the experimental temperature and sample morphology effects

on the spectrum. From the binding energy and the ground state band gap E 0
g determined by

the fitting with the Elliott formula in section 3.3.1, we can model the evolution of the UV-Vis

spectrum with various excitation densities at quasiequilibrium (Figure 3.4a). This in turn

provides a simulation for the transient transmission spectrum. The difference in absorption

coefficient between the ground state and the excited state ∆α is obtained directly from ε2

in equation 3.10. The change in refractive index ∆n is obtained by Kramers-Kronig transfor-

mation of the dielectric constant [165]. Finally, the differential transmission −∆T (E)
T0(E) at probe

photon energy E is computed as [25],

−∆T (E)

T0(E)
=−l∆α(E)+2

ng −n(E)

[n(E)2 +n(E)][ng +n(E)]
∆n(E) (3.14)

where l is the sample thickness and ng the solvent refractive index (in our case ethanol, ng =
1.36 on average in the spectral range of interest [166]). Simulations based on the differential

transmission computed with equation 3.14 are performed in section 3.3.2 and compared to

the experimental spectral traces following excitation at 4.66 eV at different fluences.

3.3 Results

3.3.1 Ground state optical properties of ZnO - Elliott formula

The UV-Vis spectrum of a colloidal suspension of ZnO NPs suspended in ethanol (∼100 mM

concentration) is shown in Figure 3.2a (blue circles). It exhibits an absorption maximum

around 3.45 eV which corresponds to a bound exciton resonance. We have applied the convo-
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Chapter 3. Photodynamics in colloidal suspensions of ZnO nanoparticles

luted Elliott formula C.2 to determine the band gap and the exciton binding energy in the ZnO

NPs (red curve in Figure 3.2a). The fitted parameters are given in Table 3.1. At the absorption

edge, the experimental spectrum is sharper than in the fitting while a broader exciton line is

observed in the experimental spectrum. There are two possible reasons for this effect which

we did not account for in our fitting. The first reason is that ZnO is anisotropic and gives birth

to two excitonic progressions at the optical band gap which may broaden the experimental

exciton line [167]. We have tried including a second exciton oscillator in the Elliott formula

used for the fitting but we obtained unphysical exciton binding energies. The other possibility

is that there are other sources of broadening that we did not account for by a single experi-

mental convolution with the sech function. For instance, the retrieved larger exciton binding

energy of 89 meV than in single crystals [168, 169, 170] shows that we are in a regime where

the exciton resonance depends on the NP size [171] and that the width of the resonance is

expected to follow the inhomogeneous distribution of NP sizes6. The exciton Bohr radius is

of the order 1.8−2.2 nm [172, 173] which excludes quantum confinement for our size of NPs.

To explain the larger binding energy, the effect of the surface screening properties is more

important which increases the average exciton binding energy [174].

We note that the Elliott formula gives an excellent agreement with the experimental UV-Vis

spectrum in the region above the band gap (Figure 3.2a). This shows that the VB and CB of

ZnO do not deviate from the ideal parabolicity even at crystal momentum points which are

rather far from the Γ-point in agreement with angle-resolved photoemission spectroscopy

(ARPES) studies7 [176, 177].
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Figure 3.2 – a) Absorption coefficient of ZnO NPs (blue circles) with the fitting obtained from
the convoluted Elliott formula C.2 (red line). The fitted absorption coefficient is decomposed
into the excitonic (black dashed line) and continuum (green dashed line) contributions. b)
Absorption coefficient (black curve) and emission spectra (colored curves) at the different
pump photon energies used in the TAS experiments.

6See for instance the Ref. [149] in which the same batch of NPs with average radius 16.5 nm and size dispersion
of 8.8 nm full width at half maximum (FWHM) has been characterized which contributes to the exciton broadening.

7Compare for instance with the lead perovskite spectrum for which the fitting with the Elliott formula deviates
from the experimental spectrum approximately 0.2 eV above the optical gap due to the non-parabolicity of the VB
and CB [117, 175].
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Table 3.1 – Parameters of the Elliott formula used for the fitting of the ZnO NPs absorption
coefficient in Figure 3.2 with the Elliott formula. Eb is the exciton binding energy, Eg the band
gap energy and Γ the broadening.

parameter Eb (meV) Eg (eV) Γ (meV)

value 89±1 3.478±0.002 68±1

The absorption and emission spectra of the ZnO NPs are overlapped in Figure 3.2b. The sharp

lines in the emission spectra are due to the cold lines of the emission lamp. The emission

spectra are measured at the same pump photon energies as in the TAS experiments in section

3.3.3. For every excitation photon energy, a broad emission is observed below the optical gap

with a large Stokes shift of ∼0.5 eV. For the excitation resonant with the exciton at 3.44 eV,

a pronounced narrowing of the emission is observed which is consistent with an excitonic

emission becoming dominant over the free electron-hole recombination [135, 178].

3.3.2 Effect of the pump fluence with 4.66 eV pump photon energy

Transient absorption spectra measured in colloidal suspensions of ZnO NPs are shown in Fig-

ure 3.3 for increasing excitation densities with 4.66 eV pump photons. At the lowest excitation

density (Figure 3.3a), the PB at the exciton resonance (∼3.35 eV) exhibits a positive wing on the

high energy side. Upon increasing excitation densities (Figure 3.3b,c), the PB minimum shifts

to higher energies (dynamic Burstein-Moss (BM) shift) while the positive wing disappears to

become a pure PB at the highest excitation density. We have modelled the evolution of the

PB with the Banyai-Koch theory presented in section 3.2. The input parameters used for the

modelling are summarized in Table 3.28. We have reused the binding energy (Eb = 89 meV)

and bare band gap (Eg = 3.478 eV) determined from the Elliott fitting of the UV-Vis spectrum

(Table 3.1). We plot in Figure 3.4 the computed evolution of the absorption coefficient at

different excitation densities in the range investigated here. When the excitation density

increases, the amplitude of the exciton line decreases and a negative absorption coefficient

appears on the low energy side of the optical gap. The former is due to the decrease of the

oscillator strength upon Coulomb screening (CS) by the free charge carriers [179, 180] while

the latter is due to the gain created by the population inversion at the band edge. The exciton

also broadens due to CS which gives a weak increase of the absorption coefficient at higher

energies than the exciton absorption. The difference in absorption coefficient between a given

excitation density and the calculated ground state spectrum is plotted in Figure 3.5a. The

amplitude of the PB at the exciton transition increases when the excitation density increases

while a weak PA wing is observed on the high energy side which is progressively overwhelmed

by the PB. The ratio between the PB minimum and the PA maximum does not match the

8For the parameter values, we have used the weighted values along the ordinary and extraordinary axes (2/3 for
the former and 1/3 for the latter) which differ slightly because of the wurtzite ZnO anisotropy.
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experimental differential transmission in which the PA is more pronounced at low excitation

densities (Figure 3.3). We have computed the refractive index from the calculated absorp-

tion coefficient by Kramers-Kronig transformation and plot the change in refractive index in

Figure 3.5b. The differential transmission −∆T /T0 computed from the change in absorption

coefficient and refractive index is plotted in Figure 3.4. We have performed the calculations

at the excitation densities used in the experiment and show that they can reproduce the

experimental transients with increasing fluences at 266 nm excitation (Figure 3.6). A sample

thickness of 110 nm (determined experimentally by SEM [181]) has been used which affects

the relative contribution of the change in refractive index and absorption coefficient to the

differential transmission. The experimental PA on the high energy side cannot be reproduced

without accounting for a change in refractive index as observed elsewhere [25, 182, 183]. At

high excitation densities, a kink in the PB cannot be reproduced in the region of 3.5 eV. At

this energy, ZnO single crystals exhibit an exciton-longitudinal optical (LO) phonon replica

distant from the excitonic resonance by the LO phonon energy [168, 184, 185]. This replica is

less pronounced and appears at a different energy in quantum wells [186], hence it is expected

to be present also in ZnO NPs and is not accounted for in the model.

Table 3.2 – Parameter values used in the modelling of the transient spectra of ZnO NPs. εr is
the relative dielectric constant, m∗

e and m∗
h are the electron and hole effective masses, m0 is

the electron bare mass and aB is the exciton Bohr radius.

parameter εr m∗
e /m0 m∗

h/m0 aB (nm)

value 7.8 0.28 0.59 1.8
reference [187] [173] [173] [188]

3.3.3 Effect of the pump photon energy

Transient absorption experiments performed with different pump photon energies are de-

picted in Figure 3.7. Increasing the pump photon energy generates a high energy tail to the

PB which extends more and more into the blue. With 3.44 eV pump photons (Figure 3.7c), no

excess energy is given to the charge carriers and the high energy tail is almost absent which

shows the absence of population and cooling from states above the band edges. In principle,

one can extract the electron and hole average cooling time (energy loss time) from the fitting

of the high energy tail of the PB with a MB distribution. This has proven to be a successful

method in several systems [101, 158]. Alternatively, a slow rise of the PB close to the band gap

gives the average time constant of charge carrier cooling, similarly to chapter 2. However, in

this study the instrument response function (IRF) of the measurement differs significantly

between the different pump photon energies which prevents the use of this method9. Instead,

we have extracted the energy-time coordinates of points with a constant PB amplitude which

9The IRF is typically around 80 fs with 4.66 eV pump photons and around 150−180 fs with lower pump photon
energies.
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Figure 3.3 – Evolution of the normalized spectral traces at the PB minimum during the first
picosecond after excitation at 4.66 eV with increasing pump excitation densities a) 1017 cm−3,
b) 2·1017 cm−3 and c) 3.5·1017 cm−3.
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Figure 3.4 – Evolution of the absorption coefficient at the excitation densities used in the
differential transmission experiment with 4.66 eV pump photons according to the Banyai-
Koch theory (colored curves). The ground state spectrum calculated in the Banyai-Koch
theory for a zero excitation density is shown in green. The UV-Vis spectrum of the colloidal
suspension is shown with black circles.
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Figure 3.6 – Comparison between the calculated differential transmission spectra (dashed
lines) at the excitation densities of the experimental differential transmission with 4.66 eV
pump photon energy (continuous lines).

is representative of the spectral movement of the PB high energy tail while the charges cool

down. The corresponding energy loss curves are plotted in Figure 3.8a for the three pump

photon energies investigated here. The three experiments have been performed at similar

excitation densities (∼4×1018 cm−3) so that the expected difference between the experiments

comes from the effect of the photon excess energy while the fluence remains sufficiently low

to prevent a hot-phonon bottleneck [189]. An exponential energy loss over time is expected in

the dominant carrier-LO phonon emission regime [47, 190, 191, 192, 193]. Indeed, a monoex-

ponential can fit the curves in Figure 3.8a whose time constants are depicted in Figure 3.8b

together with the estimated electron cooling time by Zhukov and coworkers [7, 21]10.

We find that the cooling time constant estimated with this method is ∼ 3 times larger than

in the prediction. However, the trend of increasing cooling time when the pump photon

energy increases is reproduced. This method is reliable in the limit that the electron-hole

recombination is much longer than the cooling time. The cooling time observed here is in

agreement with the works of Yamamoto and coworkers who have found a cooling time of 1 ps

with an almost zero excess energy [194], Hendry and coworkers who found a cooling time

of 1.5 ps with 1.3 eV excess energy [195] and 800 fs found by Wen and coworkers with 1.2 eV

excess energy [196]. Although there is a difference between the determined cooling time and

the theory, we believe the electron cooling time is still limiting the overall cooling time of

the system because of the stronger hole-phonon coupling in the VB [21]. The slow electron

cooling time in ZnO contrasts with the recent ultrafast cooling observed in anatase TiO2 [154].

Such slow electron cooling time is beneficial for a range of applications since the excess energy

10The time constants are independent of the fixed amplitude chosen to draw the curves in Figure 3.8a.
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a)

b)

c)

Figure 3.7 – Energy-time transient absorption signal of ZnO NPs with pump photon energies
of a) 4.66 eV, b) 3.68 eV, c) 3.44 eV.
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Figure 3.8 – a) Evolution of the energy of the points with a fixed PB amplitude of −1 mOD
against time at different pump photon energies (circles). Monoexponential fits are shown with
continuous lines whose time constant provide the energy loss time (cooling time). b) Com-
parison of our estimated cooling times with the ab initio estimate by Zhukov and coworkers
[7, 8].

given to the charge carriers is not transferred efficiently to the lattice bath. Possible reasons for

the discrepancy between the theory and the experiment may be the occurrence of many-body

effects which are not included in the original model. Exciton and free carrier screening affect

the charge-phonon scattering cross-section which may delay the cooling. Additionally, the

formation of polarons is also possible in ZnO [197, 198, 199].

3.4 Exciton and free carrier screening

We performed a fluence dependence at a time delay of 5 ps after the cooling is completed

with pump photons resonant with the exciton line at 3.45 eV and above the band gap at

3.68 eV. The former generates a large population of excitons resonantly while the second

generates free charge carriers with excess kinetic energy. Normalized spectral traces at the

PB minimum are depicted in Figure 3.9a,b. The excitation at 3.68 eV (panel a) shows a PB

minimum blue-shifting and getting broader on the high energy side of the PB when the

excitation density increases. In contrast, exciting resonantly the excitons (panel b) generates a

PB whose lineshape does not depend on the excitation density. At both pump photon energies,

the amplitude of the PB minimum evolves linearly over the large range of excitation densities

investigated here up to 8×1020 cm−3 (Figure 3.9c,d). The different behavior with the pump

photon energy is related to the screening properties of the quasiparticles generated by the

pump. Exciton-exciton screening generated with 3.45 eV pump is ∼3 orders of magnitude less

efficient than free carrier screening generated with 3.68 eV pump [200, 201]. This requires to

achieve high excitation densities pumping excitons resonantly before the system exhibits a

non-linear behavior or reaches the Mott density [195]. Hence we interpret the difference in

PB lineshape by the difference in screening properties of the two types of generated particles.

This is also clear from section 3.3.2 where the PB is affected by the change in screening length
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κ when the excitation density of free charge carriers increases. The linear evolution of the

PB minimum amplitude is promising for optoelectronic applications since a photoinduced

transparency can be generated very efficiently in ZnO in the spectral region of the exciton due

to its sensitivity to both phase-space filling (PSF) and CS.
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Figure 3.9 – Evolution of the normalized spectral traces for different excitation densitites with
a) 3.68 eV and b) 3.44 eV pump photon energy (continuous lines). UV-Vis spectrum of the
colloidal suspension of nanoparticles (black circles). Evolution of the PB minimum amplitude
with respect to pump excitation density at c) 3.68 eV and d) 3.44 eV pump photon energy.

3.5 Discussion

In order to corroborate the exceptionally long cooling times observed in this Chapter, we

performed complementary fluorescence up-conversion measurements [202] which look at

the radiative recombination of electron-hole pairs. With 4.66 eV pump photons, we are able

to resolve a bimodal rise of the fluorescence maximum below the absorption edge (3.18 eV)

of the order of 1 ps (Figure 3.10, red curve) consistent with the cooling time retrieved by TAS.

Experiments are ongoing that can investigate the cooling of the charge carriers by 2D-UV
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spectroscopy [203] and fluorescence up-conversion at several pump photon energies.

Figure 3.10 – Time traces from fluorescence up-conversion following 4.66 eV excitation and
probe at 3.54 eV on the high energy side of the emission and at 3.18 eV at the maximum of the
emission.

Conclusion

In this Chapter, different aspects of the photophysics of photogenerated charge carriers in

ZnO NPs have been investigated by TAS in the deep-UV. We find that the electron cooling is

approximately 3 times longer than theoretically predicted for different pump photon energies.

The evolution of the PB after cooling under increasing excitation densities above the optical

band gap are reproduced using a theory accounting for the changes in screening properties of

the material after photoexcitation. Finally, a different behavior in the PB shape at the optical

band gap is observed if the pump is tuned to the exciton resonance to generate an exciton

gas and above the band gap to generate free charge carriers. We find the PB under resonant

excitation of the exciton to behave linearly with the excitation due to the weak exciton-exciton

screening [200, 201].
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4 Electron injection at the methylam-
monium lead bromide perovskite
MAPbBr3 - anatase TiO2 interface
Summary

In this Chapter, electron injection at the methylammonium lead bromide perovskite (MAPbBr3)

and anatase TiO2 (a-TiO2) interface is investigated by femtosecond differential transmission in

the ultraviolet (UV). Injected electrons into a-TiO2 lead to the photobleach (PB) of the exciton

transition at ∼3.85 eV [43, 70] where MAPbBr3 also has a strong PB. From the comparison of

the kinetics in bare MAPbBr3 and MAPbBr3/a-TiO2, we are able to isolate the spectral signature

of the injected electrons into a-TiO2 and find injection time from hundreds of picoseconds to

nanoseconds. The slow injection time is discussed in the context of the formation of a bound

state at the interface. This slow injection time may be detrimental for the performances of

the solar cell using a-TiO2 as electron transport material (ETM). This study shows that the

electron transport likely occurs in the perovskite layer itself instead of within a-TiO2 as usually

assumed.

Introduction

Anatase TiO2 (a-TiO2) is a popular ETM which is currently used in dye-sensitized solar cells

(DSSCs) [204, 205]. More recently, the advent of solid-state solar cells based on hybrid organic-

inorganic lead halide perovskites (HOIPs) raised the question of the appropriate ETM to

extract the electrons from the HOIP layer. Probably because of the popularity of a-TiO2 in

DSSCs, mesoporous a-TiO2 is the ETM used in a number of studies on perovskite solar cells

[206, 207]. The role of mesoporous a-TiO2 in solid-state solar cells involving HOIP has been

recently questioned by Snaith and coworkers [86, 88, 208] since similar internal photon-to-

electron conversion efficiency (IPCE) can be obtained by replacing a-TiO2 with a spectator

Al2O3 meso-superstructure as a inert substrate of HOIP.

Previous studies investigating the timescale of charge-injection between HOIP and a-TiO2

looked at the photodynamics close to to the perovskite optical band gap by transient absorp-

tion spectroscopy (TAS) [80, 209, 210, 211]. In this spectral range, the strategy to infer charge

51



Chapter 4. Electron injection at the methylammonium lead bromide perovskite
MAPbBr3 - anatase TiO2 interface

injection is to monitor the decay time of the PB at the optical band edge upon band gap

excitation with and without ETM. The effect of electron injection is to accelerate the decay

time of the PB on the femtosecond (fs) to picosecond (ps) timescale because of the decrease of

phase-space filling (PSF) at the conduction band (CB) minimum [212, 213, 214]. It is not often

mentioned that this should also lead to a long-lived component of the PB on the nanosecond

(ns) timescale or longer because of the charge separation preventing electron-hole recom-

bination. Such a method has been applied successfully on CsPbI3 quantum dot (QD) [214],

CsPbBr3 [106], MAPbI3 [3] and MAPbBr3 [80] thin films which show electron injection into

a-TiO2 on a subpicosecond timescale. Alternative methods to infer electron injection on the fs

or ps timescale are (i) TAS in the infrared (IR), which can access the response of free electrons

in the CB of the ETM [84], (ii) TAS in the terahertz (THz), sensitive to the density and mobility

of charge carriers which decreases significantly upon injection [215, 216], (iii) time-resolved

photoluminescence, which is quenched upon charge separation at the interface [217], (iv)

transient microwave photoconductance [218], or (v) modelling of the carrier temperature with

the average temperature decreasing faster upon injection of hot charges [101].

In this Chapter, we investigate the electron injection at the MAPbBr3/a-TiO2 interface from

the change in decay kinetics of MAPbBr3 in the UV with and without a-TiO2 in contact. The

MAPbBr3 layer is excited selectively with 3.1 eV pump photons which is below the optical

band gap of a-TiO2 [43]. The photodynamics of neat MAPbBr3 in the UV has been discussed is

Chapter 2 while the expected transient response of a-TiO2 upon electron injection has been

discussed elsewhere [43, 70].

4.1 Results

Details about the sample synthesis can be found in Appendix A.4 as well as the UV-Vis spectra

of the MAPbBr3, MAPbBr3/a-TiO2 and a-TiO2 thin films (Figure A.4).

The strategy to characterize the electron injection at the MAPbBr3/a-TiO2 interface is to

monitor the changes in decay times of the PBs in MAPbBr3 in the UV with and without a-

TiO2 layer in contact. The differential transmission results are shown in Figure 4.1 for (a)

MAPbBr3, (b) MAPbBr3/a-TiO2 and (c) a-TiO2. Bare MAPbBr3 exhibits three PBs labelled

PB2 to PB4 which have been assigned in Chapter 2. From a first look at the color-coded

differential transmission energy-time maps of (a) MAPbBr3 and (b) MAPbBr3/a-TiO2, almost

no difference can be observed with the three PBs having similar relative amplitudes in both

systems. The main differences are a broader PB3 with a slower decay in MAPbBr3/a-TiO2 on the

ns timescale which can be observed from the spectral traces in Figure 4.1 (right panels). Two

PBs are observed in a-TiO2 upon above band gap excitation (Figure 4.1c) in agreement with

previous results [43, 70, 154] which correspond to direct excitons parallel and perpendicular

to the c-axis [43]. The PBs in a-TiO2 are expected to appear in the differential transmission of

MAPbBr3/a-TiO2 after electron injection due to the screening (Coulomb screening (CS)) of the

exciton resonance [219]. Unfortunately, the strongest PB in a-TiO2 appears at 3.84 eV which
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a)

b)

c)

Figure 4.1 – Differential transmission on a) MAPbBr3, b) MAPbBr3/a-TiO2 following 3.1 eV
excitation (density 1.3×1017 cm−3) and c) a-TiO2 following 3.87 eV.
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overlaps with PB2 in MAPbBr3 while the weak PB at 4.44 eV in a-TiO2 overlaps partially with

PB4 in MAPbBr3. Hence, there is no spectral window to isolate the photodynamics of a-TiO2

in MAPbBr3/a-TiO2 which requires a deeper analysis. Overall, there is clearly not a strong

signature of the PB of a-TiO2 in the differential transmission of MAPbBr3/a-TiO2 in Figure 4.1b.

Figure 4.2 – Comparison of the time traces between MAPbBr3 (continuous lines) and
MAPbBr3/a-TiO2 (thick dashed lines) in the spectral region of PB1 (green lines), PB2 (red
lines) and PB3 (blue lines). Inset shows the time traces up to 2 ps after excitation (instrument
response function (IRF) is shown with thin dashed lines).

Band integrals in the spectral region of the PB for MAPbBr3 and MAPbBr3/a-TiO2 are depicted

in Figure 4.2 (a more detailed comparison of the time traces is available in Appendix, Figure

D.13). No difference is observed in the rise time and initial decay up to ∼0.3 ps after excitation

(inset of Figure 4.2) for every PBs. This remarkable overlap between the time traces shows that

the experiment has been performed at the same fluence and with the same time resolution for

the two systems. Since PB2 (green curve) has identical decay times with and without a-TiO2

layer up to 1 ns, it shows that the differential transmission in that spectral window is intrinsic

to MAPbBr3 and can be used as reference to identify the changes in the other parts of the

spectrum. This result is expected from the weak contribution of a-TiO2 in the PB2 spectral

region upon band gap excitation (Figure 4.1c). The decay times at PB2 (green curve) and

PB4 (blue curve) are unchanged between the bare and combined perovskite systems while

it gets longer for PB3 (red curve) in MAPbBr3/a-TiO2. We noticed that it was not possible

to fit accurately PB3 with a third order kinetics contrary to bare MAPbBr3 (Appendix Figure

D.5c) which means that an additional component appears at PB3 when a-TiO2 is present.

We use PB2 as a reference to enhance the differences with the other parts of the transient

spectra. We have then renormalized the spectral traces to the minimum of PB2 in MAPbBr3
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and MAPbBr3/a-TiO2 at different time delays which are depicted in Figure 4.3.

For MAPbBr3 (Figure 4.3a), the normalized spectral traces show little evolution between 1

and 100 ps which means that the differential transmission decays with similar time constants

at PB2 and PB3 on this timescale with only a weak deviation. In contrast, MAPbBr3/a-TiO2

(Figure 4.3b) shows a pronounced evolution at PB3 after 10 ps while the evolution at PB4

is the same as in bare MAPbBr3. This points to an additional bleach in the PB3 region in

MAPbBr3/a-TiO2 which grows over time. This additional PB is absent up to 10 ps which means

that the dynamics before this time delay is intrinsic to MAPbBr3. Spectrally, it does not follow

the PB3 lineshape with one part of the PB extending to the red down to ∼3.65 eV.

We isolated the evolution and spectral shape of this additional PB by taking the difference

between the normalized spectral trace of Figure 4.3b at time delay t and the spectral trace

at 1 ps which represents the transient response of MAPbBr3. The energy-time color-coded

map obtained from this procedure is plotted in Figure 4.4 (bottom panel) as a difference of

differential transmission (−∆∆T /T0). The PB has an asymmetric lineshape centred at 3.85 eV

with a longer tail on the red side while the rest of the map gives zero signal within the noise

level. This confirms that the additional PB grows over time and has a lineshape and central

energy position similar to the PB in a-TiO2 upon band gap excitation (Figure 4.4, top panel).

We performed the same procedure on bare MAPbBr3 and plotted the reconstructed −∆∆T /T0

in Appendix (Figure D.14). Spectral cuts of the PB isolated from this procedure in MAPbBr3

and MAPbBr3/a-TiO2 are overlapped in Figure 4.5a together with the PB in a-TiO2 at 100 ps

and 1 ns. There is a clear difference between the PB isolated in MAPbbr3 and MAPbBr3/a-TiO2

since the former is weak and has a first derivative lineshape with similar positive and negative

amplitudes while a clear bleach appears in the latter with a similar lineshape than the PB

in a-TiO2. This is an unambiguous spectral signature of injected electrons into a-TiO2. It

shows that the difference in kinetics observed at PB3 is unlikely due to a change of MAPbBr3

kinetics upon electron injection but an overlapping spectral signature of a PB in a-TiO2. We

plot in Figure 4.5b the time trace corresponding to the minimum of −∆∆T /T0 extracted from

MAPbBr3/a-TiO2. A biexponential fitting provides time constants of τ1 = 150±10 ps (16%)

and τ2 > 1.5 ns (84%). The PB upon electron injection into a-TiO2 appears immediately after

the injection of free carriers due to an ultrafast cooling time to the CB minimum [154], hence

the time constant τ1 and τ2 correspond directly to the electron injection time from MAPbBr3

to a-TiO2. We discuss the exceptionally long injection time in the next section. Note that due

to the contribution of a-TiO2, the band integral at PB3 (red curves in Figure 4.2) has a slower

decay in MAPbBr3/a-TiO2 than in bare MAPbBr3. If the kinetics at PB3 was only from MAPbBr3,

the injected electrons would reduce the PSF and a faster decay would be observed first while a

longer time constant would be observed on longer timescales due to the charge separation at

the interface. This is consistent with the unchanged kinetics at PB2 which is purely related to

electrons in CB1 (chapter 2), while electrons are injected.

We have tried to extract the PB of a-TiO2 in the MAPbBr3/a-TiO2 transient by other methods

such as global analysis (GA) (Appendix section D.4). The decay associated spectra (DASs) do
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a)

b)

c)

Figure 4.3 – Normalized spectral traces at PB2 minimum for a) MAPbBr3, b) MAPbBr3/a-TiO2.
In c) normalized spectral traces at the minimum for a-TiO2. The continuous vertical black line
is a guide to the eye at 3.85 eV.
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Figure 4.4 – Transient transmission signal of (top) neat a-TiO2 following 3.87 eV excitation
and (bottom) reconstructed signal of a-TiO2 in MAPbBr3/a-TiO2 following 3.1 eV excitation
according to the normalization procedure described in the text.

not resemble the a-TiO2 PB. This is likely due to the fact that electron injection cannot be

considered as a simple parallel mechanism to the electron-hole recombination which would

be a scenario in which GA applies.

The experiments in the UV are complemented by differential transmission in the Visible de-

tailed in Appendix D.5 with the same excitation conditions (pump 3.1 eV, density 1.3×1017 cm−3).

Time traces at the PB minimum in the Visible (PB1) for the two systems are depicted in Figure

4.6a. We observe a slightly longer decay time in MAPbBr3/a-TiO2 on the nanosecond timescale

consistent with the effect of charge separation delaying electron-hole recombination1. The

similarity between the two time traces shows they have been measured at similar pump flu-

ences since dramatic changes in the decay time are observed increasing the pump fluence

on the ∼100 ps timescale while it is very similar for MAPbBr3 and MAPbBr3/a-TiO2 (Figure

4.6b, Table 4.12). However, the kinetics in the first 2 ps differ significantly (inset in Figure 4.6a).

1We note however that Deng and coworkers have reported a significantly faster decay in the presence of a-
TiO2 [79, 80] which they claim is an effect of sample morphology at the interface assisting the electron-hole
recombination in MAPbBr3/a-TiO2.

2The faster decay time observed with increasing excitation densities is in agreement with other works [97, 220].
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a) b)

Figure 4.5 – a) Spectral traces retrieved from the difference signal in Figure 4.4 for MAPbBr3

(crosses) and MAPbBr3/a-TiO2 (circles) and spectral traces of a-TiO2 thin film (continuous
line) at different time delays. b) Time trace corresponding to the retrieved a-TiO2 PB in the
transient signal of MAPbBr3/a-TiO2. The continuous lines is a biexponential fitting.

Especially, PB1 rise time in MAPbBr3/a-TiO2 is systematically faster than in MAPbBr3 at all

the investigated pump fluences (Figure 4.7a). A pronounced bimodal rise appears in both

MAPbBr3 and MAPbBr3/a-TiO2 for increasing pump fluences with the slowest component

due to charge carrier cooling [81, 82] (see Chapter 2). The amplitude of this second rise is

systematically smaller in MAPbBr3/a-TiO2 than in MAPbBr3 for similar pump fluences. This

seems to indicate that fewer hot charge carriers contribute to the cooling when a-TiO2 is

present which is compatible with the injection of hot-carriers. However, we find that the

spectral traces measured at this slow rise during the cooling (0.3 ps) and after the cooling

(2 ps) compared in Figure 4.7b do not corroborate this interpretation3. During and after the

cooling (blue and red curves respectively), there is a difference in the PB1 broadening with

the high energy tail extending more into the blue in MAPbBr3/a-TiO2 (dotted lines) while the

position of the PB1 minimum is unchanged between the two samples. The position of the PB

minimum after the cooling (2 ps) is related to the filling of the valence band (VB) and CB with

photogenerated charges which leads to a dynamic Burstein-Moss (BM) shift [221, 222]. This

effect has been investigated in detail by Manser and Kamat in MAPbI3 [122]. The dynamic

BM leads to an increase in the apparent band gap Eg of a semiconductor. We have analyzed

the Burstein-Moss shift in MAPbBr3 and MAPbBr3/a-TiO2 and detail the results in Appendix

D.10. The band gap shift upon increasing excitation densities is proportional to the 2/3rd

power of the excitation density as expected but the analysis shows that the amplitude of this

shift is more important in MAPbBr3/a-TiO2 than in MAPbBr3. This is inconsistent with the

effect of electron injection where the amplitude of the BM shift is expected to decrease in

MAPbBr3/a-TiO2 contrary to the observation.

During the cooling, the high energy tail of PB1 is related to the carrier temperature through

the Fermi-Dirac (FD) distribution of the hot carriers in the VB and CB after thermalization

3The origin of the different parts of the spectral trace is explained in detail in the Appendix D.2.
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a) b)

Figure 4.6 – a) Comparison between the time traces at PB1 minimum (2.37 eV) for MAPbBr3

(continuous line) and MAPbBr3/a-TiO2 (dashed line). The excitation density is 1.3×1017 cm−3.
b) Time traces at PB1 minimum for MAPbBr3 at different excitation densities. The sign of the
time traces has been flipped for convenience.

[101, 158]. The fitted lineshape in this spectral region with an approximate Maxwell-Boltzmann

(MB) distribution provides the evolution of the average carrier temperature (electron and hole)

over time. Following this procedure, Li and coworkers have shown subpicosecond electron

injection from MAPbBr3 into an organic ETM from the spontaneous decrease of the average

temperature absent in the bare perovskite [101]. Our dataset exhibits the opposite effect where

the high energy tail of PB1 is broader in MAPbBr3/a-TiO2 at 0.3 ps during the cooling (Figure

4.7, red curve). An analysis of the average carrier temperature with a MB distribution provides

a higher temperature over time in MAPbBr3/a-TiO2 than in MAPbBr3 during the cooling step

which is inconsistent with the injection of hot carriers.

Table 4.1 – Time constants obtained from the global analysis of the energy-time maps of
MAPbBr3 and MAPbBr3/a-TiO2 at different excitation densities.

Sample (excitation density ×1017 cm−3) MAPbBr3 (1.3) MAPbBr3/a-TiO2 (1.3) MAPbBr3 (2.6) MAPbBr3 (3.7)

τ1 (ps) 0.34 0.2 0.38 0.53
τ2 (ps) 10.6 10.0 10.9 10.6
τ3 (ps) 94.4 95.8 87.9 76.8
τ4 (ps) > 1500 > 1500 > 1500 > 1500

Thus, neither the analysis of the BM shift or the average carrier temperature allows an unam-

biguous proof of electron injection. Instead, differential transmission in the UV allows access

to spectral signatures of electrons into the ETM, namely a-TiO2, which is an unambiguous

fingerprint of injection. In the next section, we discuss the unchanged kinetics at PB2 upon

injection and the slow electron injection time.
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a) b)

Figure 4.7 – a) Comparison between the rise times at PB1 minimum (2.37 eV) for MAPbBr3

(continous line) and MAPbBr3/a-TiO2 (dashed line). The sign of the time traces has been
flipped for convenience. b) Comparison between the normalized spectral traces of MAPbBr3

(continuous line) and MAPbBr3/a-TiO2 at PB1 minimum 0.3 ps (blue curve) and 2 ps (red
curve) after excitation at 3.1 eV (density ∼1×1017 cm−3).

4.2 Discussion

4.2.1 Unchanged kinetics at PB2

We observed the same time traces at PB2 in the UV (rise time and decay) for MAPbBr3 and

MAPbBr3/a-TiO2 (green curve in Figure 4.2). In Chapter 2 we have assigned the optical

transition at PB2 to a transition from VB2 to CB1 at the R-point, sensitive to the electron

cooling. Although we demonstrated charge injection takes place, it leaves the kinetics at PB2

unchanged. Since the overall electron injection seems to be inefficient giving a rather weak PB

in a-TiO2, it is likely that the low density of injected charges does no trigger any change in the

recombination dynamics within the MAPbBr3 layer and leave he kinetics at PB2 unchanged.

4.2.2 Long injection time - Formation of charge-transfer excitons

The exceptionally long injection time with the main component beyond 1 ns has been already

reported in MAPbBr3 nanoparticles (NPs) [80, 210], CsPbI3 QD [214], CsPbBr3 QD [106] and is

in contradiction with the sub-100 fs time constants reported by Grancini and coworkers [84],

Piatkowski and coworkers [124] and Marchioro and coworkers [123, 218] from the signature of

Drude electrons in a-TiO2 upon electron injection. Li and coworkers have identified subpi-

cosecond electron injection from the decrease of the average carrier temperature in MAPbBr3

QD [101]. Ponseca and coworkers have shown subpicosecond electron injection from the

mobility drop of the charge-carriers upon injection by pump-probe in the THz [215] with

other injection timescales spanning hundreds of picoseconds to several nanoseconds [216].

Instead of a prompt electron injection, we observe a progressive injection on the nanosecond

timescale. An effect of stochastic diffusion of the photogenerated electrons to the interface

can be excluded because of the diffusion time of the electron to the interface for a perovskite
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layer of ∼30 nm is of the order of 10 ps4 with the electron mean free path being larger than the

sample thickness such that the electron trajectory can be approximated by a straight line [224].

Once the electron has crossed the interface, its diffusion towards the bulk enters the regime of

a drifting charge because of the electrostatic potential which builds up at the MAPbBr3/a-TiO2

interface. This process involves the charge mobility in the a-TiO2 layer which is rather large

and should not limit the movement of charge carriers towards the bulk [225] although the

mobility strongly depends on the material morphology [226].

The slow injection kinetics is similar to the case of ZnO/N719 presented in Chapter 5 which

is either due to the formation of an interfacial charge-transfer complex (ICTC) (also called

charge-transfer exciton (CTE)) or the shallow trapping of electrons at the surface. A CTE is an

electrostatically bound electron-hole pair at a junction or domain boundary which needs to

overcome its binding energy to generate free charge carriers. The formation of CTE has been

claimed at boundaries in mixed halide perovskites [227], between MAPbBr3 nanoplatelets [228]

and heterostructures [229], and in MAPbI3 with a mixture of structural phases [230]. Hence,

HOIPs have a propensity to form interfacial charges which keep interacting via Coulomb

forces. This scenario could explain our observation of the delayed electron injection at the

MAPbBr3/a-TiO2 which calls for the formation of a bound state at the interface. Since the CTE

formation can alter the performances of photovoltaic devices, the methodology developed

in this Chapter provides a way for the community to estimate the efficiency of the electron

injection and design interfaces which can screen the electron-hole interaction leading to more

efficient charge injection. Work is already in progress in this respect [206, 213].

Conclusion

In this Chapter, we have been able to develop a methodology to monitor electron injection

from MAPbBr3 to a-TiO2 thin films under selective excitation of the perovskite layer. It is based

on the exciton PB in a-TiO2 which happens due to the PSF and CS of the injected electrons.

Although the transient signal of MAPbBr3 is overwhelming in the deep-UV, we have been

able to extract the a-TiO2 exciton PB and the electron injection timescale from hundreds of

picoseconds to nanoseconds. This is an unambiguous proof of electron injection on these

timescales. We suspect the slow electron injection is due to the formation of a CTE at the

MAPbBr3/a-TiO2 interface but may also be due to the shallow trapping of electrons at the

interface. This calls for a better design of the interface to screen the Coulomb interaction and

gain in injection efficiency. The current study confirms the generality of the method of TAS

in the deep-UV [70] to investigate charge injection into wide band gap semiconductors at

solid-state interfaces even when the injection efficiencies are low like in this chapter system of

interest.

4The electron mean free path Le is of the order of 100 nm and the electron diffusion coefficient approximately
0.20 cm2 s−1 in MAPbBr3 [223] which yields a diffusion time of τe = L2

e /De = 11 ps which is an order of magnitude
shorter than the injection time constant.
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5 Charge injection between N719 and
ZnO

Summary

In this Chapter, the electron injection at the interface between a prototypical dye molecule (di-

tetrabutylammonium cis-bis(isothiocyanato)bis(2,2´-bipyridyl-4,4´-dicarboxylato)ruthenium-

(II) (N719)) and ZnO nanoparticles (NPs) is studied by femtosecond transient absorption

spectroscopy (TAS) in the ultraviolet (UV). A part of this chapter has been published in Ref.

[70] which compares the injection kinetics between N719 and anatase TiO2 or wurtzite ZnO

NPs. The characterization of the NPs in the colloidal suspension has been published in a

separate paper [149].

The current results confirm the formation of a bound state at the interface which delays the

injection of charges into the ZnO NP bulk. The possible formation of an interfacial charge-

transfer complex (ICTC) is discussed which shows that the electronic coupling, the conduction

band (CB) density of states (DOS) and the static dielectric screening cannot separately account

for the differences in injection kinetics between TiO2/N719 and ZnO/N719. The involvement

of surface states in the formation of the ICTC may be the main difference between ZnO and

TiO2.

Introduction

Dye-sensitized solar cells (DSSCs) have been an intense topic of research over the past two

decades. The efforts devoted to design photovoltaic materials with cheap building processes

bear fruits with the discovery of DSSCs by Gratzel and O’REgan [231] in the nineties. The

working principle of a DSSC is depicted in Figure 5.1. Briefly, dye molecules (organic or

molecular complexes) harvest the most intense part of the solar spectrum in the Visible (step

1) and inject the photoexcited electron into the CB of mesoporous transition-metal oxide

(TMO) assemblies such as anatase TiO2 or wurtzite ZnO (step 2). The photogenerated electric

current is collected at the anode in contact with the TMO NP (step 3) which flows to the

cathode where it reduces the electrolyte (step 4) and ultimately, regenerates the ground state
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of the light harvesting dye molecule after diffusion (step 5). In this cycle, step 2 is a key step

where the electron is injected from the dye molecule to the electron acceptor, namely the TMO

NP embedded in the mesoporous film, which is the focus of this Chapter. The optimization of

the dye and TMO has been the topic of a number of works with, nowadays, little understanding

of the driving force leading to electron injection. Hereby, we propose the investigation of

charge injection from a prototypical molecular complex, the dye N719, into wurtzite ZnO NPs

by femtosecond broadband TAS in the UV. We show that this technique is substrate specific

since it can access the transient optical non-linearities triggered by the electron injection

in the spectral region of the semiconductor band gap. A similar study has been performed

between N719 and anatase TiO2 which can be found in Refs. [70] and [219].

The optical properties of ZnO NPs have been discussed in Chapter 3. In this Chapter, it is useful

to remember that ZnO is a direct band gap semiconductor at the Γ-point with Eg = 3.26 eV at

room temperature. An exciton with a large binding energy of ∼60 meV is formed at the band

gap [169, 232, 233]. The UV-Vis spectrum of the ZnO NP colloidal solution is largely influenced

by the size of the material with a pronounced blue shift of the band gap down to the middle

of the UVA region (∼3.4 eV) for NP of ∼10 nm radius due to quantum confinement [149, 234].

Under laser excitation above the optical band gap of ZnO NPs, a pronounced photobleach (PB)

is observed in the region of the optical band gap which has been assigned to the bleaching of

the band gap transition [235] and/or Coulomb screening (CS) of the exciton resonance [194]

(Chapter 3). In the current experiment, the detection of a transient bleach in the spectral

region of the ZnO optical band gap is used to monitor charge injection from N719 to ZnO.

Details about the sample preparation are given in Appendix A.1, A.2 and A.3 with the UV-Vis

spectra of the solutions. The experimental conditions for each experiment are summarized in

Appendix B (Table B.1).

5.1 Results

Figure 5.2a presents the energy-time pseudo-color map of ZnO NPs following 295 nm excita-

tion (above the optical band gap of ZnO NPs). Figure 5.2d and g present the maps of N719 and

ZnO/N719 respectively, following 550 nm excitation resonant with the singlet metal-to-ligand

charge-transfer (MLCT) of N719.

In the experiment on bare N719 (Figure 5.2d,e), a prominent PB appears between 295 and

325 nm, which corresponds to the bleach of the ligand-centred (LC) transition. It is a conse-

quence of the depopulation of the ground state by the pump pulse. The spectral regions to

the blue and the red side of this bleach are positive. All features (positive or negative) exhibit

a long recovery time beyond 1 ns (Figure 5.2f). The photodynamics of N719 following the

excitation of the 1MLCT is well established. The system undergoes ultrafast vibrational cooling

and intersystem crossing into the triplet 3MLCT state in less than 30−40 fs [236, 237] in which

it remains for around 20 ns [238]. The positive wings to the main bleach involve excited state

absorption of the 3MLCT state. The fast and weak evolution of the signal over the first 100 fs is

64



5.1. Results

Figure 5.1 – Schematic working principle of a DSSC. (1) A photon is absorbed by the dye which
excites an electron into higher energy orbitals, (2) the electron is injected into the CB of the
TMO acceptor, (3) the electron is collected at the anode interface, (4) the electron reduces the
electrolyte at the cathode interface and (5) the reduced electrolyte regenerates the electronic
ground state of the dye after diffusion. The photodynamics of step (2) is studied in this Chapter
at the interface between N719 and ZnO NPs. Image under CC licence.

due to vibrational cooling [239].

In the experiment on bare ZnO NPs (Figure 5.2a,b), the PB exhibits a Lorentzian line shape

centred at the exciton resonance around 365 nm. The bleach is prompt, within the instrument

response function (IRF) of the setup (< 100 fs), and follows a multiexponential recovery with

fitted time constants of τ1 = 1.1±0.1 ps, τ2 = 87.6±1.0 ps and τ3 = 3.9±0.4 ns (Figure 5.2c).

In the picosecond (ps) regime, the photogenerated electrons and holes trigger a PB in the

region of the exciton which is due to phase-space filling (PSF) of the single particle states

involved in the formation of the exciton at the energy extrema of the valence band (VB) and

the CB (Chapter 3). The ps time constant τ1 has been already reported in terahertz (THz)

[195], photoluminescence (PL) [163] and transient reflectivity [240] spectroscopy, commonly

assigned to the cooling of the charge-carriers. The electron-hole recombination occurs within

τ2. The longest time constant τ3 goes beyond several nanosecond (ns) in agreement with PL
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Figure 5.2 – Transient absorption on (a,b,c) bare ZnO NP following 295 nm excitation (fluence
63µJ/cm2), (d,e,f) N719 in dimethylformamide (DMF) following 550 nm excitation (fluence
40µJ/cm2), and (g,h,i) ZnO/N719 following 550 nm excitation (fluence 740µJ/cm2). Spectral
cuts are given in b), e) and f). Time traces are given in c), f) and i).

[241, 242] and time-resolved X-ray absorption spectroscopy (TRXAS) studies [243, 244] and is

due to trapped charges.

Before moving to the excitation of the ZnO/N719 ensemble at 550 nm (below the optical band

gap of ZnO), a blank experiment was performed on bare ZnO NP to show that no electron-hole

pairs could be generated at this pump photon energy. The spectral traces are presented in

Figure 5.3a for different pump fluences. A weak PB of < 0.1 mOD in the spectral region of the

exciton could be observed at a fluence 3.5 times larger than the one used for the experiment on

ZnO/N719 in Figure 5.2g,h,i. This PB has a positive wing which differs from the one observed

upon direct band gap excitation where the signal is only negative (black circles in Figure

5.3a). Such a PB is obtained at low excitation densities (see Figure 3.3 in Chapter 3) where the

change in refractive index provides a positive signal on the high energy side of the PB which

disappears progressively when the excitation density increases. We found the amplitude of the

PB to evolve linearly with the pump fluence which excludes two-photon absorption (Appendix

Figure A.3).

Finally, the ensemble ZnO/N719 is excited at 550 nm, resonant with the 1MLCT state of N719

(Figure 5.2g,h). The transient signal exhibits a PB centred at 310 nm with positive wings due to
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Figure 5.3 – a) Evolution of the transient absorption of ZnO nanoparticles in ethanol following
excitation at 550 nm at different fluences (continuous lines). The spectral traces are taken 1 ps
after excitation. The spectral trace upon band gap excitation at 295 nm after 1 ps is shown for
comparison (black circles). b) Overlap between the normalized spectral traces acquired on
bare ZnO following 295 nm excitation (lines, left vertical axis) and spectral traces on ZnO/N719
following 550 nm excitation (circles, right vertical axis). The position of the PB maximum is
shifted between bare ZnO and ZnO/N719.

the N719 contribution. Indeed, time traces at 290, 305 and 330 nm show the same kinetics as

free N719 molecules (Figure 5.4). The PB observed around 365 nm coincides with the PB in

bare ZnO NPs upon above band gap excitation (Figure 5.2b). Spectral traces of N719, ZnO and

ZnO/N719 are compared in Figure 5.5a1. A similar PB is observed at the exciton resonance

between ZnO and ZnO/N719 which can only be due to the electron population of the ZnO

CB in the latter. This is an unambiguous proof of charge injection into ZnO NPs. The PB

kinetics differ between ZnO and ZnO/N719 (Figure 5.5b). In the latter, the PB amplitude slowly

increases on a time scale of several tens to hundreds of ps while bare ZnO undergoes a prompt

PB and a recovery over hundreds of femtoseconds and picoseconds. A multiexponential fit

provides rise times of τ1 = 64 ps (33%) and τ2 = 590 ps (67%) for the PB in ZnO/N719.

Such slow bimodal rise of the PB due to injected electrons into ZnO NPs has been already

reported by THz [245], mid-infrared (IR) [246] and near-IR [247, 248, 249, 250] spectroscopy

with different sensitizers. The formation of an ICTC at the ZnO/N719 interface has been

invoked to explain the delayed injection into the NP bulk [246, 247, 249, 251, 252, 253]. The

maximum amplitude of the PB 1 ns after excitation is approximately one order of magnitude

smaller than in bare ZnO, in line with our estimate of the number of injected electrons relative

to the bare nanoparticle case (see Appendix B for the calculation of the excitation densities).

In addition, the PB in ZnO/N719 undergoes a progressive broadening as the amplitude of the

1Due to the strong absorption of N719 from 365 nm to higher wavelengths in ZnO/N719, the number of
transmitted probe photons drops significantly so that we cannot resolved the exciton PB on the red side.
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Figure 5.4 – Overlap between the time traces of bare N719 (continous) and ZnO/N719 (circles)
at 290 (red), 305 (purple), 330 (green) and 365 nm (blue) probe wavelength following 550 nm
excitation.

bleach grows over time, illustrated in Figure 5.2g. This is explained by the progressive filling of

single particle states at higher and higher energies on the sides of the Γ-valley at the bottom

of the CB. In contrast, the PB in bare ZnO has a constant bandwidth which means that all

single particle states involved in the PB recover with the same kinetics. A red shift of the PB

maximum with respect to the bare ZnO case is observed (Figure 5.3b) while the position of the

exciton and the band gap is unchanged between ZnO and ZnO/N719 (see UV-Vis spectra in

Figure A.1). This is in stark contrast with other accepting semiconductor materials for which

the bleach appears at the position of the exciton following charge injection, such as in CdSe

[254, 255]. We simulated the PB of n-doped ZnO NPs from the available literature of Ga:ZnO

UV-Vis spectra [9, 10] (Figure 5.6). For a doping concentration of ∼1017 cm−3 similar to the

estimated injected electron density (Appendix B), the PB maximum appears 27 meV below

the exciton maximum which corresponds to a PB maximum at 368 nm in our experiment on

ZnO/N719 consistent with our results (Figure 5.3b). Increasing the n-doping concentration

blue shifts the PB which coincides with the energy position of the PB in bare ZnO NP (Figure

5.3b) and the progressive blue shift of the PB minimum upon increasing excitation densities
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Figure 5.5 – a) Comparison of the spectral traces measured in the three separate experiments
of Figure 5.2. The transient spectrum of N719 is in green (1 ps after excitation). The transient
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Figure 5.6 – Simulated transient spectra of n-doped ZnO NPs from the UV-Vis spectra of
Ga:ZnO taken from Ref. [9] for doping densities <1020 cm−3 and from Ref. [10] for doping
densities >1020 cm−3.
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in chapter 3 (Figure 3.3). The blue shift of the PB upon increasing excitation densities is due

to an interplay between the CS of the electron-hole interaction which decreases the exciton

binding energy as well as a reduction of the oscillator strength due to PSF which dominates

over band gap renormalization after a few picoseconds [194].

Pump
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Figure 5.7 – Schematic representation of the UV based detection of the electron transfer in
dye-sensitized ZnO NPs. The pump photon at 550 nm (green arrow) excites the 1MLCT state
of the N719 dye, which forms an ICTC at the wurtzite ZnO surface. The broadband UV pulse
(violet arrow) probes the sharp exciton resonance at 365 nm coming from the Γ-point of the
Brillouin zone (BZ). The band structure of wurtzite ZnO has been adapted from Ref. [11].

In summary, a schematic representation of the electron injection in dye-sensitized ZnO is

given in Figure 5.7.

5.2 Discussion

The mechanisms of formation and dissociation of an ICTC at the ZnO NP surface remains

elusive and deserve a discussion. More specifically, we would like to interpret the difference

in electron injection rates between ZnO and TiO2 in 10−100 ps for the former and < 100 fs

for the latter [70]. The model often used to predict the charge-transfer (CT) rate is derived

from Marcus theory [256] with the additional ingredient that the electron acceptor contains a

continuum of states to model the CB of the TMO NP [257]. Briefly, starting from the original

expression of the electron transfer between discrete donor and acceptor states, the electron
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transfer rate ket is given by [258],

ket = keνe f f e−E∗/kB T (5.1)

where ke is the electronic transmission factor through the activation energy barrier E∗ and

νe f f is the effective frequency of motion along the reaction coordinate. The transmission

factor is related to the Landau-Zener coefficient for curve crossing [256],

ke = 2P0

1+P0
, P0 = 1−exp

(−|V |2π3/2

hνe f f

√
kB Tλ

)
(5.2)

where V is the electronic coupling matrix element and λ the total reorganization energy. In

the limit of weak coupling of interest here (non-adiabatic limit), the probability P0 can be

expanded and truncated at second order leading to the usual expression for non-adiabatic

electron-transfer rate,

ket = 2π

ħ
|V |2√

4πλkB T
exp

(
− (λ+∆Go)2

4λkB T

)
(5.3)

with ∆Go the energy difference between the donor and acceptor energy levels and λ the

reorganization energy. As explained before, this expression is derived for the electron transfer

between two discrete energy levels. The total electron transfer rate Ket is obtained from the

integral over all possible CB states with which the donor level can couple [250],

Ket = 2π

ħ
∫ ∞

0
dEρ(E)|V (E)|2 1√

4πλkB T
exp

(
− (λ+∆Go −E)

4λkB T

)
(5.4)

where ∆Go is the energy difference between the CB edge and the redox potential of the adsor-

bate excited state, ρ(E ) is the density of states at energy E from the CB energy minimum and λ

is the total reorganization energy. From equation 5.4, the injection transfer rate depends on

four parameters namely, the reorganization energy λ, the electronic coupling matrix element

V , the free enthalpy ∆Go and the density of acceptor states ρ(E ). Other parameters can play a

role in the full DSSC [259] which are not considered here because of the relatively short time

scales investigated and the absence of electrolyte [260]. In addition, quantum confinement

effect may also play a role since the discretization of the TMO CB is not considered in the

model [261].

Since ZnO and TiO2 have similar CB energy minima with respect to the vacuum level [245, 262],

the free energy ∆Go cannot account for the strong discrepancy in the injection rate. The

effective electron mass m∗
e in ZnO is approximately one order of magnitude lower than in

TiO2. Since the DOS is proportional to m∗3/2
e for an isotropic band dispersion, the electron

transfer rate is expected to be ∼30 times slower in ZnO than in TiO2 from the difference in

the density of acceptor states ρ(E) [245, 246, 263]2. This is not large enough to explain the

2The difference in effective mass originates from the different orbitals involved in the formation of the CB. In
TiO2, the CB is made of weakly dispersed 3d-t2g orbitals with large effective masses while it is made of highly
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difference in injection rate by two to three orders of magnitude between TiO2 and ZnO. The

different orbitals involved in the CB formation affect the electronic coupling V (E) with the

donor excited state. Indeed, the 3d-t2g states in the CB of TiO2 can hybridize with the π∗

orbitals of the dye leading to an increase in |V |2 [245, 264] which can also contribute to the

increase in injection rate. However, this parameter is not expected to vary by several orders of

magnitude between ZnO and TiO2 because of the similarity of the chemical bonding between

N719 and the NP surface for both TMO. Hence, the difference in ∆Go , ρ(E) and V (E) cannot

account for the large difference in injection rate between ZnO and TiO2.

In Marcus theory, the fact that the electron injection occurs from an ICTC (also called exciplex)

is not considered. This mechanism has gained credibility recently with the ability to monitor

both ICTC by TAS and free electron formation by THz/mid-IR spectroscopy [246]. In TAS,

the appearance of spectral signatures of the dye cation is observed on a ∼100 fs timescale

[265] while the appearance of the Drude response of injected electrons in the THz or mid-IR

appears on the ∼10 ps timescale [264]. This leads to the conclusion that an intermediate

state is involved between the charge injection and the formation of a free electron in the NP

core. In some studies, the formation of a spectral signature of the ICTC has been found in

the range from 900 to 1300 nm, decaying on the same timescale than free carrier formation

[252, 266, 267].

The formation of a bound ICTC closely relies on the properties of the acceptor material to

screen the injected charge via the zero frequency (static) dielectric constant εω=0 = ε(0). The lit-

erature reports a difference by a factor ∼ 2 to 6 between ZnO (ε⊥,ZnO(0) = 7.40, ε∥,ZnO(0) = 8.49

[268]) and TiO2 (ε⊥,TiO2
(0) = 43, ε∥,TiO2

(0) = 13 [269, 270]) static dielectric constants signifi-

cantly lower than the difference invoked by Nemec and coworkers to interpret the formation

of the ICTC [247]. We noticed that the reported static dielectric constant can vary by one

order of magnitude depending on the chemical synthesis of the NP and εTiO2,ω=0 > 100 has

already been reported [271, 272]. Such large differences in static dielectric constant lead to

Debye screening lengths of the electron plasma of ∼11 nm for ZnO and ∼37 nm for anatase

TiO2 at our injected electron densities which are not very different because of the square root

dependence of the screening length with the static dielectric constant. Hence, it is unlikely

that the static dielectric constant alone can account for the formation of an ICTC in ZnO while

free charges are directly formed upon injection in anatase TiO2. The ICTC has the form of an

ionized exciplex with a fully positive charge localized on the dye molecule and a fully negative

charge within the TMO as recently shown by time-resolved photoemission spectroscopy in

the XUV [251, 273]. An estimate of the binding energy of the ICTC of ∼400 meV has been

determined with the same technique probing within the ZnO gap after photoexcitation [253]

in agreement with Monte Carlo simulations [247]. Recent studies have shown that moving

away the dye cation from the NP surface with a spacer did not prevent the formation of the

ICTC and that the Coulombic interaction cannot fully account for the difference in injection

kinetics between ZnO and TiO2. Instead, surface states may be involved, weakly coupled

dispersed 4s and 3p orbitals in ZnO.
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with the bulk states [264] which supports our interpretation that the weaker screening of the

injected electron into ZnO cannot explain the ICTC formation alone. In ZnO, surface states

are formed upon anchoring dye molecules to Zn4+ cations which has not been found upon

sensitization of TiO2 [246] but can also be naturally present because of the unsaturated atoms

at the NP surface [274].

In a recent work by Virkki and coworkers, the role of the slow formation of free charges in

dye-sensitized ZnO has been investigated. They wonder if the slow injection rate may compete

with charge recombination and decrease the DSSC performances in ZnO-based DSSCs while

TiO2-based DSSCs may not undergo this effect. Instead, they observed a larger electron-hole

recombination rate at the interface in TiO2 leading to larger injection efficiencies for ZnO

from 20 ps after excitation and at later times [275]. Possible explanations for this effect are the

7 orders of magnitude larger drift mobility of electrons in ZnO [276, 277] than in TiO2 [278]

leading to a more efficient charge separation.

Conclusion

From our study, we managed to monitor charge-injection and ICTC formation at the ZnO/N719

interface via the exciton PB at the band gap of ZnO NPs. The formation of the ICTC leads to

a delayed PB with progressive accumulation of the electrons at the bottom of the CB upon

ICTC dissociation on the 10 to 100 ps timescale. TAS in the UV is an alternative method to THz

or IR spectroscopy techniques looking at the Drude electrons upon injection. However, it is

a substrate specific technique which offers interesting opportunities to investigate complex

electron transport materials (ETMs) such as the recent record combination of SnO2 and TiO2 in

perovskite solar cells [279, 280], which exhibit excitons at different energies in the UV and the

deep-UV. We discuss the possible reasons for the formation of ICTC in ZnO and the difference

with anatase TiO2. The electronic coupling, the CB DOS and the static screening cannot sepa-

rately account for the formation of the ICTC in ZnO and its absence in TiO2. Possible reason

for this is the involvement of surface states in the electron injection as recently demonstrated

in anatase TiO2 by TRXAS [281, 282] due to lattice disorder at the NP surface whose electronic

structure may play a role in the injection efficiency.
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6 Transient reflectivity in the deep-UV
of a prototypical charge-transfer insu-
lator: Nickel Oxide (NiO)
Summary

In this Chapter, the transient optical response of NiO single crystals and thin films is investi-

gated after above band gap excitation. A fast lattice heating is observed on the ∼10 ps timescale

which shows the strong charge-phonon coupling in this system. The decay of the spectrum

close to the main photobleach (PB) at the absorption maximum follows a third order kinetic

law (Auger-like). The effect of crystal surface orientation and pump photon energy is investi-

gated which shows a strong dependence of the optical response in the spectral and in the time

domain. Finally, acoustic waves are detected in the differential transmission spectrum of NiO

thin films which shows an amplitude enhancement closer to the Néel temperature. The energy

transfer from the electronic to the bosonic degrees of freedom (DOFs) is discussed by com-

parison with the extensively investigated charge-transfer (CT) cuprate systems. The results

presented in this Chapter are preliminary and some sections are limited to the description of

the experimental data which are presented to provide material for discussion.

Introduction

Nickel oxide (NiO) is nowadays a widely used semiconductor in ceramics [283], hydrogenation

catalysts [284], switching memory devices [285], electrochromic coating [286] or active mate-

rial in gas sensors [287]. It is composed of nickel ions with electronic structure [Ar]4s03d8 in a

+2 oxidation state. NiO has a rocksalt structure which exhibits a CT insulating gap (Eg ∼ 4 eV)

and an antiferromagnetic ground state at room temperature (TN = 525 K) [288]. The optical

spectrum first measured by Chrenko et al. shows a rich structure with a sharp optical absorp-

tion edge at ∼4 eV characteristic of a wide band gap semiconductor and a manifold of peaks

in the Visible region which are due to crystal field multiplets centred on Ni ions in the lattice

[289].

The nature of the insulating gap in NiO has been historically controversial. It was first assigned

to a Mott gap [290] but Sawatzky and Allen identified the role of the oxygen ligand in the
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single particle gap energy and the CT character on the basis of complementary photoemission

spectroscopy (PES)/inverse photoemission spectroscopy (IPES) experiments [291, 292].

The band structure of NiO has been characterized in the nineties by angle-resolved photoemis-

sion spectroscopy (ARPES) and the effect of the correlation on the band structure has clearly

been observed by a splitting of the Ni 3d and O 2p bands [293, 294]. A set of theoretical calcu-

lations are now available which reproduce the band structure via cluster [295, 296], density

functional theory (DFT)-local density approximation (LDA) [297], DFT-(LDA or generalized

gradient approximation (GGA))+U [298, 299, 300], DFT-GW-LDA [301] and dynamical mean-

field theory (DMFT)-LDA [302, 303, 304]. We briefly describe here the consensus reached

about the electronic structure of NiO close to its optical band gap. The valence band (VB) max-

imum comes from the hybridization of oxygen 2p and Ni 3d(t2g ) orbitals while the conduction

band (CB) minimum is almost made of pure Ni 3d(eg ) orbitals. The orbital mixture in the VB

questions the CT nature of the insulating gap since it would be more accurately described as a

mixture of Mott and CT insulator [305]. In fact, NiO falls into the intermediate regime of the

Zaanen-Sawatzky-Allen classification which supports this observation [306].

The modelling of the optical spectrum from the NiO band structure is possible using the

Bethe-Salpeter equation [307] which has been performed by Rödl and coworkers [300]. They

show that the optical band gap is due to transitions from Ni(t2g ) to Ni(eg ) states which would

correspond to a Mott insulator [308].

Despite the elusive CT or Mott character of the band gap, most studies on NiO nowadays

consider a CT insulator whose band gap excitation transfers electrons from the oxygen 2p

band to the upper Hubbard band (UHB) [309]. This point has been strengthened recently by

resonant X-ray emission spectroscopy (RXES) experiments focusing on the CT [310, 311] from

which the charge-transfer energy ∆, the Hubbard U and hybridization parameter W could be

estimated in agreement with a CT gap. Due to the strongly correlated nature of the electron in

the UHB and its low mobility, a convenient picture is to consider that under optical excitation,

an electron is transferred from one oxygen atom to a neighbor Ni with an energy cost ∆∼ 4 eV,

the so-called CT gap.

In this Chapter, we investigate the transient optical properties in the spectral region of the NiO

optical band gap after above gap excitation. The experiments are performed in transient reflec-

tivity of NiO single crystal and differential transmission of NiO thin film with subpicosecond

time resolution.

6.1 Results

6.1.1 Ellipsometry

A NiO (001) single crystal was purchased from Mateck. The absorption coefficient determined

by spectroscopic ellipsometry is depicted in Figure 6.1 (blue curve) overlapped with the
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Figure 6.1 – Absorption coefficient determined by us using spectroscopic ellipsometry from
NiO (001) (blue curve). Traces from the studies of Lee and coworkers [12] (red curve) and
Ghosh and coworkers [13] (black curve) are also shown.

results from other studies [12, 13]. The absorption coefficient of NiO is characterized by a

rapid increase around the optical band gap at ∼3.6 eV which reaches a maximum around 4 eV

followed by a decrease to higher photon energies.

The real and imaginary part of the dielectric constant are fitted with a sum of two Tauc-Lorentz

oscillators1 and one Lorentz oscillator2 in Figure 6.2a showing an excellent agreement with

the experiment (see Appendix H.2 for the details of the fitting). The fitting parameters are

given in Table 6.1. In the expression of the Tauc-Lorentz oscillator, E0 represents the oscillator

resonance energy and Eg the material band gap. From the fit, the main peak at 4 eV is due to

the overlap of one Tauc-Lorentz resonance at 3.86 eV and one Lorentz resonance at 4.68 eV.

The second Tauc-Lorentz oscillator is used to model the increase of the imaginary part of

the dielectric constant between 1 and 3.1 eV below the optical gap which has been assigned

to a transition from the oxygen 2p orbitals to the Ni 4s orbitals [13]. Indeed, while most

calculations ignore the role played by the 4s orbitals of Ni, GW calculations show that these

orbitals are dispersed with an energy minimum within the optical gap [312] which gives rise to

a first optical gap in the sub-1 eV region [13]. The temperature dependence of the imaginary

of the dielectric constant is reproduced from Ref. [13] and depicted in Figure 6.2b. Upon

temperature increase, some spectral weight is transferred from the region near the maximum

1See Appendix H.2 for the mathematical expression of the Tauc-Lorentz oscillator.
2We have used one Lorentz oscillator less than in a recent ellipsometry study over the same spectral range [13].
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Figure 6.2 – a) Fit of the real (blue) and imaginary part (red) of the dielectric constant of NiO
(001) with a sum of two Tauc-Lorentz oscillators and one Lorentz oscillator. b) Temperature
dependence of the imaginary part of the dielectric constant (reproduced with permission
from [13]).

at 4 eV to the above band gap region with an isosbestic point at 4.7 eV between 100 to 650 K.

Table 6.1 – Parameters of the fitting of the dielectric constant of NiO (001) with two Tauc-
Lorentz oscillators and one Lorentz oscillator. Γ refers to the oscillator broadening, E0 to the
oscillator energy and Eg to the band gap.

oscillator plasma frequency (eV) Γ (eV) E0 (eV) Eg (eV)

Tauc-Lorentz 1 54.8 0.86 3.86 2.95
Tauc-Lorentz 2 27.8 12.94 8.54 0.50

Lorentz 3.17 2.04 4.68

In the following, we focus on the general behaviour of NiO in transient reflectivity in the region

of its optical band gap at 4 eV in the deep-ultraviolet (UV).

6.1.2 Transient reflectivity upon above band gap excitation

The energy-time color-coded map obtained following 4.28 eV excitation is shown in Figure 6.3a

(fluence 210µJ/cm2, 13 nJ per pulse). The transient exhibits a prompt negative signal at the

position of the absorption coefficient maximum at 4.0 eV which decays over time. A positive

signal appears on the low energy side centred at 3.6 eV on the ∼10 ps timescale. Spectral traces

at different time delays are plotted in Figure 6.3b which show the evolution of the transient

reflectivity over time. The negative signal exhibits a kink around 3.9 eV.

In order to identify the possible contribution of a refractive index change to the transient

reflectivity, we have performed measurements in transmission of a NiO (001) thin film (35 nm
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Figure 6.3 – a) Transient reflectivity following 4.28 eV excitation (fluence 210µJ/cm2). b)
Spectral traces at different time delays (colored lines). The change in reflectivity from a
temperature increase from 300 to 400 K is shown with black circles.

thickness on MgO) which are shown in Figure 6.4a. The signal shape is the same as in re-

flectivity which shows that only changes in the absorption coefficient are observed. The

positive modulation at short time delays in differential transmission is due to the self-phase

modulation of the probe through the substrate by the pump pulse (Figure 6.4a). Time traces

from the differential reflectivity are taken in the PB region and depicted in Figure 6.4b. The

decay times are the same between 4.2 and 4.4 eV on the high energy side of the PB while an

additional component appears progressively below 4.2 eV.
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Figure 6.4 – a) Differential transmission measured on NiO (001) following 4.66 eV excitation.
b) Time traces in transient reflectivity taken in the PB region of the differential reflectivity on
NiO (001) 4.66 eV excitation. The time traces have been sign flipped for convenience.

On the picosecond timescale, the effect of lattice heating can be modelled from the tempera-

ture dependent ellipsometry data published by Ghosh and coworkers (Figure 6.2b) [13]. Only

large temperature jumps of 100 K are available in the range close to room temperature so we

have modelled the effect of the transient reflectivity under a lattice temperature increase of

100 K from 300 to 400 K and overlap the simulated transient in Figure 6.3b. It is clear that

the signal shape at the optical band gap is not reproduced by a lattice temperature increase.

79



Chapter 6. Transient reflectivity in the deep-UV of a prototypical charge-transfer
insulator: Nickel Oxide (NiO)

However, the kink observed on the low energy side of the main PB and the positive signal

progressively appearing around 3.5 eV can be well described by the effect of the lattice tem-

perature increase on the sample reflectivity. It is the consequence of the strong coupling

between the charges and the lattice. This seems to be rather general in strongly correlated

materials where efficient coupling to the bosonic fields have been demonstrated in cuprates

[313, 314, 315, 316]. We discuss in more details this effect in section 6.2.
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Figure 6.5 – Evolution of the transient reflectivity depicted as the squared inverse following a
third order kinetic law.

The recovery of the electronic excitations in the CT insulators is expected to occur with a first

order law exponentially [317]. However, we find that a third order law (Auger-like) is necessary

to describe the temporal behaviour of the system from the plot of the squared inverse of the

transient reflectivity over time (Figure 6.5). Over the first 150 ps, two decay kinetics can be

clearly identified with a rather sharp transition from the first to the second around 20 ps.

6.1.3 Effect of the crystal surface orientation

We checked the influence of the NiO single crystal surface orientation on the dynamics over

short timescales in transient reflectivity. The color-coded energy-time maps for the (001)

and (101) orientations are depicted in Figure 6.6a,b following 4.28 eV excitation (fluence

210µJ/cm2, 13 nJ per pulse). Normalized time traces are plotted in Figure 6.6c around the PB

maximum. A faster decay time is observed for NiO (001) over the first few picoseconds but on

longer timescales, we can guess that NiO (101) exhibits a faster recovery since the time traces

seem to cross between the two surface orientations. Normalized spectral traces are plotted

in Figure 6.6d. It shows that the spectral shape is the same on the low energy side of the PB
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Figure 6.6 – Normalized transient reflectivity energy-time color-coded map for NiO a) (100)
and b(101) oriented following 4.28 eV excitation. c) Time traces around the PB maximum for
NiO (001) (dashed lines) and NiO (101) (continuous lines) at 3.9 (black) 4.0 eV probe photon
energy. The sign of the time traces has been flipped for convenience. d) Spectral traces at 0.5
(black) and 5 ps (red) for NiO (001) (continuous lines) and NiO (101) (circles).

for both surface orientations while the PB is broader on the high energy side for NiO (101)

at 5 ps. Since the ellipsometry gives the same absorption coefficient for both single crystal

orientations, this is a transient effect.

6.1.4 Effect of the pump photon energy

Three pump photon energies have been used on NiO (001) in transient reflectivity at 3.54,

3.97 and 4.28 eV which are at the optical band gap onset, at the absorption maximum and

above the optical band gap, respectively. For every pump photon energies, the same incidence

fluence of 210µJ/cm2 is used. The energy-time color-coded maps are depicted in Figure 6.7.

Note that the excitation at the optical gap onset at 3.54 eV generates the same signal shape

than with higher pump photon energies which shows that an electronic excitation occurs at
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a) b) c)

Figure 6.7 – Normalized transient reflectivity color-coded energy-time map following a) 3.54 eV,
b) 3.97 eV and c) 4.28 eV pump photon energy excitation.

this pump photon energy we have used for the time-resolved X-ray absorption spectroscopy

(TRXAS) experiment in chapter 7. Time traces are compared close to the PB maximum at

4.1 eV in Figure 6.8a. We observe that decreasing the pump photon energy seems to slow down

the decay. Spectral traces at 5 ps are shown in Figure 6.7b. Between 3.97 and 4.28 eV excitation

above the gap, the shape of the PB is the same on the low energy side but differs on the high

energy side. The pump at the absorption onset (3.54 eV) generates a broad PB. Hence, the

pump photon energy has a rather dramatic effect both in the time and in the spectral domain.
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Figure 6.8 – Effect of the pump photon energy on a) the kinetics at 4.1 eV, b) the spectral traces
at 5 ps. The time traces have been sign flipped for convenience.

6.1.5 Effect of the lattice temperature

Differential transmission were also performed on NiO (001) thin films deposited onto MgO

(001) following 4.66 eV excitation at different lattice temperatures. The color-coded energy-

time maps are depicted in Figure 6.9. We observe a strong variation of the signal amplitude

between 495 K and 600 K where the Néel temperature is found (TN = 525 K). Time traces at

the PB maximum are depicted in Figure 6.10a. Close to time zero, a strong positive signal is

observed which is due to self-phase modulation in the film. Oscillations are observed at later
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a) b)

c) d)

Figure 6.9 – Differential transmission measured on NiO (001) thin film following 4.66 eV at
a) 350 K, b) 450 K, c) 495 K and d) 600 K. The overwhelming positive signal close to time zero
(dark red color) is due to self-phase modulation.

times at 350, 450 and 495 K which are strongly quenched at 600 K. We have fitted the time

traces at 3.54 eV and plot the residuals in Figure 6.10b to show the oscillations. We observe

an amplitude increase from 350 to 450 K and a significant decrease at 600 K. This anomalous

behavior seems correlated with the phase transition at the Néel temperature (TN = 525 K)

with the amplitude of the oscillations increasing up to TN and decreasing afterwards. The

period of the oscillations is ∼5 ps3. This is in excellent agreement with the acoustic period of a

35 nm thin film with a sound velocity of 7.1 km/s [318, 319]. However, it is surprising that the

amplitude of the acoustic wave depends in a non monotonic way on the lattice temperature.

In the seventies, one study has identified an anomalous variation of the acoustic loss in NiO

around the Néel temperature which reaches its maximum at TN [320]. It is the opposite

behavior to the evolution of the amplitude of the oscillations we observe, which reach their

maximum amplitude closer to the Néel temperature.

3The oscillatory pattern becomes multimodal above the Néel temperature (600 K). Not enough oscillations are
visible that would allow for a Fourier transform.
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Figure 6.10 – a) Evolution of the time traces at 3.54 eV following 4.66 eV at different tempera-
tures. b) Residuals of a multiexponential fitting showing the oscillations.

6.2 Discussion

The effect of above band gap excitation on the appearance of a broad photoinduced absorption

(PA) band below the gap has been the subject of a number of studies on cuprate systems4.

Okamoto and coworkers have studied the undoped cuprates Nd2CuO4 and La2CuO4 and

observed a PA below the optical gap which corresponds to a temperature jump of ∼50 K, 1 ps

after excitation [313, 314]. The energy transfer from the electronic to the bosonic degrees

of freedom is exceptionally fast in these systems which is a general manifestation of the

entanglement between the electronic and lattice DOFs in strongly correlated materials. The

PA goes together with a strong PB in the region of the absorption maximum similar to our

observations in NiO. A recent study by the same group shows that the dressing of the electronic

excitation into a magnetic polaron occurs on the 10 fs timescale [321]. Novelli and coworkers

have observed the same effect on La2CuO4+δ pumping above and below the optical gap in

the mid-infrared (IR) where polaronic excitations exist and couple to the electronic DOFs

[315]5. The strong coupling between the DOFs can also be investigated in the time domain

where Raman impulsive mode are triggered by the band gap excitation into a coherent lattice

fluctuation [323, 324].

In this Chapter, the appearance of a PA on the low energy side of the band gap of NiO after

above band gap excitation is observed with a weak evolution between ∼10 and 100 ps. We

expect that some of the PA contribution comes from a lattice temperature increase due to the

similarity between the energy position of the zero crossing of the transient reflectivity with the

modelled change in reflectivity (Figure 6.3). However, this PA reaches is delayed with respect to

the cuprates [313, 314]. Possible reasons for this effect are a weaker electron-phonon coupling

4Note that this is drastically different from the Drude response of electrons since the corresponding PA has a
maximum while the contribution from Drude electrons to the transient signal evolves as λ2.

5A review article covering the out-of-equilibrium dynamics of cuprates at the optical band gap region has been
written [322].
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strength although the temperature dependence of the absorption edge shows that NiO falls

into the self-trapped exciton regime [325] described by Toyozawa [132] which involves a rather

strong coupling. We know from chapter 7 that electron localization occurs in NiO in less than

100 ps which generates the reduction of Ni centres associated to bond elongation. This would

be in agreement with the dressing of the electronic excitation that generates the PA below the

optical band gap.

Conclusion

In this Chapter, we obtained preliminary results of the optical response of NiO, a benchmark

CT insulator, after band gap excitation. The system shows a response which depends on

the crystal surface orientation and pump photon energy both in the spectral and the time

domain. The lattice heating predicted from temperature-dependent ellipsometry occurs in

∼10 ps which is longer than in the cuprate systems. This shows the strong coupling between

the electronic and lattice DOFs in this system which seems general in strongly correlated

transition-metal oxide (TMO) systems. Differential transmission on NiO thin films at different

temperatures shows acoustic waves whose amplitude is temperature dependent and seems

to reach their maximum at the Néel temperature (TN ). Further experiments are on going to

investigate this effect closer to TN .
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7 Electron localization upon optical
band gap excitation in NiO micropar-
ticles investigated by time-resolved
X-ray absorption spectroscopy at the
Ni K-edge

Summary

In this chapter, the electron localization in NiO microparticles following optical band gap

excitation is studied by time-resolved X-ray absorption spectroscopy (TRXAS) at the Ni K-edge.

First, the X-ray absorption spectrum (XAS) of a particle suspension is measured. It reproduces

the spectrum of NiO single crystals which shows the bulk-like structure of the particles. The

X-ray absorption near-edge structure (XANES) is modelled with ab initio density functional

theory (DFT) calculations to provide an assignment of the pre-edge peak. The TRXAS is

measured 100 ps after optical excitation at the charge-transfer (CT) gap onset at 355 nm. The

transient is modelled with a combination of chemical shift analysis and ab initio calculations

in the XANES and in the extended X-ray absorption fine structure (EXAFS). The results are

consistent with an electron localization in the antibonding Ni 3d orbitals which triggers a

Ni-O bond elongation of ∼7%. This is consistent with the formation of an electron-polaron

already witnessed in other strongly correlated materials such as cuprates [315, 316] and band

insulators such as anatase TiO2 [326].

Introduction

NiO has been extensively investigated over the last few years because of its efficient hole

transport properties [327, 328, 329] promising for solid-state photovoltaic applications [330].

Recent examples of its implementation include dye-sensitized [331] and perovskite solar cell

heterojunctions [332, 333]. However, little is known about the mobility of the electrons in this

material which can be generated from an optical excitation in the deep-ultraviolet (UV) (chap-
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ter 6). NiO is a strongly correlated material whose electronic structure has remained enigmatic

over the past few decades and has also more recently become a topic of textbooks in solid

state physics [334] and review articles [335, 336, 337]. From complementary photoemission

spectroscopy (PES)/inverse photoemission spectroscopy (IPES) experiments [338, 339, 340], it

is well admitted that it is a wide band gap insulator (Eg ∼ 4 eV at room temperature) whose

valence band (VB) is made essentially of oxygen 2p states and conduction band (CB) made of

nickel antibonding 3d states (see chapter 6) [304].

Photogenerated charge carriers in conventional semiconductors without strong correlations

have rather large mobilities which can drop upon charge trapping or polaron formation.

Typical timescales of charge trapping are on the femtosecond (fs) [282, 326] to picosecond

(ps) timescale [240]. The formation of polarons can also occur on ultrafast timescales which

depends on the phonon emission rates or the ability of the material to deform around pho-

togenerated charges to trap them (self-trapped excitons). Hence, lattice modifications are

observed as trapped charge or polaron form around specific atoms from which fundamental

knowledge about lattice defects (trapping case [244]) or quasiparticle shape (polaron case

[341]) can be obtained. An ideal technique to study this effect is time-resolved X-ray diffraction

(TRXRD) or time-resolved electron diffraction (TRED) which is sensitive to bond distance mod-

ifications (structure factor) and to lattice parameter changes (Bragg peak position) [342, 343].

Although diffraction based techniques are powerful to observe the structural changes, they

remain blind to the change in the material electronic properties1. In contrast, TRXAS is a

powerful technique to probe the localization of photogenerated charge carriers around a

given chemical element giving access to both electronic and structural information at the

picosecond timescale provided by third-generation synchrotrons. We have already shown

the capability of this technique to probe trapped electrons at undercoordinated Ti centres in

anatase [281, 282] and rutile [78] TiO2 nanoparticles (NPs), trapped holes at oxygen vacancies

in ZnO [243, 244] and polaron formation in the inorganic lead halide perovskite CsPbBr3 NPs

[77, 78].

In this chapter, TRXAS is used to follow charge localization upon band gap excitation of

suspended NiO microcrystals at the Ni K-edge. The Ni 3d orbitals form a weakly dispersed

CB where photogenerated electrons get strongly localized in real space. The effect of the

localization on the change in Ni O bond distances is observed in the XANES and in the EXAFS

while the filling of the Ni 3d states is observed in the pre-edge.

The chapter is divided as follows. First, experimental details about the XAS and TRXAS

measurements are briefly presented. Then, the XAS spectrum of the NiO microcrystals is

described with ab initio modelling in the XANES. The TRXAS results are presented in the main

result part and are modelled in the following section with a combination of chemical shift and

ab initio calculations in the XANES (XSpectra package) and in the EXAFS (FDMNES package).

The observations of the TRXAS in the pre-edge, XANES and EXAFS converge to the picture of

1Although resonant X-ray diffraction (XRD) can give access to electronic degrees of freedom (DOFs) information
[344].
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an electron-polaron formed in less than 100 ps which is discussed in a last part.

7.1 Experimental details

The XAS and TRXAS experiments have been performed at the MicroXAS (X05LA) and SuperXAS

(X10DA) beamlines of the Swiss Light Source (SLS). The pump pulse is made of the third

harmonic of a Nd:YAG laser fundamental (1064 nm, Duetto, Time Bandwidth) at 355 nm. The

X-ray beam is monochromatized in the spectral region of the Ni K-edge (∼8.35 keV) with

Si(111) and the detection of the absorption cross-section is performed in total fluorescence

yield (TFY). Details about the sample preparation, UV-Vis spectrum of the solution and TRXAS

experimental parameters are provided in Appendix E.1 and E.2. Briefly, NiO microcrystals

powder has been purchased from Sigma-Alrich (325 mesh). A suspension is made in MilliQ

water by sonication of the powder agglomerate for half an hour. The same sample has been

studied in detail elsewhere which shows that the microcrystals are bulk-like [15]. The NiO

concentration in the suspension is ∼170 mM. The TRXAS setup and the sample delivery are

detailed in Appendix G.4 also published elsewhere [17]. The X-ray energy calibration has been

performed with a Ni foil and is detailed in Appendix E.3.

7.2 XAS of NiO microparticles at the Ni K-edge

7.2.1 Experimental spectrum

The XAS of the NiO microcrystals suspension at the Ni K-edge is depicted in Figure 7.1a for the

XANES and Figure 7.1b for the EXAFS (blue lines). The spectrum exhibits a pre-edge peak at

8334 eV (labelled A) and shoulders in the edge at 8338 (labelled B), 8343 and 8347 eV with the

maximum of the absorption coefficient at 8350 eV. The spectra in the XANES and in the EXAFS

reproduce previously published spectra of NiO single crystals [14, 15, 345] (red lines in Figure

7.1) which shows that the NiO microparticles used in this study have the same electronic

structure and lattice parameters than NiO single crystals.

7.2.2 Ab-initio XANES calculations

We performed ab-initio DFT calculations of the density of states (DOS) and XANES cross-

section of bulk NiO at the Ni K-edge to find the orbitals involved in the underlying transitions,

especially in the pre-edge. Such calculations in NiO are complicated by the strongly correlated

nature of the material (see chapter 6). We summarize here the theoretical developments

related to the description of the XANES spectrum of NiO at the Ni K-edge.

Zaanen, Sawatzky and Allen have shown that the ground state (ΨGS) of nickel ions in NiO

can be described as a linear superposition of multiplets involving the Ni 3d orbitals and the

oxygen 2p orbitals (labelled L in the following) due to the strong hybridization of these orbitals
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Figure 7.1 – a) XANES and b) EXAFS of NiO microparticles suspension at the Ni K-edge
measured in TFY (blue curve). Overlapped are the measured XANES in [14] and EXAFS in [15]
on NiO single crystals (red curve).

[346, 347],

|ΨGS〉 = a0 |3d 8〉+a1 |3d 9L〉+a2 |3d 10L2〉 (7.1)

where L stands for an oxygen 2p hole and 3d X the filling of the Ni 3d orbitals with X electrons.

The amplitudes ai (i = 0,1,2) of the different electronic configurations are 0.73, 0.21 and

0.06 respectively in the ground state [346, 347] which shows the large degree of hybridization

between the orbitals redistributes the electron density from the ground state atomic configu-

rations. These amplitudes strongly correlate with the electronegativity of the ligand (the larger

the electronegativy, the less the amplitudes of a1 and a2) as was shown for cobaltites [348] and

nickelates [349]. This shows the strong hybridization in the ground state of NiO. The effects

of hybridization and correlation need to be considered in the calculations, the latter being

related to the energy cost to put two electrons of opposite spin in the same orbital (vide infra).

The origin of the pre-edge peak A at 8334 eV has been debated and remains elusive. Garcia and

coworkers claim that it originates from a dipole allowed transition to O(2p)−Ni(3d) hybridized

states supported by the correlation of the pre-edge peak amplitude to the degree of orbital mix-

ing in a family of nickelates [349]. This is a general effect observed in transition-metal oxides

(TMOs) at the metal K-edge in which pre-edge peaks are due to metal 3d and oxygen 2p mixed

final states [350, 351]. Others claim that this pre-edge peak is due to a quadrupole transition

to Ni 3d states forming an exciton with binding energy of ∼ 4 eV supported by experimental

XAS [14, 352], resonant Auger spectroscopy [352], K-edge resonant X-ray scattering [353] and

calculations [14, 16, 354]. More recent calculations have shown that this peak contains a weak

dipolar component originating from the hybridization of the core-hole attracted Ni 3d orbitals

with oxygen 2p orbitals [16] which supports the first assignment by Garcia and coworkers

[349].

90



7.2. XAS of NiO microparticles at the Ni K-edge

a)

-10 0 10 20 30 40

Energy (eV)

0

0.2

0.4

0.6

0.8

1
X

A
S

 c
ro

s
s
-s

e
c
ti
o

n
 (

n
o

rm
a

liz
e

d
)

theory with core-hole

theory without core-hole

experiment

-5 0 5

Energy (eV)

b)

Figure 7.2 – a) Calculated XAS cross-section in the XANES region using DFT+U and a pseu-
dopotential approach. Both calculations with the core-hole included in the pseudopotential
(red curve) and without the core-hole (black curve) are overlapped with the experimental
spectrum of NiO single crystal in Ref. [16] (blue circles). The zero energy is set at the Fermi
level. b) Schematic of the off-site transition between the 1s orbital of the absorbing Ni atom
and the 3d orbital of a neighbor Ni via 3d −4p orbital hybridization. The absorbing Ni atom is
in green with a majority up spin. The excited electron has a spin up due to Pauli blocking in
the antiferromagnetic (AFM) phase.

Ab initio calculations of the NiO XANES at the Ni K-edge have followed the progress made

in the theoretical description of the XAS. The early molecular orbital (MO) theory including

core-hole effects reproduces the pre-edge peak which is assigned to a transition to Ni 3d states

[350]. Rapidly, good agreement between the theoretical and experimental spectra has been

reached with monoelectronic calculation techniques [355]. In this respect, important contri-

butions are from Kuzmin and coworkers with finite difference method (FDM) and full multiple

scattering (FMS) calculations in the muffin-tin (MT) approximation [354, 356, 357, 358, 359]

although they did not focus on the pre-edge. The full-potential is not required for an accurate

description of the XANES of NiO because of its cubic phase [359]. FMS with partial screen-

ing and spin-polarized potential to account for the majority spin on the Ni centre has been

implemented in [14]. The self-consistency was added with many-body effects and complex

energy-dependent self-energy in [360]. More recently, Gougoussis and coworkers have im-

plemented a pseudopotential-based method that reproduces the XANES spectrum of NiO

with very high fidelity [16]. The pre-edge peak A at 8334 eV is assigned to on-site quadrupolar

excitations to Ni 3d states. Interestingly, they predict that the shoulder B at 8338 eV is due

to a non-local dipolar excitation to a neighbor Ni atom 3d orbital via hybridization with the

Ni 4p orbitals of the absorbing atom (Figure 7.2b). They further investigated the effect of

introducing holes at the top of the oxygen 2p VB upon doping with lithium ions. The effect

is to open an excitation channel from the Ni 1s orbital to the top of the VB as illustrated in

Figure 7.3 where the appearance of a peak below peak A is observed which is due the hole
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doping. Since this peak corresponds to a transition to the top of the oxygen 2p band and the

shoulder B at 8338 eV is a transition to a neighbor Ni atom 3d orbital, the energy difference

between these two peaks gives the CT gap (red double arrow in Figure 7.3). The authors

find a CT gap of ∼4.2 eV in NiO in agreement with complementary PES/IPES experiments

[361] larger than the optical band gap of ∼4 eV [289] due to excitonic effects. This shows the

reliability of the assignment of B in [16] and provides an alternative method to look at the

evolution of the CT gap amplitude. Finally, the ab initio calculation techniques presented

here above are performed under the single-particle approximation which is justified most of

the time at the metal K-edge due to the high kinetic energy of the photoelectron. However, a

recent work by Calandra and coworkers has shown that a more accurate prediction of the XAS

spectrum above the maximum absorption peak in the XANES can only be obtained including

many-body effects such as shake-up transitions [362] which has been further developed more

recently [363, 364]. The many-body description of the NiO XAS spectrum is out of the scope of

this study.
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charger-transfer gap
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Figure 7.3 – Calculated influence of hole doping in LixNi1–xO on the pre-edge XAS (adapted
from [16]). The spectrum is not convoluted to the experimental resolution. The zero energy is
set at the Fermi level. Spectra are shifted vertically for clarity. The labels A and B correspond
to those in the experimental XAS in Figure 7.1a.

For the purpose of the interpretation of the TRXAS data, we need an accurate theoretical

description of the steady-state XANES of NiO so that the excited state spectrum after optical

excitation can be modelled in a second time from the change of a set of parameters. In this

respect, DFT+U based calculations of the DOS and XAS cross-section are performed on NiO at

the Ni K-edge following a procedure developed elsewhere [16]. Details about the calculations

are given in Appendix F.2. We arbitrarily set a majority spin up on the absorbing Ni atom. Cal-

culations with and without core-hole effects are presented in Figure 7.2a with the zero energy

set at the Fermi level. An excellent agreement is achieved between the experiment and the
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calculation within the discrepancy of the experimental spectrum broadening. The core-hole

has a dramatic improvement on the agreement between the experimental spectrum and the

calculation in the pre-edge (inset in Figure 7.2a) and minor effect on the rest of the spectrum.

Based on this calculation, the XAS cross-section can now be decomposed into dipolar and

quadrupolar components. The final states involved in each transition is determined from

the DOS of the different orbitals. The analysis of the XAS cross-section in terms of projected

DOS onto specific orbitals (Lowdin projection [365]) shows that the pre-edge peak is due to

a mixture of a quadrupolar and dipolar transition [16]. The former is from the Ni 1s to the

Ni 3d orbitals of the absorbing atom (the excited electron is with spin down) while the latter

corresponds to a transition to the O 2p - Ni 3d hybridized orbitals. Consequently, the pre-edge

peak is sensitive to the Ni-O bond distance from its dipolar component and to the filling of

the Ni 3d orbitals from its quadrupolar component. Noteworthy, the pre-edge structure B

at 8338 eV would be dramatically affected without AFM ordering since both spin up or spin

down could be transferred to a Ni nearest neighbor in this case [16]. Since we observe peak B

in the experimental XAS spectrum of the NiO microparticles, the AFM ordering is conserved.

It shows that the sample used in this study has a bulk-like structure based on the conservation

of the AFM ordering and the similarity with the XANES and EXAFS measured on NiO single

crystals (Figure 7.1). This supports the observation of the robustness of the AFM ordering

even in NiO NPs [366]. The rest of the NiO XANES spectrum is purely dipolar and is due to

transitions from the 1s to the p-DOS [16].

7.3 TRXAS of NiO microparticles at the Ni K-edge
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Figure 7.4 – TRXAS data from the NiO microparticles following 355 nm excitation and probing
at the Ni K-edge (blue curve) a) in the XANES, b) in the EXAFS. The steady-state spectrum is
shown for comparison (black curve). The dashed black line corresponds to the zero transient
signal.

Transient spectral traces 100 ps after excitation of the colloidal suspension of NiO microparti-

cles at 355 nm (3.49 eV) are depicted in Figure 7.4 in the XANES (panel a) and in the EXAFS

(panel b) corresponding to the average of 30 scans. The transient shows a pronounced bleach
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at the XAS maximum around 8350 eV. Strong modulations are observed in the EXAFS whose

maxima and minima correspond to minima and maxima respectively of the steady-state XAS

spectrum. This indicates a substantial change in bond lengths around Ni atoms in the struc-

ture after excitation. A similar pattern for the EXAFS transient spectrum has been reported in

ZnO NPs which is modelled by a Zn-O bond elongation around an oxygen vacancy upon hole

trapping [244]. In the pre-edge, although the error bars are small, we usually get non-zero sig-

nals which are due large fluctuations of the transient in this region not averaging to zero while

the error bar is small because of the low number of detected photons [77]. Thus no conclusion

is drawn and we measured specifically at the pre-edge peak at 8334 eV and acquired ∼500

transient spectra which are averaged in Figure 7.5b. The transient shows that the pre-edge

peak A amplitude decreases upon optical excitation on its low energy side. The evolution of

the transient spectrum at different time steps in the XANES is given in Appendix (Figure E.3a).

It shows that the negative transient signal at the XAS maximum (8350 eV) has positive wings

which seem to recover more slowly than the bleach. A time trace taken at 8350 eV is shown

in Figure 7.6. A biexponential decay is required to fit the time trace (blue curve) with time

constants τ1 = 90±10 ps (37%) and τ2 = 19±2 ns (63%) in the investigated time window. A

fluence dependence of the transient signal is reported in Appendix (Figure E.2a) which shows

that all transient features in the XANES persist at fluences down to ∼50% the one used for the

experiment presented in this chapter. In addition, Figure E.2b shows that the amplitude of the

negative transient signal at the XAS maximum is linear in the range of investigated fluences.

The pump photon energy has been increased to 266 nm (4.67 eV) which provides the same

transient signal than with 355 nm excitation showing that the TRXAS is likely independent on

the pump photon energy on the investigated 100 ps timescale (Appendix Figure E.3b).
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Figure 7.5 – Transient XAS in the pre-edge of NiO following 355 nm excitation and probing at
the Ni K-edge (blue curve). The steady-state spectrum is shown for comparison (black curve).
The dashed black line corresponds to the zero transient signal.
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Figure 7.6 – Time trace at 8.35 keV of NiO colloidal suspension following 355 nm excitation
(red dots). A monoexponential decay cannot reproduce the time trace in the first 500 ps. A
biexponential decay provides τ1 = 90±10 ps (37%) and τ2 = 19±2 ns (63%) in the investigated
time window.

7.4 Modelling of the TRXAS

In order to explain the transient signal observed at the Ni K-edge in NiO we rely on chemical

shift models we have already used in the past [77, 78, 281] and ab-initio calculations in the

XANES (DFT+U with XSpectra) and in the EXAFS (FMS with FDMNES).

7.4.1 Chemical shift

When a photoexcited electron or hole localizes around a specific atom in the lattice, the energy

levels can be drastically affected due to the change in screening properties after reduction or

oxidation [367]. The effect on the XANES is to red or blue-shift the spectrum upon reduction

or oxidation respectively, providing a first derivative lineshape in the transient spectrum.

This has already been shown after band gap excitation of anatase [77, 281] and rutile [78]

TiO2 where electrons get trapped at pentacoordinated titanium atoms which is similar to

a reduction of the titanium oxidation state. Figure 7.7 shows the simulated transient XAS

spectra upon reduction or oxidation of the nickel atoms with different chemical shifts. None

of the simulated transient reproduces the transient XAS spectrum where the bleach is more

pronounced than the positive wings which shows that a reduction or oxidation alone cannot
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account for the transient. Overall, a better agreement is achieved upon reduction (red shift

of the steady-state XAS spectrum) especially for the two positive wings on the low and high

energy side of the main negative signal at 8350 eV.
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Figure 7.7 – Simulation of the transient XAS in the XANES region based on a rigid shift of
the steady-state XAS spectrum by a given energy amount. Blue shifts (positive energy shifts)
correspond to Ni oxidation and red shifts (negative energy shifts) correspond to Ni reduction.

7.4.2 Ab-initio calculation in the EXAFS

Before modelling the TRXAS in the EXAFS, an accurate description of the ground state EXAFS

is required. We have performed FMS calculations in the Fm3m cubic phase of NiO as imple-

mented in the FDMNES package developed by Y. Joly (details of the calculation in Appendix

F.3.1) [368, 369]. The calculated and experimental EXAFS spectra are depicted in Figure 7.8. A

good agreement is achieved for lattice parameters a = b = c = 4.1684 Å which is 0.2 % shorter

than the reported lattice parameter of NiO single crystal [370, 371]. Although the relative

amplitudes of the extrema differ between the experiment and the theory, they occur at the

same energies. Some features are more pronounced in the computed spectrum while the

experimental spectrum damps more rapidly to higher energies because of the amplitude

reduction factor of the photoelectron with increasing kinetic energy [372] which is not con-

sidered in the calculation. Hence, we expect the transient spectrum computed by FMS not

to reproduce quantitavely the amplitude of the oscillations of the TRXAS but the sign of the

transient signal and the energy position of the extrema should be captured.

In order to simulate the TRXAS, we need to narrow down the number of parameters to play

with in the calculations by guessing how the system has evolved ∼100 ps after excitation.
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Figure 7.8 – Overlap between the experimentally measured EXAFS on NiO at the Ni K-edge
(blue curve) and the computed spectrum with FMS (red curve).

In the EXAFS, single scattering events of the photoelectron dominate which provide direct

information about the bond distances [373]. Thus, a transient in the EXAFS can be either due

to a change in the bond distance (elongation or contraction) or to an increased Debye-Waller

factor2 which damps the XAS with photoelectron momentum k following e−k2〈u(T )〉/3 with

〈u(T )〉 the thermal average atomic position [376]. The change in EXAFS due to the Debye-

Waller factor with increased temperature can be simulated with the FDMX package associated

to FDMNES [377]. However, the effect is similar to bond elongations since the average bond

distance increases upon temperature increase.

We have modelled the TRXAS in the EXAFS with ab-initio FMS simulations of the transient

EXAFS upon bond elongations and contractions around Ni atoms in the structure keeping

the cubic symmetry. The Ni-O bond distance is changed by a fixed amount all over the

structure which corresponds to a homogeneous lattice parameter change along the three

orthogonal lattice vectors. A change of the lattice parameter corresponds to twice the Ni-O

bond length change in the face-centred unit cell of NiO. From the calculated EXAFS spectrum

with bond length change (excited state, AES) and the calculated ground state spectrum AGS ,

the photoexcitation yield f is required to model the transient spectrum ∆A according to,

∆A = f (AES − AGS) (7.2)

2The Debye-Waller factor decreases the oscillation amplitudes because of the thermal disorder introduced in
the atomic distribution and the increase of the average bond distance [374, 375]
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We have fitted the experimental TRXAS (∆A) from the calculated AGS and AES leaving the

photoexcitation yield as a free parameter (see Appendix F.3.1 for further details). Figure 7.9

shows the computed transient spectra for bond elongations (panel a) and contractions (panel

b) by different amounts of the ground state lattice parameter. A very good agreement is

achieved when the Ni-O bond expands with the best agreement for a relative lattice parameter

increase by 15% from the ground state (based on the R goodness-of-fit parameter). In the

case of bond contraction, the fitted photoexcitation yields gives negative values which means

that it gives an unreasonable description of the NiO excited state. We then plot the modelled

transient with a fixed positive excitation yield of 2% in Figure 7.9b for comparison. It is clear

that bond contraction is inaccurate to describe the TRXAS spectrum from the energy position

of the extrema in the modelled transient. Hence, the best agreement is obtained for a Ni-O

bond elongation of ∼7% which corresponds to a fitted excitation yield of ∼1.8%. This is in

agreement with our upper limit estimate based on the experimental parameters (Appendix

E.4).

7.4.3 Ab-initio calculation in the XANES

In order to corroborate the Ni-O bond extension from the analysis of the transient EXAFS,

we simulated the effect of the bond extension on the XANES spectrum. In that respect, we

calculated the XANES spectrum with XSpectra similarly to the ground state spectrum (Figure

7.2a) with pseudopotentials including dipolar and quadrupolar matrix elements as well as core-

hole effects [16]. The simulated transients for different relative lattice parameter expansions

are depicted in Figure 7.10 leaving the photoexcitation yield as a free parameter similarly to

the previous section. In contrast to the EXAFS, the agreement with the experimental transient

is not excellent in the XANES likely due to the overlap of electronic and lattice effects in this

part of the XAS. However, the main bleach around 8.35 keV (10 eV in relative energy scale)

is reproduced as well as the positive wing on the high energy side. An additional negative

contribution from the electronic response is probably missing around 8.35 keV which would

rescale the relative amplitude of the bleach and the positive wings to get a better agreement

with the experimental transient. The simulated transients give zero signal at the pre-edge peak

which means that it is insensitive to bond elongation and that the transient response observed

experimentally in Figure 7.5b is not an electronic response related to the lattice parameter

change. The same calculations are performed for the lattice contraction and given in Appendix

(Figure F.3) which disagree with the experimental transient. Hence, both the transient XANES

and EXAFS point to a Ni-O bond elongation following the pump excitation. Nevertheless, the

EXAFS is more appropriate than the XANES to estimate the bond elongation of ∼7% due to

the overlapping electronic and lattice contributions in the XANES.

7.4.4 Transient at the pre-edge peak

The transient at the pre-edge peak A is negative (Figure 7.5) which means that the correspond-

ing bound transition has a lower cross-section after optical excitation. In the previous section,
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a)

b)

Figure 7.9 – Simulated transient spectra in the EXAFS at different amount of Ni-O a) bond
elongations and b) bond contractions (colored curves). The percentage refers to the amount
of elongation relatively to the Ni-O bond length in the ground state. In b), The excitation yield
is kept constant at 2% because of the lack of convergence of the fitting. The zero energy is set
at the Fermi level. The experimental TRXAS is shown with black circles.
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Figure 7.10 – Simulation of the transient spectrum with different relative lattice expansions
(colored curves) overlapped with the transient spectrum (black circles). The calculated ground
state spectrum is shown with the thick black line for reference. The Fermi energy is set to zero.

the ab initio calculations have shown that the change in Ni-O bond length does not affect the

pre-edge peak amplitude. Since this peak corresponds to a mixture of on-site quadrupolar

excitation to the Ni 3d states and dipolar excitation to hybridized O(2p)-Ni(3d) final states, a

contribution from the dipolar component can be excluded since a change in Ni-O bond length

would lead to a change in the dipole cross-section. A contribution from the holes can also be

excluded since the introduction of holes by chemical doping does not affect the amplitude of

the pre-edge peak itself (Figure 7.3), the negative transient observed experimentally is thus

due to the electrons.

NiO is a CT insulator in which the excitation at the optical band gap transfers electron popu-

lation between oxygen 2p orbitals in the VB to Ni 3d orbitals in the CB. Upon this electron

transfer, the probability of X-ray absorption promoting an electron from the Ni 1s to 3d states
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at the K-edge on the same atom as the optical excitation has occurred (quadrupolar transition)

becomes less which leads to a negative transient signal in agreement with our observation.

The calculations performed by Gougoussis and coworkers introducing holes in the VB upon

doping of NiO with lithium (Figure 7.3) shows that a new peak appears on the low energy

side of peak A due to the opening of the excitation from the Ni 1s to the VB maximum [16].

This means that the hole left at the VB maximum by the optical excitation may generate a

positive transient signal on the low energy side of the pre-edge peak. We did not observe this

positive transient which may be due to our low excitation yield. Alternatively, this may be

due to a difference in hole localization between lithium doped NiO (as in the calculations

by Gougoussis [16]) and the photogenerated hole in our experiment. The hole localization

in LixNi1–xO has been widely debated with claims that the hole is localized on the nickel

[378, 379, 380] or on the oxygen atom [381, 382, 383, 384]. In the first case, a hole localizing

on the nickel atom differs from the optical excitation triggered in NiO which generates holes

in the oxygen 2p band. In the second case, localization of a hole on the oxygen atom may

influence its electronic structure and affect bond distances. In both cases, the localized hole

generated by chemical doping may be of different nature than the photogenerated hole which

is expected to be delocalized in the oxygen 2p band in the latter case. For a delocalized hole,

the effect on the local electronic structure of the nickel atom may be too weak to be observed

by TRXAS at the Ni K-edge.

Now that we have isolated the contribution of the photogenerated electron in the transient

spectrum in the pre-edge, a possible connection can be established with the bond elongations

observed in the modelling of the transient XANES and EXAFS. The Ni 3d orbitals involved in

the formation of the CB are antibonding which can lead to bond elongation upon excitation.

At the timescales investigated here, the effect of the electronic excitation is likely to have

already triggered a lattice response [326, 342]. In the next section, we discuss the effects of

electron localization, chemical shift, orbital population and bond elongation together.

7.4.5 Discussion

From the bond elongations observed in the XANES and in the EXAFS and the filling of Ni

3d orbitals observed in the pre-edge, these results together are consistent with an electron

localization at a Ni site 100 ps after optical excitation. The localization should reduce the

nickel centre and trigger a red shift at the Ni K-edge which is consistent with the chemical

shift modelling (section 7.4.1). In addition, the lattice relaxes upon localization with a Ni-O

bond elongation by ∼7% (sections 7.4.2 and 7.4.3). This is consistent with the formation of

a small polaron which has been shown in NiO [385, 386]. The bleach of the pre-edge peak

is also consistent with electrons populating the Ni 3d orbitals (section 7.4.4). Since the CB

of NiO is made of antibonding 3d orbitals, the electron localization in one of these orbitals

is expected to trigger bond elongations consistent with our observations [302, 304]. This

process forms a Ni 3d 9 centre which can undergo a Jahn-Teller distortion [387, 388]. However,
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this typically leads to bond-elongations in a single plane which is inconsistent in contrast

to the homogeneous bond elongation along the crystallographic axes observed in our study.

The time trace measured at the XAS maximum where the contribution of bond elongation

dominates the XANES shows that the lattice change occurs within the instrument response

function (IRF) of our setup in less than 100 ps. The difficulty in this study is the probable

overlap between electronic and lattice changes in the transient response of NiO in the XANES.

Work is ongoing to implement these two DOFs in a single theoretical ab initio framework.

In Mott-Hubbard theory, the formation of an electron pair in one Ni 3d orbital is called

a doublon [389]. These quasiparticles have large effective masses and low mobilities in

the AFM phase [390]. However, this theoretical description is not associated with lattice

distortion hence we think the electron-polaron picture is a more appropriate description of

the actual excitation in NiO on the 100 ps timescale. These quasiparticles form bands in the

strongly interacting electron-phonon regime [391]. The recent study on cuprates by Fausti and

coworkers have witnessed the formation of bosonic dressed quasiparticles upon excitation

just below the band gap [315] which are compatible with the formation of electron-polarons.

This seems to be the case for a variety of strongly correlated systems [392, 393, 394] on ultrafast

timescales in the femtosecond regime [316]. Especially, our pump excitation at the onset of

the absorption spectrum may populate directly these states so that the electron-polaron is

immediately localized. We think the bulk-like structure of the NiO microparticles in this study

prevents the defect-assisted localization of photogenerated charges (extrinsic) [15]. More

studies are required in this respect. Especially, the advance of femtosecond free-electron

lasers (FELs) may be a useful tool to investigate the formation of electron-polarons with the

chemical, electronic and structural sensitivity of the X-rays [395].

Conclusion

TRXAS on a suspension of NiO microcrystals upon excitation at the onset of the CT gap

shows that photogenerated electrons get localized at Ni sites in antibonding 3d orbitals in

less than 100 ps. The charge localization triggers a large Ni-O bond elongation of ∼7% which

is consistent with the formation of an electron-polaron [72, 396]. The absence of transient

positive signal on the low energy side of the pre-edge peak indicates no hole localization at

the Ni sites which has implications for the use of NiO as efficient hole transport materials in

solid-state solar cells [330].
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8 XAS linear dichroism at the Ti K-edge
of anatase TiO2 single crystal

8.1 Introduction

Titanium dioxide (TiO2) is one of the most studied large-gap semiconductor due to its present

and potential applications in photovoltaics [397] and photocatalysis [398]. The increasingly

strict requirements of modern devices call for sensitive material characterization techniques

which can provide local insights at the atomic level [399, 400]. K-edge X-ray absorption spec-

trum (XAS) is an element specific technique, that is used to extract the local geometry around

an atom absorbing the X-radiation, as well as its electronic structure [401]. A typical absorp-

tion K-edge is usually composed of three parts: (i) at high energy above the absorption edge

(typically > 50 eV), the extended X-ray absorption fine structure (EXAFS) contains informa-

tion about bond distances. Modelling of the EXAFS is rather straightforward, as the theory

is well established [401]. (ii) The region of the edge and slightly above (< 50 eV) represents

the X-ray absorption near-edge structure (XANES), which contains information about bond

distances and bond angles around the absorbing atom, as well as about its oxidation state.

In contrast to EXAFS, XANES features require more complex theoretical developments due

to the multiple scattering events and their interplay with bound-bound atomic transitions;

(iii) the pre-edge region consists of bound-bound transition of the absorbing atom. In the

case of transition metals, the final states are partially made of d-orbitals. Pre-edge transitions

thus deliver information about orbital occupancies and about the local geometry because the

dipole-forbidden s-d transitions are relaxed by lowering of the local symmetry. The Ti K-edge

absorption spectrum of anatase TiO2 (a-TiO2) exhibits four pre-edge features labelled A1, A2,

A3 and B (see Figure 8.2), while rutile TiO2 only shows three [402, 403]. These have been at the

centre of a long debate, which is still going on, especially in the case of the anatase polymorph

[404, 405, 406]. A summary of the assignment of pre-edge transitions from previous works is

given in Table 8.2.

Early theoretical developments to explain the origin of pre-edge features in a-TiO2 were based

on molecular orbital (MO) theory [350, 407, 408] which showed that the first two empty states

in TiO2 are made of antibonding t2g and eg orbitals derived from the 3d atomic orbitals
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of Ti. Transitions to these levels have, respectively, been assigned to the A3 and B peaks

while its absorption edge is made of Ti t1u antibonding orbitals derived from Ti 4p atomic

orbitals. Although MO theory can predict the energy position of the transitions accurately, it

cannot compute the corresponding cross-sections and does not account for the core-hole to

which quadrupolar transitions to d-orbitals at the K-edge are extremely sensitive [405]. The

corresponding transitions are usually blue shifted by the core-hole and appear as weak peaks

on the low energy side of the pre-edge. In a-TiO2, peak A1 contains a significant quadrupolar

component [405] which explains the inaccuracy of MO theory to predict this transition. full

multiple scattering (FMS) is a suitable technique to treat large ensemble of atoms and obtain

accurate cross-sections [404, 406, 408, 409]. A consensus has emerged assigning A1 to be of

partial to pure quadrupolar character, A3 a mixture of dipolar and quadrupolar character

with t2g orbitals and B, a purely dipolar transition involving eg states [408, 410]. However, as

correctly pointed out by Ruiz-Lopez [408], this simple picture of energy split t2g and eg levels

becomes more complicated in a-TiO2 because of the local distorted octahedral environment

(D2d symmetry) which allows local p −d orbital hybridization [411]. In that case, the dipolar

contribution to the total cross-section becomes dominant for every transition in the pre-edge

[412]. In addition, the cluster size used for the FMS calculations has a large influence on the

A3 and B peak intensities showing that delocalized final states (off-site transitions) play a key

role in the pre-edge absorption region [408]. Finally, the local environment around Ti atoms in

anatase is strongly anisotropic and Ti-O bond distances separate in two groups of apical and

equatorial oxygens which cannot be correctly described with spherical muffin-tin potentials

as implement in FMS.

Empirical approaches have been used by Chen and co-workers [413] and Luca and co-workers

[403, 414, 415] to establish correlations between the Ti K pre-edge transitions in a-TiO2 and

sample morphologies, showing that bond length and static disorder contribute to the change

in pre-edge peak amplitudes [413] and that the A2 peak is due to pentacoordinated Ti atoms

[403, 414, 415]. Farges and co-workers confirmed this assignment with the support of multiple

scattering (MS) calculations [409]. The recent works by Zhang et al. [416] and Triana et al.

[410] have shown the strong interplay between the intensity of pre-edge features and the

coordination number and static disorder, in particular in the case of the A2 peak.

The clear assignment of the pre-edge features is important in view of recent steady-state and

ultrafast XAS [281, 282, 326] and optical experiments [43]. In our picosecond XAS experiments

on photoexcited a-TiO2 nanoparticles, we observed a strong enhancement of the A2 peak

in particular and a red shift of the edge. This was interpreted as trapping of the electrons

transferred to the conduction band at defects that are abundant in the shell region of the

nanoparticles [281]. We further measured the trapping time with femtosecond resolution and

concluded that the trapping occurs in < 200 fs, immediately at or near the unit cell where

it is created [282]. Further to this, the trapping sites were identified as being due to oxygen

vacancies (Ovac) in the first shell of the reduced Ti atom. These Ovac’s are linked to two Ti atoms

in the equatorial plane and one Ti atom in the apical position which induces two different

responses at the Ti K-edge when a charge gets trapped at an Ovac [78, 282]. However, these hy-
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potheses await for confirmation based on further experimental and theoretical studies, which

for the steady-state case, we present in this article. In particular, the study of photoexcited

single crystals is planned in which the first transition at the optical gap has been identified

as a 2-dimensional (2D) exciton in the 3D lattice of the material [43]. The robustness of this

transition with respect to defects hinted to possible applications in relation to energy and/or

charge transport. The time-resolved XAS study of single crystals with a controllable amount of

Ovac’s would be important to clarify this transport.

Recently, there have been two main developments in the computation of XANES spectra. The

first is based on band structure calculations (LDA, LDA+U,. . . ), which compute potentials self-

consistently before the calculation of the absorption cross-section with a core-hole in the final

state [16, 412]. This approach provides excellent accuracy but is limited to the few tens of eV

above the absorption edge due to the computational cost of increasing the basis set to include

the EXAFS. The second one, the finite difference method near-edge structure (FDMNES)

implemented by Joly [369, 417], overcomes the limitations of the muffin-tin approximation

in order to get accurate descriptions of the pre-edge transitions especially for anisotropic

materials. The recent theoretical work by Cabaret and coworkers combining GGA-PBE self-

consistent calculations with FDMNES [412] concluded that in a-TiO2, peak A1 is due to a

mixture of quadrupolar (t2g ) and dipolar transitions (p − t2g ), A3 to on-site dipolar (p −eg ),

off-site dipolar (p − t2g ) and quadrupolar (eg ) transitions, while B is due to an off-site dipolar

transition (pz−eg ). However, experimental support to the pre-edge assignments is still lacking,

and is unambiguously provided in this work using linear dichroism (LD) XAS at the Ti K-edge

of a-TiO2 with the theoretical support of ab-initio full potential FDMNES calculations and

spherical harmonics analysis of the XAS cross-section. We show that A1 is mainly due to

dipolar transitions to on-site hybridized px,y − (dxz ,dy z ) final states which gives a strong

dipolar LD to the transition with a weak quadrupolar component from (dxz ,dy z ,dx2−y2 ) states.

The A3 peak is due to a mixture of dipolar transitions to hybridized px,y,z − (dx y ,dz2 ) final

states as a result of strong hybridization with the 3d orbitals of the nearest Ti neighbour

with a small quadrupolar component. The B peak is purely dipolar (p final states) and is an

off-site transition. Finally, we experimentally observe a quadrupolar evolution of the A2 peak

amplitude, in qualitative agreement with the finite difference method (FDM) calculations. We

argue that the amplitude of this transition may strongly depend on atomic vacancies which

allow orbital mixing via lowered symmetries. This explains the relatively intense A2 peak in

amorphous TiO2 [416] or after photoexcitation of anatase or rutile TiO2 [78, 281, 282].

8.2 Experimental setup

8.2.1 Linear dichroism

The LD measurements are performed at the SuperXAS and MicroXAS beamlines of the SLS in

Villigen, Switzerland using a Si(311) crystal monochromator to optimize the energy resolution.

Energy calibration is performed from the first derivative of the XAS spectrum of a thin Ti foil.
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We used an unfocused square-shaped X-ray beam of 200×200µm2. The XAS spectrum is

obtained in total fluorescence yield with a Ketek Axas detector system with Vitus H30 SFF and

ultra-low capacitance Cube-Asic preamplifier (Ketek Gmbh).

The sample consists of a (001)-oriented crystalline anatase TiO2 thin film (thickness ∼ 30 nm,

see Appendix A.5 for the sample growth method and characterizations). The incident X-ray

beam is p-polarized at the sample surface and defines the orientation of the electric field ε̂.

A fixed rotation axis (x̂) is set at the sample surface and is orthogonal to the incident X-ray

beam and aligned with the target point of the X-ray at the sample surface (Figure 8.1). By

convention, a set of spherical coordinates are fixed to the sample surface as defined by the

anatase space group [418]. θ measures the angle between the X-ray wavevector k̂ and the [001]

crystal direction (ẑ axis of the sample frame) orthogonal to the surface. φ measures the angle

between the electric field ε̂ and the sample rotation axis x̂ and is always 90◦. In principle, a

third angle ψ is necessary to fix the position of the wavevector in the orthogonal plane to the

electric field but here ψ= 0◦. The angles θ reported in the experimental datasets are with an

uncertainty of ±1◦ due to the calibration of the sample surface orientation in the orthogonal

plane to the incident X-ray beam. The precision of ±0.01◦ of the rotation stage is negligible

with respect to the angular uncertainty.

LD is usually studied with the sample rotated in the plane orthogonal to the incident X-ray

beam [419]. Here, the sample is rotated in an unconventional way around x̂ and the X-ray

footprint onto the sample surface changes with the incidence angle θ. However, we clearly

show in this paper that this procedure does not introduce spectral distortions because the

effective penetration depth of the X-rays through the material (between 2 and 15µm across

the absorption edge of anatase TiO2 for the largest θ = 70◦ used here [420]) is kept constant

as the sample is much thiner than the attenuation length at the Ti K-edge. Instead, the total

amount of material probed by the X-rays changes due to the larger X-ray footprint when θ

increases and a renormalization over the detected number of X-ray fluorescence photons

is required. This is done with the support of the FDMNES calculations since a few energy

points have θ-independent cross-sections (vide infra). With this renormalization procedure

performed at a single energy point (4988.5 eV), we could obtain a set of experimental points

with θ-independent cross-sections at the energies predicted by the theory confirming the

reliability of the method. Hence, crystalline thin films with suitable thicknesses with respect to

the X-ray penetration depth offer more possibilities to study LD effects than single crystals and

prevent the usual self-absorption distortion of bulk materials when using total fluorescence

yield detection [421].
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Figure 8.1 – Linear dichroism experiment with side view (a) and top view (b). The sample
surface is in grey while the incident X-ray beam is in pink. A set of spherical coordinates
(θ,φ,ψ) is used to orient the electric field ε̂ and wavevector k̂ of the incident X-ray beam with
respect to the sample surface.
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8.3 Theory

8.3.1 Finite difference ab-initio calculations

The ab-initio calculations of the XAS cross-section were performed with the full potential

FDM as implemented in the FDMNES package [368, 369]. A cluster of 7.0 Å was used for the

calculation with the fundamental electronic configuration of the oxygen atom and an excited

state configuration for the titanium atom (Ti: [Ar]3d14s24p1) meaning that the calculation

was not performed self-consistently (not recomputing the potential at every iteration and

re-estimating the Fermi energy). We checked the convergence of the calculation for increasing

cluster sizes and found minor evolution for larger cluster radiuses than 7.0 Å (123 atoms).

The Hedin-Lundqvist exchange-correlation potential is used [422]. Since the calculation

is not performed self-consistently, a minor adjustment of the screening properties of the

3d levels needs to be used to match the energy position of the pre-edge features with the

experiment. We found the best agreement for a screening of 0.85 for the 3d electrons. A

constant experimental gaussian broadening of 0.095 eV is applied to the calculated spectrum

to account for the experimental resolution of the experiment and get the closest agreement

with the broadening of the pre-edge peaks.

8.3.2 Spherical tensor analysis of the dipole and quadrupole cross-sections

Analytical expressions of the dipole and quadrupole cross-sections (σD (ε̂) and σQ (ε̂, k̂) respec-

tively) are obtained from the expansion into spherical harmonics components [419, 423]. The

expressions of σD (ε̂) and σQ (ε̂, k̂) depend on the crystal point group which is D4h (4/mmm)

for anatase. The dipole cross-section is given by:

σD (ε̂) =σD (0,0)− 1p
2

(3cos2θ−1)σD (2,0) (8.1)

and the quadrupole cross-section by:

σQ (ε̂, k̂) =σQ (0,0)+
√

5

14
(3sin2θ sin2ψ−1)σQ (2,0)

+ 1p
14

[35sin2θcos2θcos2ψ+5sin2θ sin2ψ−4]σQ (4,0)

+p5sin2θ[(cos2θcos2ψ− sin2ψ)cos4φ−2cosθ sinψcosψsin4φ]σQr (4,4)

(8.2)

with θ, φ and ψ as defined in a spherical coordinate system with the ẑ axis following the

conventions of the International Crystallography Tables [418] and σ(l ,m) the spherical tensor

with the rank and the projection of the tensor l and m, respectively. Although some terms of

σD (ε̂) and σQ (ε̂, k̂) may be negative, the total dipolar and quadrupolar cross-sections must be

positive putting constraints on the values of σD (l ,m) and σQ (l ,m). In the case of a-TiO2, the ẑ

axis is along the crystallographic c-axis and the θ, φ and ψ angles are those defined in §8.2.1.
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The electric field ε̂ and wavevector k̂ coordinates are given by:

ε̂=

sinθcosφ

sinθ sinφ

cosθ

 , k̂ =

cosθcosφcosψ− sinφsinψ

cosθ sinφcosψ+cosφsinψ

−sinθcosψ

 (8.3)

Hence the detail of the cross-section angular dependence requires the estimate of the spherical

tensors σD (l ,m) and σQ (l ,m) as performed elsewhere [424]. The XAS cross-section measured

experimentally is an average over inequivalent Ti atoms under the symmetry operations of the

crystal space group in the lattice. The analytic formula representing this site-averaged cross-

section requires the crystal symmetrization of the spherical tensors provided in Supplementary

Information (SI) §2. From this analysis, we conclude that Ti sites are all equivalent in a-TiO2

so that the crystal symmetrized spherical tensors 〈σ(l ,m)〉X and spherical tensors σ(l ,m) are

the same to a constant pre-factor. Assuming pure 3d and 4p final states in the one-electron

approximation, analytical expressions are provided for σD (ε̂) and σQ (ε̂, k̂) whose angular

dependence is given in Table 8.1. The full expressions of the cross-sections are provided in

SI §3. Since anatase TiO2 has a tetragonal unit cell and all Ti sites are equivalent, the XAS

cross-sections along x̂ and ŷ are equal. In this paper, we analyze the angular dependence of

the pre-edge peak intensities and assign them to specific final states corresponding to Ti-3d

or 4p orbitals with the support of both FDM and spherical tensor analysis.

Table 8.1 – Angular dependence of the dipole and quadrupolar X-ray absorption cross-sections
according to the final state of the transition.

final state σD (ε̂) or σQ (ε̂, k̂) θ-dependence

px , py cos2θ

pz −cos2θ

dz2 ,dx y sin2θ · cos2θ

dxz ,dy z ,dx2−y2 −sin2θ · cos2θ

8.4 Results

The evolution of the Ti K-edge spectra with θ is depicted in Figure 8.2a. The spectra are

normalized at 4988.5 eV where the cross-section is expected to be θ-independent according

to FDMNES calculations (shown by a black arrow in Figure 8.2b). From this normalization

procedure, a series of energy points with cross-section independent of the θ angle appear in

the experimental dataset, as predicted by the theory (black arrows in Figures 8.2a,b) showing

the reliability of the normalization procedure. In the pre-edge, the amplitudes of peaks A1 and

A2 are dramatically affected by the sample orientation. In the post-edge regions, significant

changes are observed as well.
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a)

b)

Figure 8.2 – a) Experimental and b) calculated XAS spectra for different incidence θ angles
with the sum of dipolar and quadrupolar components (thick lines) and with quadrupolar
components only (thin lines in the inset of b)). Points with θ-independent cross-sections are
marked with black arrows.
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Ab-initio FDM calculations of total XAS cross-section (dipolar and quadrupolar) are presented

in Figure 8.2b for the same angles of incidence θ as in the experiment. In the pre-edge region,

the trends for peak A1 are nicely reproduced. For peak A3, the agreement is of lesser quality

but the absence of peak A2, which originates from defects [403, 413, 414, 415] that are not

included in our perfect crystal modelling, may be one of the reasons. In the post-edge region,

a good agreement is found especially for the isosbestic points. This shows that a strong LD

remains well above the edge in this material.

In order to describe the origin of the LD and assign the pre-edge resonances, the projected

density of states (DOS) of the final states for the pre-edge and post-edge region is depicted

in Figure 8.3 (we drop the term "projected" in the following for simplicity). Due to the large

differences between the DOS of s, p and d states, a logarithmic scale is used vertically and

normalized to the orbital having the largest DOS contributing to the final state among s,

p and d orbitals. For peaks A1, A3 and B, most of the DOS comes from d-orbitals while s-

and p-DOS are comparable. However, due to the angular momentum selection rule, the

spectrum resembles the p-DOS as witnessed by the similarity between the integrated p-DOS

and the calculated spectrum (black line in Figure 8.3e). Importantly, peak A1 has only (px , py )

contributions meaning that this transition is expected to have a much weaker intensity when

the electric field gets parallel to the ẑ axis, in agreement with the observed decrease of its

amplitude when θ increases (Figure 8.2). The d-DOS at peak A1 involves dxz , dy z and dx2−y2

orbitals, among which the first two can hybridize with the (px ,py ) orbitals and relax the

selection rules. The dipolar nature of A1 is also seen from the monotonic decrease of its

amplitude from θ = 0◦ to θ = 90◦, inconsistent with a quadrupolar allowed transition with 90◦

periodicity. Following the same analysis, peaks A3 and B do not undergo a strong change in

amplitude under rotation because (px , py ) and pz contribute similarly to the DOS for these

transitions although FDM calculations show that A3 should evolve in intensity with θ due

to a ∼20% larger DOS for pz than for px , py . From the integrated d-DOS along (x, y) and z

(Figure 8.4), we notice the inconsistency between the peak amplitudes in the theory and the

experiment, which shows that they are essentially determined by the p-DOS.

For a more quantitative description of the dipolar and quadrupolar components in the pre-

edge, we extracted the quadrupolar cross-section from FDM calculations. It is depicted as thin

lines in the inset of Figure 8.2b. The quadrupolar contributions are limited to peaks A1 and

A3 with a small contribution in the spectral region of peak A2. At peak A1, the quadrupolar

amplitude is maximum for θ = 0◦ and θ = 90◦ and the total cross-section becomes mainly

quadrupolar for θ = 90◦ while the quadrupolar component contributes ∼ 15% of the peak

amplitude for θ = 0◦. From the development of the cross-section into spherical harmonics

(Table 8.1), the cross-section of dipolar transitions to px,y final states is expected to vary

as cos2θ while transitions to pz vary as −cos2θ (see Figure 8.5a). The fitted evolution of

the dipolar cross-section of peak A1 from FDM calculations is compatible with a transition

to px,y (green line in Figure 8.6a). The quadrupolar component (red line in Figure 8.6a) is

compatible with a transition to dxz ,dy z ,dx2−y2 due to its −sin2θcos2θ predicted (Table 8.1

and Figure 8.5b). The overlap between the experimental and theoretical amplitudes of peak
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A1 (Figure 8.6a) gives a satisfactory agreement further confirming that the A1 transition is

mostly dipolar to px,y final states. Following the same analysis, we find that the evolution of

A3 and B amplitudes are compatible with a dominant pz -DOS for the former and px,y -DOS

for the latter. The weak quadrupolar character of A3 with maximum at θ = 45◦ is compatible

with dz2 ,dx y -DOS.

As pointed out earlier, the quadrupolar cross-section has a doublet structure in the region

of peak A2 and A3 (inset of Figure 8.2b). The most intense of the two peaks is in the spectral

region of peak A2 where the transition involving defects is expected in real crystals. This

quadrupolar component reaches its maximum amplitude for θ = 45◦. A closer look at the

evolution of the A2 amplitude with θ shows a quadrupolar evolution with maximum value at

θ = 45◦ (Figure 8.6b). It indicates that although the amplitude of A2 is underestimated in the

FDM calculation, the consensus that A2 originates from undercoordinated and disordered

samples may be more complicated, as discussed in section 8.5.2.

From this combined experimental and theoretical analysis, we emphasize that consecutive

peaks in the pre-edge are not due to the energy splitting between t2g and eg as previously

invoked [412]. In the case of a-TiO2, this splitting is more complicated than the usual octahe-

dral crystal field because of the strong hybridization between p and d orbitals in a lowered

symmetry environment which affects the relative ordering between the transitions. The con-

sistent results between experiment, FDM calculations and spherical tensor analysis show the

reliability of the assignment provided in this work. A summary of the previous assignments of

peaks A1 to B is provided in Table 8.2 together with our results.

a) b) c)

d) e) f )

Figure 8.3 – Calculated projected final state DOS for each type of (a,d) s-, (b,e) p- and (c,f)
d-final state orbitals in the pre-edge (top) and post-edge regions (bottom). Reported spectra
(black circles) are calculated for θ = 0◦. The total p-DOS is given in e) (black line).
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8.4. Results

Figure 8.4 – Projected DOS along x and z in the pre-edge for a) p-orbitals and b) d-orbitals
(thick lines) and calculated spectra for incidence angles θ = 0

◦
(red thin line) and θ = 90

◦
(blue

thin line).

a) b) c)

Figure 8.5 – Evolution of the a) dipolar and b) and c) quadrupolar cross-section with the angle
of incidence θ in the configuration of the experiment for different final states.
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a) b)

Figure 8.6 – a) Calculated evolution of the A1 peak amplitude with dipole (green curve),
quadrupole (red curve) and sum of dipole and quadrupole contributions (blue curve). The
experimental amplitudes of peak A1 are shown with black circles and the error bars correspond
to the uncertainties provided by the fitting. b) Calculated evolution of the A2 peak amplitude
(black line). The experimental amplitudes of peak A2 are shown with black circles and the
error bars correspond to the uncertainties provided by the fitting.

Table 8.2 – Previous assignments of the final states of the pre-edge transitions of the Ti K-edge
spectrum of anatase TiO2. The orbitals with dominant contribution to the transition are
emphasized in bold. E1 is for dipolar transitions and E2 for quadrupolar transitions. Off-site
transitions are in red, on-site transitions are in black.

reference A1 A2 A3 B

[406] E1: d
x2−y2

(b1), px , py ,dxz ,dy z (e) E1: pz ,dx y (b2), px , py ,dxz ,dy z (e) E1: pz ,dx y (b2), d
z2 (a1) E1: p, s

[404] Frenkel exciton E1: t2g E1: eg
[412] E1: p(t2g ), E2: 3d(t2g ) E1: p(eg ), E1: p −3d(t2g ), E2: 3d(eg ) E1: pz ,3d(eg )
[410] E2: t2g E1: t2g px ,py ,pz ,dx y ,dxz ,dy z E1: eg px ,py ,pz ,d

x2−y2 ,d
z2

This work E1: px,y , E2: dxz ,dyz ,d
x2−y2 E2: d

z2 , dx y E1: px ,py ,pz E1: px ,py ,pz
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8.5 Discussion

8.5.1 Local versus non-local character of the pre-edge transitions

Pre-edge transitions can originate either from on-site (localized) or off-site transitions involv-

ing neighbor Ti atoms of the absorber. Off-site transitions are dipole allowed due to the strong

p −d orbital hybridization [411]. This effect has been shown on NiO, an antiferromagnetic

(AF) charge-transfer insulator, for which the transition to 3d orbitals of the majority spin of

the absorber is only possible between Ti sites due to the AF ordering [16]. Hence, to disentan-

gle between the local or non-local character of the pre-edge transitions in anatase TiO2, we

performed FDM calculations on clusters with increasing number of neighbour shells starting

from an octahedral TiO6 cluster with the same geometry and bond distances as in the bulk.

The results are shown in Figure 8.7 with two orthogonal electric field orientations along [001]

(θ = 90◦) and [010] (θ = 0◦).

a)

b)

Figure 8.7 – Evolution of the calculated anatase XAS spectrum with cluster size for a) θ = 90◦

(ε̂ ∥ [001]), (b) θ = 0◦ (ε̂ ∥ [010]). The energy scale is relative to the Fermi level at −10 eV

The calculation for TiO6 shows only A1 and A2 peaks meaning that they are mostly on-site

transitions. This is consistent with the quadrupolar evolution of peak A2 which is only possible

locally. The absence of peaks A3 and B suggests that they are mostly non-local transitions in

agreement with Ref. [412]. Increasing the cluster size to 4 Å includes the second shell of Ti

ions, which generates most of the A3 amplitude. This shows that similarly to NiO, an energy
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gap opens between the on-site and off-site transitions to 3d orbitals of Ti and that A3 is mostly

dipolarand strongly influenced by the intersite 3d −4p hybridization. Peak B is missing for this

cluster size which shows that it is due to a longer range interaction and can be reconstructed

with a 5 Å cluster including the next shell of neighbor Ti atoms.

8.5.2 Origin of peak A2

The experimental angular evolution of the A2 amplitude (Figure 8.6b) matches a quadrupolar

transition, qualitatively consistent with FDMNES calculations (Figure 8.2, inset). Since it has

been shown that A2 is related to lattice defects [78, 281, 282, 403, 413, 414, 415], the question

arises as to the physical details of this connection. Because of its purely quadrupolar character,

one possible reason for the underestimated A2 amplitude in the theory is due to the fact that a

perfect lattice has been considered. The occurrence of an oxygen vacancy in the vicinity of a Ti

atom will lower the D2d symmetry and introduce p −d orbital mixing in the pentacoordinated

Ti atom increasing the transition amplitude while the angular dependence of the A2 peak

remains mainly quadrupolar. In principle, this effect is also possible on the quadrupolar

cross-section of peak A1 but may not be significant because of the strong dipole contribution

already present in the perfect crystal. Ab-initio FDM calculations performed on octahedral

TiO6 and undercoordinated TiO5 molecular clusters show an enhancement of A1 and A2

amplitudes when the oxygen vacancy is introduced at the apical or equatorial position with a

stronger enhancement of A2 amplitude. This is fully compatible with our recent studies on

photoexcited anatase and rutile TiO2 nanoparticles [78, 281, 282], which show a transfer of

spectral weight from anatase to amorphous.

8.6 Conclusion

In summary, a complementary approach using experimental LD measurements at the Ti

K-edge of anatase TiO2, ab-initio FDM calculations and spherical tensor analysis provides

an unambiguous assignment of the pre-edge features. The distinction between on-site and

off-site transitions is possible using different cluster sizes in the FDM calculations. The LD

is visible well above the absorption edge due to the strong p-orbital polarization in a-TiO2

which affects the amplitude of the EXAFS through an anisotropy of the single scattering terms.

Surprinsingly, a quadrupolar angular evolution is observed for peak A2. A connection between

the unexpectedly large experimental amplitude of this peak is made with oxygen vacancies

forming pentacoordinated Ti atoms, which adds a small amount of dipolar components via

p −d orbital mixing. Experiments are on-going to extend this work to rutile TiO2.

The present results and analysis should be cast in the context of ongoing ultrafast X-ray spec-

troscopy studies at Free Electron Lasers [367, 395]. For materials such as TiO2, the increased

degree of detail that can be gathered from such sources was nicely illustrated in a recent paper

by Obara et al. [326] who showed that the temporal response of the pure electronic feature

(the edge) was much faster (∼100 fs) than the response (∼330 fs) of structural features such as
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the above-edge XANES. The present work shows that by exploiting the angular dependence

of some of the features, even up to the EXAFS region, one could get finer details about the

structural dynamics, in particular in the case of non equivalent displacements of nearest

neighbours. Work is in progress in this respect.
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Conclusions and Future directions

In conclusion, this Thesis provides an overview of the photodynamics which can be investi-

gated in band insulators and strongly correlated materials by femtosecond ultrafast ultraviolet

(UV) spectroscopy and time-resolved X-ray absorption spectroscopy (TRXAS). The carrier

cooling in semiconductors such as ZnO and MAPbBr3 is of outmost importance for the im-

plementation of these materials into optoelectronic devices. The ultrafast carrier cooling

in ZnO converts efficiently the pump photon excess energy into lattice heat. In MAPbBr3,

the slow electron cooling is beneficial for the injection of hot charge carriers into electron

transport materials (ETMs). However, we have observed that the formation of a bound state at

the interface is limiting the injection efficiency. At the ZnO/N719 interface, the formation of

an interfacial charge-transfer complex (ICTC) is confirmed which leads to a delayed electron

injection into the ZnO substrate. The formation of the ICTC seems disconnected from the

screening properties of the substrate and is likely due to the involvement of a trap state at

the ZnO nanoparticle (NP) surface. The investigation of the transient response at the optical

band gap of NiO essentially reproduces the observations made by others on different types of

charge-transfer (CT) insulators such as cuprates [313, 314, 425]. The formation of a photoin-

duced absorption (PA) below the optical gap is characteristic of the dressing of the electronic

excitations with bosonic modes occuring on ultrafast timescales and efficiently converting

the electronic excitation into lattice heat. The fate of the electronic excitation has been in-

vestigated in detail by TRXAS which shows that photogenerated electrons localize in Ni 3d

orbitals in less than 100 ps leading to a Ni-O bond elongation of ∼7%. This can be associated

to the formation of an electron-polaron. Finally the linear dichroism of the pre-edge features

at the Ti K-edge of anatase TiO2 has allowed the assignment of the final states involved in the

corresponding transitions. This is supported by ab initio calculations and the derivation of

the analytical angular XAS cross-section.

Some of the different projects investigated in this Thesis are currently being studied in more

depth. The work on the electron injection between two solid state materials is extended to the

gold-anatase TiO2 interface which is relevant for a lot of applications in photocatalysis and

immunotherapy. Especially, the focus is on the different excitation channels in the gold NPs

which can inject electrons among the intraband, interband and plasmonic excitations. The

first results show than even a low energy intraband excitation in gold can inject electrons into

a-TiO2 which confirms the results obtained recently by others [426].
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The rich transient response observed on MAPbBr3 in the UV will be generalized on other lead

halide perovskite materials such as CsPbBr3 and MAPbI3 with the objective to find a global

picture and assignment for the high order interband transitions in these materials. Especially,

measuring in transient reflectivity of single crystals is also of interest since it allows more

systematic studies and avoid sample fluctuations often encountered in thin films.

The electron cooling in ZnO will be completed by 2D UV experiments similarly to the work

performed on a-TiO2 [154] which provides access to a large range of pump photon excess

energies and their influence on the electron cooling time. In this respect, a single crystal is

more suitable than the colloidal solution used in this Thesis to get quantitative information.

Complementary experiments of fluorescence up-conversion are also ongoing which due to

the unavailability of tunable pump photon energy can only investigate the effect of increasing

pump fluences on the cooling time of electrons.

The observation of electron localization and polaron formation in NiO calls for the determina-

tion of the polaron formation time. In order to achieve a subpicosecond time resolution, the

experiment needs to be performed at a X-ray free-electron laser (FEL).

Finally, the strong LD in the pre-edge of anatase TiO2 at the Ti K-edge offers the opportunity to

investigate dynamical effects with a high selection of the final states investigated. A proposal

has been submitted at a FEL to investigate the effect of the formation of self-trapped excitons

[427, 428, 429, 430, 431] on the evolution of the pre-edge peak intensities along two orthogonal

lattice orientations. The characterization of the ground state LD will be extended to rutile TiO2

which has an inversion centre at the Ti centre and two inequivalent Ti sites in the lattice unit.
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A Sample description

A.1 Dye N719

The ruthenium dye di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2´-bipyridyl-4,4´-

dicarboxylato)ruthenium(II) (N719) was purchased from Solaronix. In the transient absorption

spectroscopy (TAS) experiment of Chapter 5, N719 is dissolved in dimethylformamide (DMF)

to achieve an optical density (OD) of 0.4 at a wavelength of 550 nm. The corresponding

ultraviolet (UV)-Vis spectrum is depicted in Figure A.1 (green curve).

A.2 Bare wurtzite ZnO nanoparticles

Colloidal ZnO NPs in ethanol were purchased from Sigma-Aldrich (40 wt%, <130 nm par-

ticle size (dynamic light scattering (DLS)), Nano SunguardT M in ethanol II). The sample

concentration was adapted from the commercial sample by dilution of 0.9 mL with 200 mL

of absolute ethanol (Fischer Scientific, analytical reagent grade) to achieve ZnO concentra-

tion of 57 mmol/L (13 g/L) and an OD of ∼1 at 360 nm. In Ref. [149], we reported the details

of the sample characterization by means of X-ray diffraction (XRD), transmission electron

microscopy (TEM) and X-ray absorption spectrum (XAS). Using these techniques, the crys-

tallinity of the ZnO NPs, their rod-like shape and their average diameter of 17±9 nm were

demonstrated. The UV-Vis spectrum of the commercial solution is given in Figure A.1 (blue

curve) and has been reported elsewhere [70, 149]. The spectrum exhibits a prominent and

sharp exciton resonance around 365 nm [144].

A.3 N719-sensitized wurtzite ZnO nanoparticles

We used the ruthenium N719 dye as sensitizer adsorbed onto the ZnO NPs. To achieve a

monolayer of dye on the NP at a concentration of 1.81×10−5 mol/L, a solution of 2.2 mg of

N719 in 1 mL ethanol was mixed with the NP for one day. To ensure that a minimum amount of

unbound N719 molecules remain, the solution was centrifugated two consecutive times with

121



Appendix A. Sample description

A
bs

or
pt

io
n 

(a
.u

.)

600500400300
Wavelength (nm)

 Dye N719
 Bare wurtzite ZnO
 Dye-sensitized wurtzite ZnO

LC

MLCT
MLCT

Figure A.1 – Steady-state absorption spectra of N719 dye (green curve) in DMF, the colloidal
solution of wurtzite ZnO nanoparticles (NPs) (blue curve) in ethanol and the colloidal solution
of dye-sensitized wurtzite ZnO NPs (red curve) in ethanol. The pump wavelength of 550 nm
(2.25 eV) and 295 nm (4.20 eV) used for the experiment in Chapter 5 is indicated by the green
and blue arrows respectively as well as the broadband UV region of the probe highlighted as a
gray shaded area. The assignments of the metal-to-ligand charge-transfer (MLCT) bands and
the ligand-centred (LC) band in N719 are also specified.
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Figure A.2 – Steady-state absorption spectra of the colloidal solution of dye-sensitized wurtzite
ZnO NPs in ethanol as a function of concentration (measured by the OD at 540 nm).
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A.4. MAPbBr3, MAPbBr3/a-TiO2 and a-TiO2 thin films

removal of the supernatant in between at 6000 rpm for half an hour. After the last supernatant

removal, the NPs were resuspended in 100 mL of absolute ethanol to achieve an OD of ∼2 at

360 nm. The UV-Vis spectrum of the solution is shown in Figure A.1 (red curve). Upon N719

dye absorption onto the ZnO NP surface, an overall increase of the absorption is observed

below the optical gap with respect to bare ZnO NP. The MLCT transition at 540 nm becomes

visible when the concentration of the sample is increased to reach an OD of ∼0.5 at 540 nm

(Figure A.2).
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Figure A.3 – Evolution of the photobleach (PB) amplitude in ZnO NPs at 355 nm probe follow-
ing 550 nm excitation for different pump fluences (blue circles) and linear fitting (red line).
The linear evolution of the PB amplitude excludes two-photon absorption.

A.4 MAPbBr3, MAPbBr3/a-TiO2 and a-TiO2 thin films

The films of bare MAPbBr3, MAPbBr3/a-TiO2 and a-TiO2 were grown by spray pyrolysis in

the group of Professor Guo1 according to a procedure already introduced elsewhere [181].

Briefly, the quartz substrates were sequentially cleaned by ultrasonic treatment in detergent,

de-ionized water, acetone and isopropyl alcohol. After drying, the cleaned substrates were

further treated with UV-ozone for 25 min. The layer of a-TiO2 was deposited onto the cleaned

quartz substrate by spray pyrolysis using titanium didiopropoxide bis(acetylacetonate) (Sigma-

Aldrich, 75wt% in isopropanol) precursor solution diluted in ethanol (1:39 v/v). During the

spray pyrolysis, the quartz substrate was kept at 475◦C on a hot plate and each spray was

pumped out using an atomizer (Glakeller) with oxygen carrier gas. After the spray deposition

was completed, the substrates were sintered at 475◦C for 30 min. The MAPbBr3 precursor

1Department of Photonics, National Cheng Kung University, Tainan, Taiwan
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solution was prepared by mixing 0.015 g of MABr (Dyesol) with 0.0481 g of PbBr2 (Sigma-

Aldrich, 99.999%) in a dymethyl sulfoxide (DMSO) (Sigma-Aldrich, anhydrous) solution at

60◦C and stirred for 12 h. The film of MAPbBr3 perovskite was cast onto the quartz and

quartz/a-TiO2 substrates by a consecutive two-step spin-coating process at 500 rpm and 4000

rpm for 7 and 70 s, respectively. Additionally, chloroform solvent was added on the surface of

the precursor film after 43 s during the spin coating. The MAPbBr3 thin film was then annealed

at 70◦C on a hot plate for 10 min. The whole preparation of the perovskite layers are performed

under inert nitrogen atmosphere with oxygen and moisture levels of less than 1 ppm.

The UV-Vis spectra of the three films are overlapped in Figure A.4a. The spectra of MAPbBr3

and MAPbBr3/a-TiO2 show a well resolved Wannier-Mott exciton resonance observed in bulk-

like materials or microcrystals around 2.4 eV [432]. The similarity between the UV-VIs spectra

of the hybrid organic-inorganic lead halide perovskite (HOIP) layers deposited on quartz

(MAPbBr3) or a-TiO2 (MAPbBr3/a-TiO2) shows that the perovskite crystals do not vary in

size with different substrates in contrast to previous studies using quartz and mesoporous

alumina respectively [433]. The electron injection between the MAPbBr3 and a-TiO2 layers can

be observed from the ∼60% fluorescence quenching of the green fluorescence after 400 nm

excitation with respect to bare MAPbBr3 (Figure A.4b) as usually reported [97, 216]2. We can

also conclude that pumping the perovskite at 400 nm as in the TAS experiments of Chapters 2

and 4 gives enough excess energy to the charge carriers to be injected into the a-TiO2 substrate.

a) b)

Figure A.4 – a) UV-Vis spectrum of the different films used for the TAS experiments performed
in Chapters 2 and 4. b) Emission spectra of MAPbBr3 (blue curve) and MAPbBr3/a-TiO2 (red
curve) following 3.1 eV excitation. Gaussian fittings appear as black dashed lines.
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A.5. Anatase TiO2 thin films
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Figure A.5 – a) X-ray diffraction pattern from the (001)-anatase TiO2 thin film, b) X-ray in-
terferences in the region of diffraction peak (004), c) X-ray reflectometry showing a sample
thickness of 32.8±0.1 nm.

A.5 Anatase TiO2 thin films

(001)-oriented epitaxial thin films of anatase TiO2 are fabricated by pulse laser deposition

(PLD) in the group of Thomas Lippert under the supervision of Daniele Pergolesi3. The

vacuum chamber has a base pressure of about 10−5 Pa. A KrF excimer laser (Lambda Physik

LPX 300, 25 ns pulses, λ= 248 nm) was used to ablate a target material of TiO2 fabricated in

our laboratory. Commercially available (100)-oriented LaAlO3 (LAO) single crystal substrates

(10×10×0.5 mm) were used as substrates. The target to substrate distance was set at 40 mm

and the laser energy at the target was about 32 mJ on a spot area of about 1.6 mm2 which gives

an energy density of about 2.0 J/cm2. The films were grown under oxygen partial pressure

of 5 Pa. Platinum paste was used to provide the thermal contact between the substrate and

the heating stage. The substrate temperature was about 610(±10)◦C, as measured with a

pyrometer pointing at a Pt black spot near the substrate. XRD and X-ray reflectivity (XRR)

(PANalytical X’pert Pro MPD with Cu Kα1 radiation at 1.540 Å) analyses were used to investigate

the crystalline structure of the films and for the calibration of the deposition rate, respectively.

XRD shows the (001)-orientation of the deposited anatase TiO2 thin film (Figure A.5a). Besides

the (h00) reflexes of the substrate, only two diffraction peaks are visible, identified to the (004)

and (008) reflexes of anatase TiO2 (001)-oriented epitaxially on (100) LAO. Interferences fringes

near the (004) diffraction peak are fitted to provide a film thickness of 31±1 nm (Figure A.5b).

The Kiessig fringes observed in XRR provide a sample thickness of 33±1 nm (Figure A.5c) in

agreement with XRD.

A.6 Nickel oxide (NiO) thin films

NiO (001) thin films were grown on MgO by chemical vapor deposition (35 nm thickness

determined from XRR) by Rajesh Chopdekar at UC Davis. The samples were initially provided

to Michael Porer in the group of Urs Staub in PSI.

2Note however that this does not mean that the overall quenching correponds to mobile electrons being injected
into the bulk of the electron transport material (ETM) since injected charges can also be trapped at surface defects
[218].

3Thin Film and Interfaces group, Paul Scherrer Institute, CH-5232 Villigen, Switzerland.

125



Appendix A. Sample description

A.7 Nickel oxide (NiO) (101) single crystal

The (101) NiO was grown by chemical transport method in the EPFL Crystal Growth Facility

lead by A. Magrez.
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B Estimate of the photogenerated and
injected carrier densities in bare ZnO
and ZnO/N719
B.1 Bare wurtzite ZnO nanoparticles

We calculate the number of excited electron-hole pairs per unit cell of wurtzite ZnO by taking

into account a sample of nanoparticles (NPs), flowing in a quartz flow cell of thickness l =
0.2 mm with a mass concentration of ZnO in solution c = 4.2 g/L and an optical density of opti-

cal density (OD)= 0.83. Specifically, we consider the ultrafast broadband ultraviolet (UV) exper-

iment in which the sample is pumped with a wavelengthλpump = 295 nm at a repetition rate of

f = 10 kHz and an average power P = 65µW, The energy per pulse is Epul se = P/ f , correspond-

ing to a number of photons per pulse of Npul se = Epul se /Eph with Eph the energy of a single

pump photon. The pump is focused on an area of A f oc = π×45×23µm2 = 3.25×10−9 m2,

corresponding to a pumped volume of Vpump = A f oc × l = 6.5×10−13 m3. Since the radius

of one NP is R ∼ 17 nm, the volume can be estimated by approximating the NP to a sphere.

This yields VN P = 4
3πR3 = 2.06×10−23 m3. The wurtzite ZnO density is ρ = 5.61×106 g/m3,

and the mass of one NP is MN P =VN P ×ρ = 1.2×10−16 g. Given the mass concentration c , the

number of NPs in the pumped volume is N f oc = cVpump 103/MN P = 2.37×107. The number of

absorbed photons is Nabs = (1−T )Npul se , where T = 10−OD = 0.15. Finally, the photoexcited

carrier density n is calculated as the ratio between the total number of absorbed photons

per NP Nabs/N f oc and the total illuminated volume N f oc×Vpump yielding n = 5.2×1018 cm
−3

.

Table B.1 – Experimental conditions for the experiments performed on ZnO, di-tetrabutylam-
monium cis-bis(isothiocyanato)bis(2,2´-bipyridyl-4,4´-dicarboxylato)ruthenium(II) (N719)
and ZnO/N719 in Chapter 5.

sample pump wavelength (nm) fluence (µJ.cm−3) pump size (µm2 FWHM) excitation density (cm−3)

ZnO 295 63 90×46 5.2×1018

N719 550 40 70×70
ZnO/N719 550 740 70×70 3.9×1017
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and ZnO/N719

B.2 Dye-sensitized ZnO nanoparticles

We calculate the electron injection density in the experiment with dye-sensitized wurtzite

ZnO NPs. To this aim, we assume that all excited dye molecules inject electrons with a

quantum yield of 1 in good approximation [267]. The N719 footprint at the NP surface is of

the order of 2 nm in diameter. Given that the NP surface is AN P = 4πR2 = 3.63×10−15 m2, the

ratio between the NP surface and the dye footprint gives an estimate of the number of dye

molecules per NP of ∼1160. Approximately half of this number of molecules per NP is exposed

to the incident pump beam which can be excited. This provides an injected electron density

based on the number of NPs in the excited volume (2.37×107) and number of incident pump

photons (5.33×1027) of n ∼ 3.9×1017 cm
−3

.

The photobleach (PB) amplitude at the band gap is proportional to the number of photogener-

ated charges at the band edges [23]. The estimates of photoexcited density n ∼ 5.2×1018 cm
−3

in ZnO and injected electron density n ∼ 3.9×1017 cm
−3

in ZnO/N719 is consistent with the

ratio of the PB amplitudes between bare ZnO NPs close to time 0 (∆A = −12 mOD, Figure

5.2c)) and the long time delay PB amplitude for ZnO/N719 (∆A =−1.5 mOD, Figure 5.2i)) of 8

with respect to the calculated ratio of charge densities of 13.
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C MAPbBr3 thin film

C.1 UV-Vis spectrum

The MAPbBr3 thin films were provided by the group of Prof. Guo1. The UV-Vis spectrum

of a thin film measured in transmission as well as the emission spectrum following 3.1 eV

excitation are depicted in Figure C.1a. A Stokes shift of 86 meV is observed, larger than the

∼50 meV observed in bulk perovskites [434, 435] meaning that the particles in the film are in a

partial quantum confinement regime [432].

a) b)

Figure C.1 – a) UV-Vis spectrum of MAPbBr3 thin film measured in transmission (red curve)
and emission spectrum following 3.1 eV excitation (green circles). b) UV-Vis spectrum of
MAPbBr3 thin film (blue circles), fitting of the spectrum with the convoluted Elliott formula
C.2 (orange curve) and decomposition into exciton (dashed violet curve) and continuum
(dashed yellow curve) absorption.

1Department of Photonics, National Cheng Kung University, Tainan, Taiwan
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Appendix C. MAPbBr3 thin film

C.2 Analysis of the ground state UV-Vis spectrum with Elliott’s the-

ory

The ground state optical properties of MAPbBr3 close to the optical gap are described by a

superposition of Wannier exciton and continuum absorption. The original Elliott formula

describing the absorption coefficientα(E ) at a photon energy E of coexisting Wannier excitons

and a continuum is given by [112]:

α(E) = Aθ(E −Eg )
πeπx

sinh(πx)
+ ARex

∞∑
nex=1

4π

n3
ex
δ

(
E −Eg + Rex

n2
ex

)
(C.1)

with Eg the band gap, nex the principal quantum number, Rex the exciton binding energy and

x = (E −Eg )/Rex the normalized energy scale. θ and δ are the Heaviside and Dirac functions

respectively. This equation is valid in the approximation that the exciton binding energy

is much smaller than the energy gap and describes accurately the absorption coefficient

near the band gap. To account for the inhomogeneous distribution of the particle sizes

and thermal broadening, the spectrum is convoluted with a sech function similarly to the

procedure developed by Sestu et al. [436] which provides,

α(E) = A
√

Rex

∑
nex

2Rex

n3
ex

sech

E −Eg − Rex

nex
2

Γ

+
∫ ∞

Eg

sech

(
E −x

Γ

)
1

1−e
−2π

√
Rex

x−Eg

dE

 (C.2)

The equation C.2 is used to fit the MAPbBr3 UV-Vis spectrum measured in transmission

between 1.8 and 2.6 eV. The fitting is shown in Figure C.1b (orange curve) with the decom-

position into exciton (violet dashed curve) and continuum (yellow dashed curve) absorption.

The refined parameters (nex = 10 is kept constant) are given in Table C.1.

Table C.1 – Refined parameters from the fitting of the UV-Vis spectrum of MAPbBr3 with
equation C.2.

Rex (meV) Eg (eV) Γ (meV)

MAPbBr3 80±2 2.464±0.004 54±1

The band gap is ∼70 meV larger than in MAPbBr3 single crystal [175] but similar to NP samples

due to a weak quantum confinement [97]. The fitted exciton binding energy falls into the range

of reported values which spans from 15 to 100 meV at room temperature [6, 175, 436, 437].

C.3 Fluence dependence

A fluence dependence of the relative amplitude of PB2, PB3 and PB4 in MAPbBr3 has been

performed with 3.1 eV excitation. The spectral traces 1 ps after excitation are given in Figure
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C.4. Details about the transient transmission experiments

C.2a. PB3 around 3.87 eV follows a complex energy shift with increasing fluence first red-

shifting between 0.8 and 4.0×1017 cm−3 followed by a blue-shift up to 14×1017 cm−3. The

evolution of the PB amplitude with excitation density is given in Figure C.2b. Only PB4 follows

a linear behaviour with input power (blue circles) while PB2 (green circles) and PB3(red

circles) are strongly non-linear and deviate from the linear regime at ∼ 2×1017 cm−3 onward,

an excitation density 50% larger than the power used in the experiments presented in Chapter

2.

a) b)

Figure C.2 – a) Fluence dependence in the UV following 3.1 eV excitation in MAPbBr3 at
different excitation densities. b) Evolution of the PB band integral in the PB2 (green circles),
PB3 (red circles) and PB4 (blue circles) spectral regions with different excitation densities at
3.1 eV pump photon energy. Boundaries of the band integrals are in the legend.

C.4 Details about the transient transmission experiments

The experiment was performed at ambient pressure under inert nitrogen atmosphere for

safety due to several reports of sample damaging under air exposure. However, it has recently

been shown that standard air humidity exposure of the thin films does not lead to a change in

photodynamics over several days [438].

The instrument response function (IRF) of the experiment performed on the MAPbBr3 thin

film in transmission (Chapter 2) is given in Figure C.3. It has been measured through a piece

of quartz substrate of the same size and composition as the substrate on top of which the

MAPbBr3 thin film is deposited.

In order to exclude the contribution from the refractive index in the observed transient trans-

mission signal on MAPbBr3 thin film, a transient reflectivity experiment has been performed

with 3.1 eV pump photons and the same excitation density. The pseudo-color coded energy-

time map is given in Figure C.4. The transient signal compares well with the differential

transmission signal in Figure 2.2b which shows that the differential transmission signal origi-

nates from changes in the absorption coefficient only [25].

131



Appendix C. MAPbBr3 thin film

a) b)

Figure C.3 – a) IRF of the differential transmission experiment on MAPbBr3 thin film pumping
at 3.1 eV and probing in the UV. b) Time traces at selected probe energies from MAPbBr3

following 3.1 eV excitation.

a) b)

Figure C.4 – a) Transient reflectivity and b) differential transmission on MAPbBr3 thin films
following 3.1 eV excitation (density 1.7×1017 cm−3).
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C.4. Details about the transient transmission experiments

Table C.2 – Summary of the energy position of the resonances retrieved by spectroscopic
ellipsometry in the literature compared to the energy position of the PB on MAPbBr3 in the UV
following 3.1 eV excitation.

Reference PB2 (eV) PB3 (eV) PB4 (eV)

[113] 3.58 4.55
[114] 3.52 3.88 4.46

[4] 3.41 3.91 5.12
[115] 3.42 3.92 4.36
[116] 3.42 3.95 4.47

our work 3.47 3.87 4.57
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D TAS on MAPbBr3 and MAPbBr3/a-TiO2

thin films in the Visible

D.1 Emission spectra from MAPbBr3 and MAPbBr3/a-TiO2

Figure D.1 – Emission spectra of MAPbBr3 (blue curve) and MAPbBr3/a-TiO2 from 3.1 eV
excitation. Black dashed lines are gaussian fittings.

The emission spectra of MAPbBr3 and MAPbBr3/a-TiO2 are given in Figure D.1. The emission

lines were fitted with gaussians to estimate the ratio of emission intensity between the two

systems. The Gaussian is expressed as

G(E , A,E0,σ,c) = Ap
2πσ

exp

(
− (E −E0)2

2σ2

)
+ c (D.1)

with full width at half maximum (FWHM)= 2
p

2ln2σ. The refined parameters are given in

Table D.1. From the ratio between the integrals, MAPbBr3/a-TiO2 emission intensity is 10% of

MAPbBr3
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Appendix D. TAS on MAPbBr3 and MAPbBr3/a-TiO2 thin films in the Visible

Table D.1 – Refined parameters from the fitting of the emission spectra of MAPbBr3 and
MAPbBr3/a-TiO2 with a gaussian function.

sample A E0 (eV) FWHM (meV)

MAPbBr3 1.4±0.02 2.313±0.001 81.1±0.1
MAPbBr3/a-TiO2 0.172±0.002 2.308±0.001 65.2±0.1

D.2 MAPbBr3 differential transmission in the Visible

Energy-time maps for two comparable delivered pump fluences at 3.1 eV on MAPbBr3 and

MAPbBr3/a-TiO2 thin films are given in Figure D.2 (excitation density 1.7×1017 cm−3). The

differential transmission exhibits two photobleaches (PBs) labeled PB1 and PB2 as well as two

photoinduced absorptions (PAs) labelled PA1 and PA2. The origin of the transient signal in the

Visible has been extensively discussed in the case of MAPbI3 [25, 39, 82, 118, 122, 126, 158, 439]

but MAPbBr3 has a similar transient reponse [39, 81, 82, 101, 117] close to its optical band gap.

We briefly remind the origin of the PAs and PBs.

PB1 essentially has a Lorentzian lineshape and is assigned to the bleaching of the 1S Wannier-

Mott excitation at the R-point [115] due to phase-space filling (PSF) by free charge carriers

[3, 80, 84, 117, 118, 432, 440]. Different kinetic models have been tested to reproduce the decay

time at PB1 which are depicted in Figure D.3a,b,c for MAPbBr3 and D.3d,e,f for MAPbBr3/a-TiO2

(fitting equations in section D.3). It is clear that an exponential decay can be excluded from this

analysis (Figure D.3a) while the transient signal can be described as a linear combination of

bimolecular second order and Auger trimolecular third order kinetic laws in line with previous

studies on MAPbBr3 [117, 175] and MAPbI3 [118]. The global evolution of the density of charge

carriers n is given by,

−dn

d t
= An2 +Bn3. (D.2)

The negligible first order kinetic component discards exciton and trap-assisted recombina-

tions.

PA1 is due to band gap renormalization (BGR) [97] which dominates over the Burstein-Moss

(BM) blue-shift before the end of the charge carrier cooling step [158]. BGR on a faster

timescale than cooling generates empty in-gap states which can be transiently populated [57].

The prompt appearance of PA1 shows the immediate renormalization of the electron and hole

self-energy due to corrections of the exchange and hole correlation from the mobile charge

carriers after photoexcitation [27]. The large amplitude difference between PA1 and PB1 in

our experiment with respect to others [122] is related to the large pump excess energy as well

as the P-polarization [25]. The PA1 lifetime is of the other of a few hundreds of femtoseconds

similar to BGR lifetimes reported in FAPbBr3 [211] and MAPbI3 [38, 118, 441].
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D.2. MAPbBr3 differential transmission in the Visible

a)

b)

Figure D.2 – Differential transmission on a) MAPbBr3 and b) MAPbBr3/a-TiO2 following 3.1 eV
excitation (density 1.7×1017 cm−3).

PA2 above the optical band gap is essentially due to the change in refractive index ∆n as

can be seen from the difference between transient transmission and transient reflectivity

measurements where ∆n plays a key role [25]. This effect is common in polar semiconductors

with optical band gap in the Visible range such as GaAs [27], CdSe [442] or ZnSe [443]. Along

the energy axis, the contribution from the change in absorption coefficient ∆α to −∆T /T0

is more pronounced closer the optical band gap while the contribution from ∆n dominates

at higher energies than the band gap [25]. Initially extending far above the optical band gap

energy, PA2 moves progressively closer to the band edge over time as already reported [81, 432].

The progressively appearing negative tail PB2 extending well below the optical band gap has

been already reported [175, 432] while it is sometimes absent [81, 117] suggesting that it is

sample dependent. A consistent interpretation of its origin is related to exciton and hole
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Appendix D. TAS on MAPbBr3 and MAPbBr3/a-TiO2 thin films in the Visible

a) d)

b) e)

c) f )

Figure D.3 – Kinetic models in the PB1 spectral region on MAPbBr3 following 3.1 eV excitation:
a) first order law, b) second order law and c) third order kinetic law. Kinetic models in the PB1
spectral region on MAPbBr3/a-TiO2: d) first order law, e) second order law and f) third order
kinetic law.
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D.3. Kinetic laws

traps [212] rather frequent in these solution processed hybrid organic-inorganic lead halide

perovskite (HOIP) materials. Interestingly, the comparison between time traces taken in the

PB1 and PB2 spectral regions give the same decay times while PB2 rises more slowly to reach

its maximum amplitude (Figure D.4). It seems from this analysis that PB2 is an extension

of PB1 in the in-gap spectral region. This result is fully consistent with the work of Zhu and

coworkers who found similar recovery kinetics in MAPbI3 for PB1 and PB2 but different rise

times [212]. They have assigned this PB to self-trapped excitons [444] at the MAPbI3 crystallite

grain surface because of the stronger electron-phonon coupling. However, the recombination

of a self-trapped exciton follows a monoexponential law while in our case a clear third order

law describes the data (Figure D.3). Hence, PB2 involves three particles since it follows the

same third order kinetic law as PB1. The exact nature of these states would require further

investigation which is out of the scope of this Thesis.

Figure D.4 – Comparison between the recovery time of the PB in the spectral region of PB1
(blue curve) and PB2 (red curve).

D.3 Kinetic laws

The integration of the kinetic laws at first, second and third order provides the equations D.3,

D.4 and D.5 respectively which are used for the fittings of the time traces in Chapter 2 and this

Appendix.

−∆T /T0 = kn0e−At + y0 at first order (D.3)
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Appendix D. TAS on MAPbBr3 and MAPbBr3/a-TiO2 thin films in the Visible

−∆T /T0 = kn0

n0B t +1
+ y0 at second order (D.4)

−∆T /T0 = kn0√
2C n2

0t +1
at third order (D.5)

In these expressions, the time constants are given by the parameters A, B and C in s−1, cm3.s−1

and cm6.s−1 respectively. The amplitude is given by the factor k while the initial excitation

density generated by the pump pulse is given by n0 (in cm−3).

D.4 Global analysis of MAPbBr3 and MAPbBr3/a-TiO2 in the UV

A global analysis (GA) of the differential transmission in the UV is performed with the Optimus
software [159]. The reconstructed energy-time maps for an increasing number of time con-

stants are shown in Figure D.6 for MAPbBr3 and Figure D.7 for MAPbBr3/a-TiO2. The decay

associated spectrum (DAS) of the corresponding GA fittings are given in Figure D.8 for MAPbBr3

(left column) and MAPbBr3/a-TiO2 (right column).

D.5 Differential transmission of MAPbBr3 and MAPbBr3/a-TiO2 in

the Visible

The usual way to infer electron injection at the HOIP/electron transport material (ETM)

interface is from the initial faster recovery of PB1 due to a lower PSF at the conduction band

(CB) minimum of the HOIP upon electron injection [106, 214] which is an indirect proof of

electron injection [445, 446].

Spectral traces from differential transmissions experiments performed with 3.1 eV pump

photon are shown in Figure D.9a, 1 ps after excitation (density 0.5×1017 cm−3). We observe

an absolute decrease of PB1 amplitude by ∼35% in MAPbBr3/a-TiO2 with respect to bare

MAPbBr3. The comparison between the normalized time traces in the PB1 region is shown in

Figure D.9b. Similarly to PB2 in the UV spectral range, the PB1 decay times of MAPbBr3 and

MAPbBr3/a-TiO2 are almost the same from the picosecond (ps) to nanosecond (ns) timescale

under similar excitation conditions with a slightly slower decay for MAPbBr3/a-TiO2. It does

not allow a priori saying that injection occurs at the interface. This is consistent with previous

work at the MAPbI3/a-TiO2 interface looking at the kinetics in the PB1 spectral region [447].

Instead, a difference appears within the first 5 ps where the rise time in MAPbBr3/a-TiO2 is

not bimodal contrary to MAPbBr3 (inset in Figure D.9b). There are two possible explanations

for this effect: (i) the delivered pump fluence to the sample is lower in MAPbBr3/a-TiO2 than
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D.5. Differential transmission of MAPbBr3 and MAPbBr3/a-TiO2 in the Visible

a)

b)

c)

Figure D.5 – Kinetic models in the PB1, PB2 and PB3 spectral region in the ultraviolet (UV) on
MAPbBr3/a-TiO2: a) first order law, b) second order law and c) third order kinetic law.
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a) b)

c) d)

e) f )

Figure D.6 – Experimental energy-time map of MAPbBr3 (a, c and e are identical) and recon-
structed maps from GA with b) three, d) four and f) five time constants.
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D.5. Differential transmission of MAPbBr3 and MAPbBr3/a-TiO2 in the Visible

a) b)

c) d)

e) f )

Figure D.7 – Experimental energy-time map of MAPbBr3/a-TiO2 (a, c and e are identical) and
reconstructed maps from GA with b) three, d) four and f) five time constants.
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Appendix D. TAS on MAPbBr3 and MAPbBr3/a-TiO2 thin films in the Visible

a) b)

c) d)

e) f )

Figure D.8 – DAS of (left) MAPbBr3 and (right) MAPbBr3/a-TiO2 with three (a,b), four (c,d) and
five (e,f) time constants.
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D.5. Differential transmission of MAPbBr3 and MAPbBr3/a-TiO2 in the Visible

in MAPbBr3 which fastens the cooling time [448], (ii) a prompt injection of hot charge carriers

occurs which fastens the cooling time because of the smaller average energy to release by

the electrons to cool down at the CB minimum [101]. The injection is also compatible with a

slightly slower recovery time in MAPbBr3/a-TiO2 than in MAPbBr3 observed in Figure D.9b.

Since we have made sure that both experiments were performed at the same fluence, we

interpret the result as a prompt injection of charge carriers into a-TiO2 which leads to an

apparently lower delivered pump fluence to the MAPbBr3 layer. This experiment has been

repeated at several pump fluences for both systems shown in Figure D.10a. Systematically, a

faster rise time is observed in MAPbBr3/a-TiO2 which can be interpreted as the injection of

hot charge-carriers into a-TiO2. Hence, electron injection with Visible probe is rather difficult

to observe for the current system since the presence of a-TiO2 leads to minor changes in

the kinetics on the nanosecond timescale and an apparently faster charge cooling time due

to electron injection. The decrease of the absolute amplitude of PB1 in MAPbBr3/a-TiO2

certainly has one part originating from the electron injection but also probably because of a

lower delivered fluence in the MAPbBr3 layer due to the presence of a-TiO2 which can act as a

scatterer and a reflective layer. The best electron injection efficiencies into a-TiO2 have been

achieved with HOIP quantum dots (QDs) in which the discretization of the bands plays a key

role in the efficiency of the injection process [101, 106, 440, 449].

a) b)

Figure D.9 – a) Comparison between the spectral traces of MAPbBr3 (blue curve) and
MAPbBr3/a-TiO2 (red curve) following 3.1 eV excitation at the same fluence, 1 ps after ex-
citation. b) Comparison between normalized time traces in the PB1 region for MAPbBr3

(continuous line) and MAPbBr3/a-TiO2 (dashed line).

Following these results, it seems that the electron injection occurs on a fast timescale of

less than 1 ps since an effect of the a-TiO2 layer is observed during the cooling. This is in

contradiction with the long injection time on the 100 ps to nanosecond timescale retrieved

in the UV in Chapter 4. However, the two experiments look at the injection process from a

different perspective. The differential transmission in the Visible looks at the injection from

the perspective of a decreased PSF in the HOIP layer while in the UV, one looks at the cooled

injected electron at the bottom of the a-TiO2 CB. A discrepancy between the two experiments is

possible if intermediate states are involved at the interface which delay the diffusion of charge

carriers into the ETM bulk (trap states, charge-transfer excitons (CTEs)) or if the presence of

the ETM layer changes the morphology of the HOIP layer such that an extrinsic change of
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dynamics is observed. The latter can be excluded on the basis of the remarkable agreement

between the time traces measured at PB2 in MAPbBr3 with and without a-TiO2 at the same

excitation density (Figure 4.2), which shows that in a spectral region where no contribution of

a-TiO2 is expected, the dynamics is intrinsic of MAPbBr3. Hence, the effect of the interface

onto the injection kinetics remains elusive and complementary experiments looking at the

influence of the sample morphology may help understanding better the slow injection time

into a-TiO2. Clearly, the slow injection time rationalizes the recent discovery that charge

transport occurs in the HOIP layer to the anode [88].

a) b)

Figure D.10 – a) Evolution of the time traces measured in the PB1 spectral region for different
excitation densities on MAPbBr3 (continuous lines) and MAPbBr3/a-TiO2 (dotted lines). The
time traces have been sign flipped for convenience. b) Evolution of the spectral traces 0.5 ps
after excitation at 3.1 eV in MAPbBr3 for different excitation densities.

Alternatively, the analysis of the carrier temperature over time can infer electron injection

from a faster decrease of the average carrier temperature [101]. The PB1 high energy tail

is directly related to the Fermi-Dirac (FD) distribution of the hot holes and electrons after

thermalization, which can be approximated by a Maxwell-Boltzmann (MB) distribution at

high carrier temperature. For a hot charge carrier distribution, the number of photons which

can be emitted at energy E per unit energy step dE (and will be bleached in absorption at

energy E) is given by [192],

N (E)dE ∼ E 2|M |2 fe fhρeρhdE (D.6)

where N (E) is the number of bleached photons observed within dE from E , fe and fh are the

electron and hole occupation numbers, ρe and ρh are the density of states (DOS) and |M |2 is

the excitation matrix element. The transient transmission ∆T /T0 is proportional to N (E) and

the electron and hole occupation numbers can be approximated by MB distribution such that,

−∆T

T0
(t ,E) ∝ E 2 exp

(
E f −E

kB Tc (t )

)
(D.7)

with E f the Fermi energy, Tc (t ) the average carrier temperature at time t and kB the Boltzmann
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D.6. Fluence dependence in the Visible

constant. Increasing the pump fluence generates a higher Tc which decays more slowly

because of hot-phonon bottleneck effects. This generates a smoother exponential with a

negative tail to the PB extending to higher and higher energies above the band gap as illustrated

in Figure D.10b for MAPbBr3. We have applied this analysis which has been used in a few

studies [101, 158] on our datasets giving inconsistent results with a larger average carrier

temperature in MAPbBr3/a-TiO2 than in MAPbBr3.

D.6 Fluence dependence in the Visible

The differential transmission in the Visible with 3.1 eV excitation has been performed at

different pump fluences. The evolution of the energy-time color-coded maps is shown in

Figure D.11 for MAPbBr3 and Figure D.12 for MAPbBr3/a-TiO2.

a) b)

c) d)

Figure D.11 – Evolution of the energy-time map of MAPbBr3 with 3.1 eV pump photons
and excitation densities: a) 1.3×1017 cm−3, b) 2.6×1017 cm−3, c) 3.7×1017 cm−3 and d)
5.6×1017 cm−3.

D.7 Comparison of the time traces between MAPbBr3 and MAPbBr3/a-

TiO2

Time traces at single probe energy points in MAPbBr3 and MAPbBr3/a-TiO2 are shown in

Figure D.13 following 3.1 eV excitation at different probe energies. Contrary to band integrals,
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a) b)

c) d)

Figure D.12 – Evolution of the energy-time map of MAPbBr3/a-TiO2 with 3.1 eV pump pho-
tons and excitation densities: a) 1.1×1017 cm−3, b) 2.2×1017 cm−3, c) 3.7×1017 cm−3 and d)
5.6×1017 cm−3.

time traces at given probe energies depend on the filling of the single particles states in the

valence band (VB) and the CB. While the initial dynamics is similar for both systems (inset

in Figure D.13), the dynamics differs on the picosecond to nanosecond timescale. First PB1

decays faster in MAPbBr3/a-TiO2 as a consequence of the decrease in the PSF contribution to

the PB due to electron injection. At later times, PB1 recovers more slowly in MAPbBr3/a-TiO2

because of the charge separation which prevents charge carrier recombination and generates

holes in the VB of MAPbBr3 which contribute to PB1 for a longer time.

D.8 Transient signal in MAPbBr3 normalized at PB1

In order to infer that the additional PB observed after the normalization at PB2 comes from the

PB in a-TiO2 (procedure described in chapter 4), the same procedure is followed in MAPbBr3

for which no electron injection occurs which should not lead to an additional PB. The result

is depicted in Figure D.14 (bottom panel) which gives a blurred image because of the similar

decay kinetics in the PB2 and PB3 regions in the absence of electron injection.
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D.8. Transient signal in MAPbBr3 normalized at PB1

Figure D.13 – Comparison of the time traces obtained on MAPbBr3 (continuous lines) and
MAPbBr3/a-TiO2 (dashed lines) following 3.1 eV excitation at the same excitation density
(1.3×1017 cm−3).

Figure D.14 – Color-coded energy-time map from (top) a-TiO2 following 3.87 eV excitation and
(bottom) MAPbBr3 following 3.1 eV excitation and renormalized according to the procedure
described in section 4.1.
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D.9 Definition of a band integral

A band integral provides a difference in dipole strength ∆D which is given by,

∆D(t ) =
∫ Emax

Emi n

∆OD(E , t )

E
dE (D.8)

where E represents the probe photon energy between the lower and upper boundaries Emi n

and Emax respectively and t the time delay.

D.10 Analysis of the Burstein-Moss shift in MAPbBr3 and MAPbBr3/a-

TiO2

In the parabolic band approximation, an energy shift of the band gap is expected upon filling

of the CB with electrons and the VB with holes according to [221],

Eg = E 0
g +

ħ2

2m∗
eh

(3π2n0)2/3 (D.9)

with E 0
g the ground state band gap, m∗

eh the reduced electron-hole effective mass (m∗−1
eh =

m∗−1
e +m∗−1

h ) and n0 the density of photoexcited charges. Practically, the BM effect leads to

the broadening of PB1 on the high energy side with increasing excitation density. The FWHM

of PB1 can be used as a measure of the BM shift and thus the excitation density [221]. However,

the dynamic BM applies after the charge carrier cooling. In the case of MAPbBr3, we have

checked the validity of the BM 2 ps after excitation by fitting the PB1 broadening at different

excitation densities and plot the results in Figure D.15. The evolution of the band gap energy

shift (∆Eg = Eg −E 0
g ) is linear with the excitation density which shows the validity of the BM

model. The same analysis on MAPbBr3/a-TiO2 also exhibits a linear behavior but surprisingly,

the band gap shift is larger than in bare MAPbBr3.

a) b)

Figure D.15 – Fitted energy gap shift 2 ps after excitation in a) MAPbBr3 and b) MAPbBr3/a-TiO2

against the estimated excitation density (circles with error bars). A linear fit shows the validity
of the BM model and that the band gap shift evolves as n2/3

0 . The fit for MAPbBr3 is displayed
as a red curve and the fit for MAPbBr3/a-TiO2 is displayed as a green curve.
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E TRXAS on NiO microparticles at the
Ni K-edge

E.1 Sample preparation and characterization

NiO microparticles powder (325 mesh, 40µm average diameter) has been purchased from

Sigma-Aldrich. The microparticles were suspended in MilliQ water and sonicated for half an

hour before the experiment. The solution was vigorously steered during the experiment to

prevent agglomeration and deposition.

The UV-Vis spectrum of the microparticle suspension is provided in Figure E.1a. Excitation

spectra are measured at the two emissions of NiO around 370 nm and 730 nm which reproduce

the UV-Vis spectrum. The 355 nm pump photon energy used in the time-resolved X-ray

absorption spectroscopy (TRXAS) is at the absorption onset which generates the same signal

shape as with 266 nm excitation (Figure E.3b). We have also observed the same signal shape in

transient reflectivity with 266 nm and 355 nm excitation in the deep-UV of NiO single crystals

(see chapter 6) which shows that the band gap is indeed excited at 355 nm although not

efficiently.

E.2 TRXAS: experimental conditions

The experimental conditions of the TRXAS experiment presented in Chapter 7 are given in

Table E.1

E.3 X-ray energy calibration

The energy calibration was performed by measuring the X-ray absorption spectrum (XAS)

spectrum in transmission of a thin Ni foil (∼10µm) with a Si diode couple to a current amplifier

(variable gain DHPCA-100 from FEMTO). The Figure E.1b shows the first derivative of the

measured foil XAS (blue curve) together with the tabulated XAS derivative spectrum (orange

curve) [450]. A good agreement is observed in the X-ray absorption near-edge structure
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Figure E.1 – a) UV-Vis spectrum (red curve) and excitation spectra with detection at 370 nm
(green circles) and 730 nm (blue circles) of a colloidal suspension of ∼170 mM NiO microparti-
cles in MilliQ water. b) Energy calibration of the MicroXAS Si(111) monochromator with a Ni
foil in transmission.

Table E.1 – Experimental parameters for the TRXAS experiment on NiO microparticles at the
Ni K-edge. The excitation yield is an upper limit, estimated from the measurement of the
absorbed laser power by the sample (see section E.4 for the details).

Parameter Value

Laser repetition rate 260 kHz
Laser spot size 32µm radius FWHM

Laser average power 700 mW
Laser fluence 81 mJ/cm2

Energy per laser pulse 2.69µJ
Photons per laser pulse 4.81·1012

Sample concentration (stiochiometric units of NiO) 170 mmol/L
Liquid jet thickness 200µm

Excitation yield 4.6%
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E.4. Estimate of the photoexcitation yield

(XANES) between the derivative extrema which gets worse in the extended X-ray absorption

fine structure (EXAFS) with the energy scale slightly expanded in our experimental data.

E.4 Estimate of the photoexcitation yield

Assuming the linearity of the signal with the peak power and the number of incident optical

photons, the excitation yield f can be estimated from the relation,

f = Nph

F dcmol NA
(1−10−ελcmol d ) (E.1)

with Nph the number of photons per pump pulse, F the beam waist, d the optical path length

(liquid jet thickness), cmol the molar concentration (in mol/m3) and NA the Avogadro number.

A molar extinction coefficient of ε355 nm =29411 L/mol/m at 355 nm has been considered for

the calculation of the excitation yield from the absorption cross section in a NiO single crystal

[289]. From the experimental parameters in Table E.1, our excitation yield is less than 5%

(upper limit due to the pump scattering from the sample).

E.5 Fluence depence on the TRXAS signal of NiO microparticles in

solution

The linearity of the TRXAS signal with input pump fluence was checked at the Ni K-edge of

NiO microparticles following 355 nm excitation at 100 ps time delay. The transient signals at

three different fluences and a fit of the signal maximum absolute amplitude around 8.35 keV

with absorbed power are given in Figure E.2. The dataset shows the linearity of the observed

transient signal in the range of investigated pump fluences.
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Figure E.2 – a) Evolution of the TRXAS signal of NiO microparticles following 355 nm excitation
at three different pump powers. The time delay is 100 ps. b) Linear fitting of the signal absolute
maximum amplitude at ∼8350 eV with pump power.
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Appendix E. TRXAS on NiO microparticles at the Ni K-edge

E.6 Comparison pump wavelength 266 nm and 355 nm

Figure E.3b compares the transient spectra at the Ni K-edge of NiO following 266 and 355 nm

excitation at 100 ps time delay. The transient is similar which indicates that it is independent

of the pump photon energy. The larger noise in the transient with 266 nm pump photon

energy is due to a lower average pump power (∼10 times less than with 355 nm excitation).

E.7 Temporal evolution of the TRXAS signal of NiO microparticles

in solution

Spectral traces in the XANES of NiO at the Ni K-edge have been measured at different time

delays after excitation which are shown in Figure E.3a.
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Figure E.3 – a) Temporal evolution of the Ni K-edge transient XAS signal in NiO at 100 ps (green
curve), 200 ps (cyan curve), 500 ps (blue curve) and 2.5 ns (punk curve) after 355 nm excitation.
b) Evolution of the transient signal for pump photon energies of 266 nm (blue curve) and
355 nm (red curve) at 100 ps time delay.
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F XAS ab-initio calculations

The ab initio calculations of the XAS presented in this Thesis have been performed with the

FDMNES package developed by Yves Joly and coworkers [451] and the XSpectra package de-

veloped by Matteo Calandra and coworkers [452] implemented in Quantum-Espresso [453].

The FDMNES package allows calculations both with the full multiple scattering (FMS) and

finite difference method (FDM) which are implemented with full-relativistic description in the

monoelectronic approximation within density functional theory (DFT)-local spin-density ap-

proximation (LSDA) [454] or with the Hubbard U correction (LSDA+U ). The monoelectronic

approach in the case of the K-edges is justified from the short lifetime of the photoelectron

which can experience only the close surroundings of the absorbing atom and limit multiple

scattering pathways. In addition, the interaction between the core-hole and the valence elec-

trons is significantly weaker at the K-edge than the interaction with the 2p electrons at L-edges

and for which a description with atomic multiplets is required [455]. In section F.1, we briefly

describe the implementation of FDM and FMS calculations and some of the approximations

made to get an accurate modelling of the XAS and TRXAS data. In section F.2, we discuss

the implementation of pseudopotential based calculations with core-hole effects with the

XSpectra package. Details of the calculations of the XANES and the EXAFS presented in

chapter 7 are given in section F.3.

F.1 Calculations with FDMNES

F.1.1 FDM and FMS

The FMS is an inexpensive calculation method with respect to FDM. It requires that the crystal

potential is modelled by non-overlapping spheres centred on the atoms, the so-called muffin-

tin (MT) approximation. Hence the potential is spherical around the atoms, often modelled

from atomic multiplet calculations for the different atoms in the ground state, while the

interstitial potential region between the spheres is flat [456] (Figure F.1). The main limitation

of this approximation is that it cannot account for the eventual potential anisotropy which

is crucial in anatase TiO2 for instance and for which full potential is required beyond the
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Appendix F. XAS ab-initio calculations

spherical potential approximation. However, for NiO in its cubic phase, the calculations can

be performed within the FMS-MT approximation. The propagation of the electron for each

X-ray photon energy is performed with the Green formalism on the MT potential to provide

the XAS spectrum.

r

V(r)

0

Flat

potential

Atomic

potential

Nucleus

Figure F.1 – Schematic of the muffin-tin potential approximation used in FMS calculations.
The potential is spherical around the atoms in the ground state while the interstitial potential
region between the spheres is flat and conventionally set to zero.

The FDM overcomes the isotropic approximation of the atomic potential [457]. In this case, the

potential is described within the local density approximation (LDA) and has been successfully

implemented in FDMNES [369]. It decomposes the calculation into three different regions

which are depicted in Figure F.2 and delimited by an outer sphere where the potential is

considered constant. Inside the outer sphere and outside the atomic core regions, the FDM

is used to solve the Schrödinger equation and get the XAS spectrum. Inside the atomic core

regions, the expansion into spherical harmonics is used.

The Schrödinger equation solved with the FDM which has no requirement over the potential

shape. Different possibilities for the description of the exchange-correlation potential are

provided (Hedin-Lunqvist, Perdew,. . . ). There is also the possibility to use non-spherical

electronic densities, which is one important step beyond the MT approximation, for instance

by populating specific 3d orbitals in transition metals.

More recent developments by J. Bourke and C. Chantler include an improvement in the code

accuracy for FDM calculations [377]. The code includes thermal effects and electron/hole

lifetimes and add background absorption from more loosely bound electrons but is currently

limited to K-edge calculations.

F.1.2 Structure of the input file

The minimum inputs needed to start a FMS or FDM calculation are:

• the energy range to calculate around the Fermi energy

156



F.1. Calculations with FDMNES

Absorbing atom

Zone 1

Zone 1
Zone 3

Zone 2

Figure F.2 – Splitting of the calculation into finite differences at different points in real space
(circles). The calculation is performed differently in three spatial regions: zone 1) atomic cores,
the potential is decomposed into spherical harmonics and the FDM is not used (blue region),
zone 2) interstitial region, the FDM calculation is performed in this region (green region), zone
3) outer sphere, the potential is kept constant (green region). The calculation is performed
in the minimum size region of the cluster sphere which can be reproduced by the symmetry
operations of the crystal space group.
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• the radius of the cluster (number of atoms which are explicitly considered in the calcu-

lation)

• the crystal structure: point group, unit cell dimension and angles, atomic positions in

the unit cell, atomic numbers

• the atom absorbing the X-ray radiation and the ionized core orbital(choice of the X-ray

edge)

In the case of a single crystal, the atomic positions are given by the crystal space group (Fm3m

for NiO and I41/amd for TiO2) which generates the crystal structure in the spatial limits given

by the cluster radius. If not specified, the fundamental electronic structure of the atoms is

used for the calculations. It may be beneficial to change the electronic configuration to an

excited one in order to overcome some limitations of the package given by the core-hole

implementation (vide infra). In the case of ionic compounds such as NiO, the electronic

configuration of a given atom is in principle closer to the corresponding ion (3d 8). However,

using such electronic configurations as starting point is not recommended and can greatly

affect the convergence of the calculation. An alternative is to keep the atoms neutral with the

correct number of electrons in the d shell but taking valence electrons into outer shells like 4s

or 4p for a 3d transition metal which are spatially extended and for which the corresponding

orbitals have a large overlap with the orbitals of neighboring atoms.

F.1.3 Calculation procedure

The calculation of the XAS cross-section is performed for each atom of a given type in the

structure and the final spectrum is the average of the calculated spectra for each atom if no

light field orientation is specified. This way, the information about the inequivalence between

the sites is lost in the standard calculation but individual calculations can be performed for

each site which has been done in the case of anatase TiO2 (Chapter 8).

The novelty provided by FDMNES in addition to the implementation of the FDM is the possi-

bility to perform self-consistent field (SCF) calculations [417]. In this case, the potential is

recalculated after each iteration of the minimization of the system energy. SCF is computation-

ally expensive but the calculation can be performed explicitly on a smaller cluster size than

the one used for the description of the lattice. This calculation is performed on the unexcited

cluster and provides an accurate description of the potential in the ground state. It is also

possible to perform the same calculation in the "Z +1" approximation for the core-hole or

any value of the screening which affects essentially the position of the quadrupolar transitions

of the d-DOS at K-edges.

Finally, when the potential is known, the projected DOS of the final state is calculated which

generates the spectrum after application of the selection rules and convolution. The experi-

mental broadening has intrinsic (core-hole lifetime) and extrinsic origins (monochromator,
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detector resolution, . . . ). The core-hole lifetime is usually energy dependent such that a

standard description of the broadening is given by an arctan function:

Γ= Γhol e +Γm

(
1

2
+ 1

π
arctan

(
π

3

Γm

ELar g
(e − 1

e2 )

))
(F.1)

with e = (E −EF )/Ecent where Γm , Ecent and ELar g are respectively the maximum broadening

of the final state (on the high energy side), the centre and the broadening of the arctan

function. The slope at the middle of the arctan rise is given by Γm/ELar g . All these convolution

parameters can be set independently or can even be fitted to the experimental data.

F.2 Calculations with XSpectra

In the case of NiO, the strongly correlated nature of the material required a specific description

of the XAS including correlation effects. While a satisfactory agreement can be obtained

with the FDM in the XANES and in the EXAFS regions, the pre-edge required the inclusion

of the Hubbard U . The calculations of the XANES and pre-edge have been performed ab

initio using the XSpectra package [452, 458] provided with Quantum-Espresso [453, 459].

The advantage of the calculation within XSpectra is the recent implementation of DFT+U

methods for the XANES at the K-edge [16] which we use in this Thesis. Briefly, Troullier-

Martins pseudopotentials are used [460] and the potential is computed self-consistently with

the generalized gradient approximation (GGA)+U method [461]. The wavefunctions have been

expanded with an energy cutoff of 140 Ry. The value of the Hubbard is U = 7.6 eV as suggested

in Ref. [16]. For the calculation of the spin-polarized XAS cross-section with XSpectra, a

supercell approach is used including core hole effects in the pseudopotential of the absorbing

atom. The script requires the charge density calculated in the SCF-DFT+U calculation of the

previous step and the core level wavefunction for the computation of the matrix elements.

This is performed with the continued fraction [458] and the projected augmented wave (PAW)

method [462]. The supercell is a 2×2×2 supercell of the magnetic cell (32 atoms). A 4×4×4

k-point grid is used for both the charge density and the continued fraction calculation. The

absorbing atom is considered with a positive magnetic moment (spin up) meaning that the

Ni nearest neighbors have a negative magnetic moment (spin down). A rhomboedral base is

chosen for the calculation which forms a 3-fold rotation around the crystallographic c-axis.

The primitive cell is a simple rhombohedron with vectors:

v1 = a(tx ,−ty , t z), v2 = a(0,2ty , tz ), v3 = a(−tx ,−ty , tz ) (F.2)

with a the cubic unit cell parameter and

tx =
√

1− c

2
, ty =

√
1− c

6
, tz =

√
1+2c

3
(F.3)

The additional unit cell dimension to provide in this Bravais lattice is the cosγ between any

pair of the unitary lattice vectors v1, v2 or v3.

159



Appendix F. XAS ab-initio calculations

F.3 Simulation of the effect of lattice expansion on the XAS of NiO

at the Ni K-edge

F.3.1 EXAFS

The ground state and excited state EXAFS are obtained by FMS calculations as implemented in

the FDMNES package [368, 369]. Clusters of 7 Å radii are used with different Ni-O bond distances

modelled by expanding the ground state lattice parameter. This cluster size is required to

achieve convergence of the calculated ground state spectrum. The MT approximation is used

and quadrupole and dipole matrix elements are included. The space group of NiO is Fm3m

used in the calculation. The calculated spectrum is averaged over all possible polarizations. A

gaussian convolution of 0.8 eV is included in the calculation to account for the experimental

energy resolution. The ground state electronic configurations of nickel and oxygen were used

to compute the atomic potentials. The calculation was not performed self-consistently. The

Hedin-Lunqvist exchange correlation potential has been used.

F.3.2 XANES

Details for the calculations in the XANES with XSpectra are in section F.2. Figure F.3 shows

the effect of lattice contraction onto the simulated TRXAS.

-10 0 10 20 30

Energy (eV)

XAS ground state

contraction 1 %

contraction 5 %

contraction 10 %

contraction 15 %

Transient XAS

Figure F.3 – Simulated TRXAS spectra based on lattice contraction (colored curves), experi-
mental transient 100 ps after excitation at 355 nm (black circles) and calculated ground state
XAS (black line) at the Ni K-edge.
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G Apparatus

G.1 UV-Vis spectra

The steady-state absorption spectra were recorded at room temperature using a commercial

UV-VIS-NIR spectrometer (Shimadzu, UV-3600). For the measurements in solution, before

measuring the absorption spectrum of the sample, a reference spectrum of the pure solvent

was recorded to check its transparency in the investigated spectral range and to eventually

correct the baseline from its absorption.

G.2 Fluorimetry

Emission and excitation spectra were measured with a Shimadzu RF-5301PC spectrofluorime-

ter.

G.3 Ellipsometry

The spectroscopic ellipsometry measurements were performed with a SE-2000 setup from

Semilab equipped with a CCD array. For each measurement, 9 points were sampled in a

square shape at the sample surface and compared to estimate the site-to-site fluctuations of

the sample optical properties. The conversion between the ellipseΨ and ∆ parameters were

performed with a homemade Matlab program.

G.4 TRXAS

TRXAS experiments performed in this Thesis have been performed at the SuperXAS and

MicroXAS beamlines of the Swiss Light Source (SLS) at the Paul Scherrer Institute (PSI) in

Switzerland. The properties of the SLS are described in section G.4.1. Details about the laser

system and the detectors are given in section G.4.2. Finally, details about the liquid jet are
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given in section G.4.2.

G.4.1 Properties of SLS and the MicroXAS beamline

Third generation synchrotrons such as the SLS gather high photon energies, high photon

intensities, polarized and pulsed X-ray radiations which are key requirements for the experi-

ments. The MicroXAS beamline is an undulator beamline which can provide hard X-rays in the

range 3 to 23 keV with an average flux of 2×1012 photons/s for the 400 mA of the synchrotron

current. The X-ray focus onto the sample can be tuned to 5×5µm2 with a Kirkpatrick-Baez

(KB) mirror system [463]. A top-up filling scheme allows low fluctuations of the synchrotron

average current by regularly injecting electrons into the storage ring.

The SLS has an electron filling pattern made of 480 possible buckets filled or empty of elec-

trons and spaced by 2 ns. In the hybrid filling configuration presented in Figure G.1, 390

buckets are filled with electrons (multibunch) and of the 90 remaining empty buckets, the

camshaft corresponds to the 465th bucket and is filled with four times more current than the

average multibunch current. The repetition rate of the synchrotron is 1.04 MHz which sets

an upper limit for the data acquisition system (DAQ) rate for the experiments. The camshaft

pulse duration is 70 ps which sets an upper limit for the time resolution of the experiment.

Femtosecond time resolutions are nowadays provided by X-ray free-electron lasers (FELs).

Figure G.1 – Hybrid filling pattern of the SLS decomposed into a multibunch of filled buckets
spaced by 2 ns and one isolated camshaft pulse with 4 times more current than average.
Reproduced from Ref. [17] with permission.
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G.4.2 High-repetition rate TRXAS setup

The high repetition rate setup has been described in detail in Reference [17]. For the time-

resolved experiments, only the camshaft from the ring is used which corresponds to ∼1% of

the average synchrotron flux. The pump pulse is provided by a high repetition rate Duetto

Nd:YAG laser (Time Bandwidth). The tricky part of the setup is that the optical pump and the

X-ray probe are delivered by two independent sources which need to be synchronized through

the DAQ as already performed earlier at other synchrotron facilities [464, 465, 466, 467, 468].

The detail of the electronics is given in Figure G.2. Briefly, the master clock of the system

is provided by an optical 1.04 MHz signal provided by the synchrotron which can be down

converted to any repetition rate in the DAQ. This master triggering signal is split to the laser

system (pulse picker at typically half the repetition rate of the experiment), to the detection

scheme (for the track-and-hold (T&H)) and to the analog-to-digital converter (ADC) card.

The fine time delay between the laser pulse and the X-ray pulse is introduced by the laser

controller itself connected to a phase shifter receiving a 500 MHz radiofrequency (RF) signal

from the synchrotron magnets which can change the delivery time over 2 ns.

Figure G.2 – Diagram of the high-repetition rate TRXAS pump-probe setup. Reproduced from
Ref. [17] with permission.

Two key steps of the experiments are the spatial and temporal overlap between the laser and

the X-rays. The former is performed with a 50µm pinhole and the latter with a 500 ps rise time

diode.
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Laser System: Duetto

The laser system used for the TRXAS experiments is a compact and mobile picosecond Duetto

laser system produced by Time Bandwidth Products. The portability enables the installation

of the laser at different beamlines of the SLS which offer different energy ranges and experi-

mental conditions. The Duetto laser provides 10 ps pulses and a variable repetition-rate in

the range between 200 kHz to 8.33 MHz in standard mode1. The laser consists of three main

components: the oscillator and amplifier, a pulse-on-demand (PoD) unit and a non-linear

optics (NLO) unit. The synchronization between the laser pulse delivery (pulse picker) and

the X-ray pulse is performed with the electronic synchronization unit (CLX) reading both the

pulse picker at the repetition rate of the experiment (pulse picker) and the fine time delay

(phase shifter).

The Duetto laser system is a solid state neodynium-doped yttrium orthovanadate based

amplified system which operates at a fundamental wavelength of 1064 nm. The oscillator and

amplifier run at a repetition rate of 83.3 MHz. A Pockels cell releases the pulses from the cavity

at any fraction of the internal frequency between 10 and 416, corresponding to outgoing pulse

repetition rates of 8.33 MHz or 200 kHz respectively with an average output power greater

than 12 W for the fundamental.

The CLX-1100 timing box stabilizes the relative phase between the RF and the intrinsic fre-

quency by locking the phase of the laser oscillator to an input trigger with a jitter of < 400 fs.

The PoD unit is located between the amplifier and the NLO unit. It allows using the direct

amplifier laser power or an internal Pockels cell as beam attenuator by applying an analog

constant voltage signal with upper and lower limits given by transistor-transistor logic (TTL).

The NLO unit accepts the 1064 nm beam from the PoD. The output wavelength can be tuned

by switching to a second harmonic generation (SHG) crystal resulting in 532 nm output

wavelength or a combination of SHG and sum frequency generation (SFG) to perform 1064

and 532 nm mixing giving 355 nm laser output. We have recently implemented the 266 nm

output by doubling 532 nm in a β-barium borate (BBO) crystal positioned in a oven at ∼100◦C

to obtain average output power stability over ∼3 hours at the high repetition rate of the laser

[469]. The maximum output pulse energy depends on the laser repetition rate.

Laser optics

The optical setup is used to deliver the laser beam to the interaction zone of the liquid jet

sample with the X-ray probe beam. Two steering mirrors after the laser provide full control over

the beam position while the subsequent Schmidt-Cassegrain telescope (one divergent and

one convergent lenses) magnifies the beam waist to get a better focus at the sample position.

The beam is then steered over several mirrors and one periscope to level it at the sample

1The repetition rate can be lowered adapting the optics for large peak powers to prevent damaging.
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height. A convex lens focusses the laser beam to a size of ∼1.5 times the FWHM of the X-ray

spot to ensure spatial overlap stability over the probe region. One of the last steering mirror is

set on a motorized stage with Euler angles (Zaber T-MM-Series), which remotely adjusts the

laser spot position on the sample while hard X-rays are present inside the experimental hutch.

Detectors and T&H

TRXAS requires rather fast detectors which can operate at high repetition rates with a large

linear response over the incident X-ray flux and photon energy to adapt to the different edges

investigated at MicroXAS. The TRXAS in transmission is measured with a silicon drift detector

(SDD) photodiode (bias 150 volt) while the fluorescence is measured with two 1 cm2 avalanche

photodiodes (APDs) (bias −350 V to increase the sensitivity and the time resolution). Both

diodes are shielded from the laser photons with 25µm Be windows. The amplification of the

detected current is a key step to achieve measurable signals. This is performed with a variable

gain DHCPA-100 FEMTO current amplifier for the SDD transmission and a fixed gain HCA

series FEMTO current amplifier for the APD in fluorescence.

The amplified signals are fed into T&H which hold the incoming current signal level long

enough for the slower digitalization by the ADC to be performed.

Sample delivery

In this Thesis, TRXAS measurements are done exclusively on liquid samples flowing through

a sheet jet (Figure G.3). The liquid jet nozzle consists of two sapphire pieces separated by

spacers of 200µm distance. The colloidal solution of nanoparticles (NPs) is flown through

the jet nozzle by a peristaltic pump, creating a sheet of liquid. The sheet has the shape of an

upside down triangle, with a laminar section close to the nozzle in the middle region of the

jet (green triangle in Figure G.3). Although the peristaltic pump introduces a slow pulsation

of the jet thickness at a frequency of a few Hz, it does not introduce a significant noise in the

measurement because the fluctuations are way slower than the sampling time and are only

observed as an average. The jet liquid is collected in a catcher and transferred back to the

sample bottle. This way, a sample volume of ∼50 mL can be flown for several hours provided

that no damaging occurs.

Data Acquisition System

The laser pump/X-ray prove data is collected on a shot-to-shot basis, thus probing an excited

state sample and a ground state sample in 4µs with the laser running at a repetition rate

of 260 kHz for the experiment on NiO microparticles (chapter 7). To correct for a possible

detector offset, a baseline of the detector is taken for each shot. Over two synchrotron periods,

this corresponds to four different signals being sampled (Figure G.1): two baseline offset

signals Ip (E , t)zer o and Iunp (E , t)zer o with and without pump laser pulse respectively; and
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Figure G.3 – Picture of the liquid jet. The nozzle (top cylinder) contains two half cylindric
sapphire pieces separated by ∼200µm spacer through which the liquid sample is pumped.
The liquid is then collected by the catcher (bottom cylinder) and directed back to the sample
container. The green lines indicate the laminar area on the jet stream, which is the most stable
area and on which laser and X-ray beam are overlapped.

two signals from the camshaft Ip (E , t )X−r ay and Iunp (E , t )X−r ay with and without pump laser

respectively. The transient signal at the X-ray energy E and time delay t after excitation is

computed in transmission from,

∆AT (E , t ) =− ln

(
Ip (E , t )X−r ay − Ip (E , t )zer o

Iunp (E , t )X−r ay − Iunp (E , t )zer o

)
(G.1)

while the transient fluorescence signal in total fluorescence yield (TFY) is computed from,

∆AF (E , t ) = Ip (E , t )X−r ay − Ip (E , t )zer o − (Iunp (E , t )X−r ay − Iunp (E , t )zer o) (G.2)

Note that none of the transient signals requires the a priori knowledge of the incident X-ray

intensity I0(E) although it is highly recommended to use an APD to measure the incoming

X-ray flux on a shot-to-shot basis2. Usually, the laser excitation does not result in 100% sample

excitation. Hence the TRXAS signal contains a linear combination of the excited and unexcited

species. To extract the component of the excited species, the knowledge about the excitation

yield f (t) is required which is related to the X-ray absorption coefficient µ(E) and µ∗(E)3 in

the ground and excited state respectively according to,

∆A(E , t ) = f (t ) · (µ∗(E)−µ(E)). (G.3)

2This is easily done putting a thin Kapton foil into the beam and measuring the scattered photons with an APD.
3We make the assumption that a single excited state specie is formed upon excitation. Otherwise, different

absorption coefficients need to be considered as well as the excitation yield of the different species.
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It is often difficult to predict the excitation yield from the a priori knowledge of the absorption

coefficient or molar extinction coefficient so that only an upper limit can be provided from the

measurement of the average power delivered to the sample from the incident and transmitted

average laser powers4. Information about the excited state absorption coefficient is useful

especially in the EXAFS where atomic displacements upon laser excitation can be modelled

directly from µ∗(E).

G.5 Transient absorption in the Visible: 1 kHz system

The 1 kHz laser system has been used for the transient absorption spectroscopy (TAS) experi-

ments on MAPbBr3, MAPbBr3/a-TiO2 and a-TiO2 thin films in Chapters 2 and 4. We provide

here the description of the setup.

A continous wave Nd:YVO4 laser (Millennia Vs, Spectra Physics) is used to pump the Ti:Sapphire

oscillator (Tsunami, Spectra Physics) with 3.9 W typical pump power. The mode-locked os-

cillator produces 800 nm pulses with a FWHM of ∼20 nm, which are used as seed for the

regenerative amplifier (Spitfire, Spectra Physics). The Ti:Sapphire crystal of the amplifier is

pumped by a Nd:YLF pulsed laser (Quantronix) which delivers 200 ns pulses at 1 kHz with

8.5 W typical average power. The system delivers 800 nm pulses with a typical bandwidth

of 15−20 nm, duration of < 100 fs and pulse energy of 0.65 mJ at 1 kHz. Shot-to-shot noise,

measured as the root mean square (RMS) on 1000 shots, is typically 2h. After a telescope,

which reduces the beam size by a factor 3, the beam is split in two parts, which are used to

generate the pump and probe pulses.

The pump is generated by SHG of the fundamental through a 0.5 mm BBO (29.2◦, type I). The

pulse is focused at the sample position with a f = 250 mm parabola.

The broadband Visible probe is obtained by focusing a small fraction (∼1 mW) of the 800 nm

pulse in a continuously moving CaF2 window. The transmitted broadband probe is coupled

into an optical fiber and then into a homemade grating spectrometer. Finally, a charge-

coupled device (CCD) array is positioned in the Fourier plane of the spectrograph to measure

the spectrally-resolved intensity of the transmitted probe beam.

The single-shot detection scheme was previously described [470]. Briefly, the photodiode array

is read out by a fast ADC for each probe pulse. The signal is computed from the different pump

and unpumped measurements and averaged over a given number of shots in the computer.

4The exact calculation assumes that there are no other sources of optical power losses than the sample absorp-
tion which is often not the case for colloidal solutions of NP where the scattering is important.
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G.6 Transient absorption in the deep-UV: 20 kHz system

The ultrafast broadband UV experiments have been performed with a setup providing tunable

narrowband UV pump and broadband UV probe pulses in the range from 3.35 to 4.8 eV

[110, 111].

First, a 20 kHz Ti:Sapphire laser regenerative amplifier (KMLabs, Halcyon+Wyvern500), pro-

vides 50 fs FWHM pulses at 1.55 eV with typically 0.7 mJ per pulse (12 W average power).

Around 7 W are used to pump a non-collinear optical parametric amplifier (NOPA) (TOPAS

white - Light Conversion) which provides sub-100 fs pulses with a very broad spectral cover-

age typically from 1.65 to 2.5 eV and 7µJ in this broadband configuration. The narrowband

configuration can provide pump powers of the order of 15µJ. Around 60% of the NOPA output

power is used to generate the narrowband pump pulses. In this line, the visible pulse goes

through a chopper operating at 10 kHz, synchronized to the laser system and phase-locked

manually via the detection of the transmitted intensity with a photodiode. The pump pulse

can be used as such through an interference filter to select the excitation pump photon energy

or can be frequency doubled through a BBO crystal to generate a UV pump pulse. Typical BBO

thickness is less than 1 mm to keep the time duration of the pulse and because no further gain

in doubling efficiency is usually observed for thick crystals after the double component and the

seed have lost temporal overlap. The pump photon energy is controlled by phase-matching

with a rotating stage set below the BBO. The typical bandwidth of the UV pump pulse is 20 meV

and the excitation intensity follows the intensity profile of the NOPA output spectrum with

pulse energy of the order of 100 nJ. The pump power is recorded on a shot-to-shot basis by a

calibrated photodiode for each pump photon energy which allows the normalization of the

data based on the average pump power. Alternatively, the harmonics of the Ti:Sapphire output

can be generated with the remaining of the laser power through doubling (3.1 eV photons)

and tripling lines (4.66 eV). This has the advantage to deliver large energy per pulse (several

µJ) while keeping the temporal duration of the pump pulse around 50 fs. A half waveplate is

often used to set the relative polarization between the pump and the probe at the magic angle

(54.74◦) to get rid off photoselection effects.

The remaining NOPA output is used to generate the broadband UV probe pulse with 1.7 eV

bandwidth through an achromatic doubling scheme which has been developed in the group

of Riedle [471, 472]. It comprises two fused silica prisms that spatially disperse and recollimate

the Visible beam coming from the NOPA. The resulting spatially chirped beam is focused with

a 90◦ off-axis parabolic mirror on a 200µm thick BBO crystal. The frequency doubling of such

broadband Visible pulse is made more complex since there is one phase-matching angle per

frequency component. Hence the spatial chirp of the Visible beam and the different incident

angles achieved by the parabola onto the BBO can match the phase-matching at all probe

photon energies at the same time. The frequency-doubled beam is subsequently recollimated

with another 90◦ off-axis parabola, recombined and recompressed with two additional CaF2

prisms.
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The pump and the probe pulses are focused onto the sample where they are spatially and

temporally overlapped. The beam waists are typically around 80µm for the pump and 20µm

for the probe which results in a homogeneous probing of an excited sample volume. The

setup has been used alternatively in transmission or in reflection mode over the course of this

Thesis.

After the sample, the reflected/transmitted broadband probe beam is focused in a multi-mode

optical fiber (100µm) which is coupled to the entrance slit of a 0.25 m imaging spectrograph

(Chromex 250is). The beam is dispersed by a 150 grooves/mm holographic grating and im-

aged onto a multichannel detector consisting of a 512 pixel CMOS linear sensor (Hamamatsu

S11105, 12.5×250µm pixel size) with up to 50 MHz readout, so the maximum read-out rate

per spectrum (almost 100 kHz) allows us to perform shot-to-shot detection easily. The de-

scribed experimental setup typically offers a time resolution of 150 fs, but can be improved to

80 fs with the adoption of a chirp mirror or prism compressor in the pump line.
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H Ellipsometry

H.1 Ellipsometry of anatase TiO2 (001) thin films

The absorption coefficient of the thin films was obtained by spectroscopic ellipsometry. The

main goal is to check the crystallinity of the sample from the position of the optical gap,

the fluctuations of the optical properties at different positions of the sample surface and

to estimate the thickness of the film from the spectral interferences below the gap. The

absorption coefficient retrieved at 9 different positions of the sample surface 1 mm away from

each other in a square lattice is depicted in Figure H.1a. The measurement is performed at

65◦n incidence angle below the Brewster angle of 69.1◦ [473]. The ellipsometer beam focus at

the sample surface is ∼ 250µm meaning that we are measuring fully independent spots.

a) b)

Figure H.1 – a) Absorption coefficient of anatase TiO2 (001) crystalline thin film retrieved
by spectroscopic ellipsometry at different positions on the film surface. b) Influence of the
incidence angle on the absorption coefficient retrieved by spectroscopic ellipsometry.

The fluctuations of the absorption coefficient below the optical gap are due to sample thickness

fluctuations which affect the spectral interferences [474]. The influence of the incident angle

onto the sample surface was also varied to double check that the measurement was performed
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below the Brewster angle and that no artefact was included because of polarization distortions

of the reflected light. The absorption coefficient for three different incident angles is depicted

in Figure H.1b and shows only minor differences below the optical gap where the change in

beam size and sensitivity to the effective sample thickness can have an effect.

From the light focus at the sample surface and the reflected intensity, the ellipsometer can

map the fluctuations of the altitude of the sample surface which is depicted in Figure H.2. The

fluctuations seem quite large a priori considering the full map of the order of 60 nm. However,

the map clearly shows a gradient of altitude from north to south which enhances the effect.

Figure H.2 – Mapping of the altitude at the anatase TiO2 thin film surface. The altitude is a
relative coordinate given by the ellipsometer in nanometer.

H.2 Ellipsometry of NiO (001)

The dielectric constants of NiO (001) were fitted with the Reffit software developed by Alexey

Kuzmenko at the University of Geneva1. The software uses a model-independent Kramers-

Kronig analysis to virtually any type of optical spectrum using an original Kramers-Kronig

constrained variational technique [475]. A fast Marquard-Levenberg algorithm is used which

is implement for the self-consistent fitting of multiple experiments [476].

For the fitting, a sum of two Tauc-Lorentz oscillators [477] and a Lorentzian lineshape (equa-

tions H.1 and H.2) have been used. The fitting is performed simultaneously and self-consistently

1https://sites.google.com/site/reffitprogram/home
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on the experimental real part (ε1) and imaginary part (ε2) of the dielectric constant.

ε1(ω) ∼ 1+∑
i

ω2
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and

ε2(ω) =∑
i

ω2
p,iωΓi

(ω2
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Lorentz

+∑
i

1
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0)ω2 +ω2
gΓ−ω2

0(ω2
0 +3ω2

g ), aat an = (ω2 −ω2
0)(ω2

0 +ω2
g )+ω2

gΓ
2, ξ4 = (ω2 −

γ2)2 +α2Γ2/4, α=
√

4ω2
0 −Γ2 and γ=

√
ω2

0 −Γ/2.

173





I Crystal-symmetrization of the spheri-
cal tensors in the XAS cross-section of
anatase TiO2
First, the spherical tensors are symmetrized in the atomic frame and then in the crystal frame

taking into account the possible inequivalent sites in the unit cell.

I.1 Derivation of the site-symmetrized spherical tensors of anatase

in the site frame

The local point group of anatase is D2d (subgroup of the crystal point group D4h) which

contains 4 pure rotations and 2 rotoinversions. The angular evolution of the dipole and

quadrupole cross-sections in this point group are the same as in the crystal point group D4h

(equations 8.1 and 8.2). The site frame has the ẑ axis chosen along the elongated axis of the

TiO6 octahedron and the x̂ and ŷ axes are chosen along the equatorial Ti O bonds to form a

direct frame. The site-symmetrized spherical tensor 〈σ(l ,m)〉 in the site frame is given by:

〈σ(l ,m)〉 = 1

|G ′|
∑
g
ε(g )

m′=l∑
m′=−l

σ(l ,m′)D l
m′m(g ) (I.1)

with |G ′| = 6 the number of rotoinversions and pure rotations in the site point group, g a

rotoinversion in the site point group, and D l
m′m the Wigner-D matrix. The parity factor is

ε(g ) =−1 when the spherical tensor is odd (dipole cross-section) and the symmetry operation

g contains the inversion or ε(g ) = 1 otherwise. The Wigner-D matrix is expressed as:

D l
m′m(g ) = e−i m′αd l

m′m(β)e−i mγ (I.2)

with Euler angles (α,β,γ) in ZYZ convention for the rotoinversion g of the site point group

and dl
m′m is the reduced Wigner-D matrix with characteristic values d l

m′m(0) = δm,m′ and

d l
m′m = (−1)l−mδm′,−m . This provides the following symmetrized dipolar spherical tensors in
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the site frame:

〈σD (0,0)〉 = 1

6

∑
g
ε(g )σD (0,0)D0

00(g ) = 1

3
σD (0,0)

〈σD (2,0)〉 = 1

6

∑
g

m′=2∑
m′=−2

ε(g )σQ (2,m′)D2
m′0(g ) = 1

3
σD (2,0)

(I.3)

and the following quadrupolar spherical tensors,

〈σQ (0,0)〉 = 1

4

∑
g
σQ (0,0)D0

00(g ) =σQ (0,0)

〈σQ (2,0)〉 = 1

4

∑
g

m′=2∑
m′=−2

σQ (2,m′)D2
m′0(g ) =σQ (2,0)

〈σQ (4,0)〉 = 1

4

∑
g

m′=4∑
m′=−4

σQ (4,m′)D4
m′0(g ) =σQ (4,0)

〈σQ (4,4)〉 = 1

4

∑
g

m′=4∑
m′=−4

σQ (4,m′)D4
m′4(g ) =σQ (4,4)

(I.4)

I.2 From site-symmetrized spherical tensors to crystal-symmetrized

spherical tensors

The coset method is a powerful way to calculate the spherical tensors averaged over the crystal

from the spherical tensor symmetrized over a single site which has been developed by Brouder

and coworkers [424]. The crystal-symmetrized tensor 〈σ(l ,m)〉X of a given site is obtained

from the site-symmetrized tensor 〈σ(l ,m)〉S by the operation

〈σ(l ,m)〉X = 1

n

n∑
i=1

m′=l∑
m′=−l

ε(gi )〈σ(l ,m)〉S D l
m′m(g−1

i ) (I.5)

with n the number of cosets. Briefly, since the atom at (0,0,0) is equivalent to the site at

(1/2,1/2,1/2) by a pure lattice translation with the vector (1/2,1/2,1/2), this gives a single

coset (x, y, z). Consequently, the anatase unit cell contains two equivalent titanium atoms, the

XAS cross-section of both atoms is the same and they cannot be distinguished. Thus, formula

I.5 reduces to,

〈σ(l ,m)〉X =
m′=l∑

m′=−l
〈σ(l ,m)〉S D l

m′m(0) (I.6)

for anatase TiO2 which cancels the terms 〈σDr (2,2)〉X , 〈σQr (2,2)〉X and 〈σQr (4,2)〉X while all

the other non-zero spherical tensors are the same symmetrized in the site frame as in the

crystal frame. We checked the equivalence between the sites with FDMNES calculations

and both dipole and quadrupole components measured under any θ or φ angle have the
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same cross-sections for both sites. We conclude that all the quadrupolar spherical tensors

symmetrized in the crystal frame have the same value than the corresponding spherical tensors

〈σQ (l ,m)〉X =σQ (l ,m) while for the dipolar spherical tensors we have 〈σ(l ,m)〉X = 1
3σ

D (l ,m).

The symmetrized spherical tensors have to be used in equations 8.1 and 8.2 to obtain the

angular evolution of the dipole and quadrupole cross-section.

I.3 Spherical tensors of anatase

final state σD (0,0) σD (2,0)

pz 8π2/9 4
p

2π2/9
px 8π2/9 −4

p
2π2/9

py 8π2/9 −4
p

2π2/9

Table I.1 – Table of dipolar spherical tensors based on the final state reached by the transition
from the Ni 1s. Each element of the table must be multiplied by αħωδ(E f −Ei −ħω)ξ2

f where
f is the final state reached by the transition which represents the integration of the radial parts
of the wavefunctions.

final state σQ (0,0) σQ (2,0) σQr (2,2) σQ (4,0) σQr (4,4)

dz2 3/400 −3
p

2/35/80 0 9
p

2/7/400 0
dx2−y2 3/400 3

p
2/35/80 0 3

p
2/7/800 3/(160

p
5)

dx y 3/400 3
p

2/35/80 0 3
p

2/7/800 −3/(160
p

5)
dxz 3/400 3

p
2/35/160 3

p
3/35/160 3

p
2/7/200 0

dy z 3/400 3
p

2/35/160 −3
p

3/35/160 3
p

2/7/200 0

Table I.2 – Table of quadrupolar spherical tensors based on the final state reached by the
transition from the Ni 1s. Each element of the table must be multiplied by αħωk2δ(E f −Ei −
ħω)ξ2

f where f is the final state reached by the transition which represents the integration of
the radial parts of the wavefunctions.

I.3.1 Final expression of the dipole cross-section

σD (ε̂) =σD (0,0)− 1p
2

(3cos2θ−1)σD (2,0) (I.7)

Final state is pz

σD (ε̂) =αħω
(

8π2

9
−4

p
2
π2

9

1p
2

(3cos2θ−1)

)
ξ2

z2δ(E f −Ei −ħω) (I.8)
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then

σD (ε̂) =αħω4π2

3
(1−cos2θ)ξ2

zδ(E f −Ei −ħω) (I.9)

Final state is px or py

σD (ε̂) =αħω
(

8π2

9
+4

p
2
π2

9

1p
2

(3cos2θ−1)

)
ξ2

x,yδ(E f −Ei −ħω) (I.10)

then

σD (ε̂) =αħω4π2

9
(1+3cos2θ)ξ2

x,yδ(E f −Ei −ħω) (I.11)

One can check that the sum of both dipolar components with pz and px,y final states, in

the assumption that the overlap of the radial parts is such that ξ2
x = ξ2

y = ξ2
z , gives σD (ε̂) =

σD (0,0) = αħω8π2

9 (ξ2
x + ξ2

y + ξ2
z )δ(E f −Ei −ħω) = αħω8π2

3 ξ2δ(E f −Ei −ħω),∀θ which is the

total isotropic cross-section measured for an ensemble of randomly oriented nanoparticles or

at the magic angle θ = arccos
(1

3

)
.

I.3.2 Final expression of the quadrupole cross-section

σQ (ε̂, k̂) =σQ (0,0)+
√

5

14
(3sin2θ sin2ψ−1)σQ (2,0)

+ 1p
14

[35sin2θcos2θcos2ψ+5sin2θ sin2ψ−4]σQ (4,0)

+p5sin2θ[(cos2θcos2ψ− sin2ψ)cos4φ−2cosθ sinψcosψsin4φ]σQr (4,4)

(I.12)

In the configuration of the experiment, ψ= 0 and φ=π/2.

Final state is dz2

σQ (ε̂, k̂) =αħωk2

{
3

400
+ 3

80

√
2

35

√
5

14
+ 9

400

√
2

7

1p
14

(
35sin2θcos2θ−4

)}
ξ2

z2δ(E f −Ei −ħω)

(I.13)
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then

σQ (ε̂, k̂) =αħωk2
{

3

400
+ 3

560
+ 9

2800

(
35sin2θcos2θ−4

)}
ξ2

z2δ(E f −Ei −ħω) (I.14)

Final state is dx y

σQ (ε̂, k̂) =αħωk2{
3

400
− 3

80

√
2

35

√
5

14
+ 3

800

√
2

7

1p
14

(
35sin2θcos2θ−4

)
+ 3

160

p
5
p

5sin2θcos2θ}ξ2
x yδ(E f −Ei −ħω)

(I.15)

then

σQ (ε̂, k̂) =αħωk2
{

3

400
− 3

560
+ 3

5600

(
35sin2θcos2θ−4

)+ 15

160
sin2θcos2θ

}
ξ2

x yδ(E f −Ei −ħω)

(I.16)

Final state is dx2−y2

σQ (ε̂, k̂) =αħωk2{
3

400
− 3

80

√
2

35

√
5

14
+ 3

800

√
2

7

1p
14

(
35sin2θcos2θ−4

)
− 3

160

p
5
p

5sin2θcos2θ}ξ2
x2−y2δ(E f −Ei −ħω)

(I.17)

then

σQ (ε̂, k̂) =αħωk2
{

3

400
+ 3

560
+ 3

5600

(
35sin2θcos2θ−4

)− 15

160
sin2θcos2θ

}
ξ2

x2−y2δ(E f −Ei −ħω)

(I.18)

Final state is dxz or dy z

σQ (ε̂, k̂) =αħωk2

{
3

400
− 3

160

√
2

35

√
5

14
− 3

200

√
2

7

1p
14

(
35sin2θcos2θ−4

)}
ξ2

xz,y zδ(E f −Ei −ħω)

(I.19)
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then

σQ (ε̂, k̂) =αħωk2
{

3

400
− 3

1120
− 3

1400

(
35sin2θcos2θ−4

)}
ξ2

xz,y zδ(E f −Ei −ħω) (I.20)
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