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ABSTRACT

Photosensitization of wide band gap semiconductors is used in a wide range of application
like silver halide photography and xerography. The development of a new type of solar cells,
based on the sensitization of mesoporous metal oxide films by panchromatic dyes, has triggered
a lot of fundamental research on electron transfer dynamics. Upon excitation, the sensitizer
transfers an electron in the conduction band of the semiconductor. Recombination of the charge
separated state is prevented by the fast regeneration of the dye by an electron donor present in
solution.

Until recently, most of the work in this area has been focused on the competition between the
recombination and the regeneration processes, which take place in the nanosecond to
millisecond regime. With the development of solid-state femtosecond laser, the measurement
of the dynamics of the first electron transfer step occurring in the solar cell has become possible.
Electron injection from ruthenium(II) polypyridyl complexes into titanium dioxide has been
found to occur with a polyexponential rate, with time constants ranging from < 100 fs up to >
10 ps. In spite of the lately acquired capacity to measure the dynamics of these reactions, the
physical meaning of this polyexponential kinetics and the factors that can influence this process
are still poorly understood.

In this work, the development of a new femtosecond pump-probe spectrometer, intended to
monitor the ultrafast dynamics of electron injection, is presented. The study of this process
requires an excellent temporal resolution and a large wavelength tunability to be able to excite
a great variety of dyes and to probe the different products of the reaction. These specifications
were met using the latest progress made in optical parametric amplification, which allowed the
construction of a versatile experimental set-up. The interfacing by computer of the different
devices used during the experiments increase the ease of use of the set-up.

Transient absorption spectra, using a white light continuum probe beam, were recorded to
characterize the absorption features of the species involved in the electron injection process.
The dynamics of the injection were then followed with a better accuracy, using two noncollinear
optical parametric amplifiers generating the pump and probe beams. Enhancement of the pump
and probe pulses interaction geometry, improvement of the detection limit of the experiment,
removal of the coherent artifact and characterization, by Kerr gating in glass, of the chirp of the
white light continuum were realized to optimize the experimental set-up.



II Abstract

Dynamics of injection of eosin adsorbed on metal oxide colloids was revisited.
Discrepancies present in the literature were rationalized by an effect of distance between the
sensitizer and semiconductor surface, induced by the presence of poly vinyl alcohol. It was also
found that on non-injecting particles, eosin dimers present on the surface underwent ultrafast
intermolecular electron transfer. This reaction competed with electron injection when the dye
was adsorbed on titanium dioxide particles, resulting in a decrease in the yield of electron
injection.

Electron injection from a ruthenium(II) terpyridyl complex into a titanium dioxide
nanostructured film was monitored and compared with the dynamics of the excited state of the
dye in solution. A good agreement with previous studies, undertaken with similar compounds,
was observed. The double exponential, required to fit the data, had time constants of 0.8 and
17 ps. An ultrafast component was hidden by the convolution of the pump and probe pulses.

Quantum dots have shown to inject efficiently in wide band gap semiconductors. Among
these systems, lead sulfide adsorbed on titanium dioxide seems to be a promising scheme for
solar energy to electricity conversion applications. The transient absorption of the conduction
band electrons in lead sulfide decays on two time scales of 1.0 ps and 30 ps attributed to the
deep trapping of the electron and to the electron-hole recombination, respectively. These
dynamics are observed independently of the adsorption of the nanoparticle on an injecting or
non-injecting surface. The presence of a hole conductor allowed the interception of the hole in
the valence band of lead sulfide with 4 ps time scale and enhances the charge separation.

This work is a first step towards a better understanding of electron injection from a dye into
the conduction band a semiconductor. The set-up has been shown to allow the monitoring of
ultrafast kinetics, which are in agreement with the literature. The application of the femtosecond
spectrometer to photosensitized semiconductors particles ensured the measurement of ultrafast
charge transfer dynamics. The design of new experiments should allow for a better
comprehension of the factors governing the rate of electron injection.



RÉSUMÉ

La photo-sensibilisation de semi-conducteurs à large band interdite est utilisée dans une
grande variété d'applications comme la photographie argentique ou la xérographie. L'invention
d'un nouveau type de cellules solaires, basées sur la sensibilisation d'un film mésoporeux
d'oxyde métallique par des colorants absorbants une large portion du spectre solaire, a
renouvelé l'intérêt pour les phénomènes de transfert d'électron interfacial. Après excitation, le
sensibilisateur peut transférer un électron dans la bande de conduction du semi-conducteur. La
recombinaison entre le colorant oxydé et l'électron injecté est empêchée par la régénération
rapide du colorant par un donneur d'électron en solution.

Jusqu'à récemment, la plus grande partie de la recherche a été focalisée sur la compétition
entre les processus de recombinaison et de régénération, qui se passent de la nanoseconde à la
milliseconde. Le développement des lasers femtosecondes à milieux amplificateurs solides a
permis de mesurer la dynamique de la première étape du transfert d'électron qui a lieu dans la
cellule solaire. Des constantes de temps poly-exponentielles de l'ordre de < 100 fs jusqu'à >
10 ps ont été obtenues pour l'injection d'électrons à partir de complexes de polypyridyl
ruthénium(II) dans le dioxyde de titane. Malgré cette capacité, récemment acquise, de mesurer
ces dynamiques, la signification physique de cette cinétique poly-exponentielle et les facteurs
qui peuvent influencer cette réaction sont encore mal compris.

Dans ce travail, un nouveau spectromètre pompe-sonde femtoseconde a été développé pour
mesurer la dynamique ultra-rapide de l'injection d'électron. L'étude de ce processus demande
une excellente résolution temporelle et une large accordabilité en longueur d'onde pour pouvoir
exciter toute une gamme de colorants et sonder les différents produits de la réaction. Ces
spécifications ont pu être atteintes en employant les derniers développements en matière
d'amplification optique paramétrique et qui ont permis de construire une installation
polyvalente. Le contrôle par ordinateur des différents appareils utilisés pendant les expériences
a simplifié l'acquisition des résultats.

Des spectres d'absorption transitoire ont été enregistrés, en utilisant un continuum blanc
comme faisceau de sonde, pour caractériser l'absorption des composés impliqués dans le
transfert d'électron. La dynamique de l'injection a été ensuite suivie avec une meilleure
résolution en utilisant deux amplificateurs paramétriques optiques non-colinéaires pour générer
les faisceaux de pompe et de sonde. L'amélioration de la géométrie d'interréaction des

III



IV Résumé

impulsions de pompe et de sonde, la diminution de la limite de détection de l'expérience, la
suppression de l'artefact cohérent et la caractérisation, dans une porte de Kerr, du glissendo du
continuum blanc ont été réalisés pour optimiser l'expérience.

La dynamique de l'injection de l'éosine adsorbée sur des colloïdes d'oxydes métalliques a
été revisitée. Les divergences présentes dans la littérature ont pu être justifiées par un effet de
distance entre le colorant et la surface du semiconducteur, induit par la présence de polyvinyle
alcool. Il a aussi été observé que, sur des particules isolantes, des dimères d'éosine, présents à
la surface, réagissaient par transfert d'électron inter-moléculaire ultra-rapide. Cette réaction
entrait en compétition avec l'injection d'électron, quand le colorant était adsorbé sur des
particules de dioxyde de titane, et impliquait une diminution du rendement quantique
d'injection.

L'injection d'électron à partir d'un complexe de ruthénium(II) terpyridyl dans un film nano-
structuré de dioxyde de titane a été observée et comparée à la dynamique de l'état excité du
colorant en solution. Un bon accord avec des études publiées précédemment a été observé. La
double exponentielle, requise pour simuler les données expérimentales, avait des constantes de
temps de 0.8 et 17 ps. Une composante ultra-rapide a été masquée par la convolution des
impulsions de pompe et de sonde.

L'injection à partir de points quantiques dans des semi-conducteurs à large bande interdite a
été démontrée. Parmi ces systèmes, le sulfure de plomb adsorbé sur du dioxyde de titane semble
être prometteur pour la conversion d'énergie solaire en électricité. L'absorption transitoire des
électrons dans la bande de conduction du sulfure de plomb décline avec des constantes de temps
de 1.0 et 30 ps, qui ont été attribuées au piégage profond des électrons et à la recombinaison
électron-trou, respectivement. Ces dynamiques ont été observées indépendamment de
l'adsorption des nano-particules sur des surfaces où l'injection est possible ou non. La présence
d'un conducteur de trous solide a permis l'interception des trous dans la bande de valence du
sulfure de plomb avec une constante de temps de 4 ps, ce qui accroît la séparation des charges
dans le système.

Ce travail est un premier pas, vers une meilleure compréhension de l'injection d'électron
d'un colorant dans la bande de conduction d'un semi-conducteur. L'installation expérimentale
a permis de mesurer des cinétiques ultra-rapides, qui sont comparables à celles publiées dans
littérature. L'utilisation du spectromètre femtoseconde avec des particules semi-conductrices
photo-sensibilisées a permis d'observer des réactions de transfert de charge ultra-rapides. La
conception de nouvelles expériences devrait permettre de mieux appréhender les facteurs qui
gouvernent les réactions d'injection électronique.
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CHAPTER 1. INTRODUCTION

Sensitization of wide band gap semiconductors is used in many different applications like
photography, xerography, water purification and solar energy conversion. Silver halide
photography, for instance, works in the following manner. Cyanine dyes with a narrow
absorption spectra are adsorbed on the surface of silver halide. When excited by a visible
photon, they can transfer an electron into the conduction band of the solid. This electron is
trapped and forms an Ag° defect. Only a few Ag° will lead to the formation of an Ag cluster on
the silver halide nanoparticle surface. The presence of this cluster allows to discriminate
between exposed and unexposed particles during the development of the final picture. By
changing the light absorption properties of the dye, one can store the optical information coming
from different regions of the visible spectrum [1,2].

Cleaning of the effluent of the textile industry can also be improved using the sensitization
of wide band gap semiconductors. The intrinsic UV absorption of TiC>2 can be used to generate
electrons and holes that will be transferred to the pollutants to catalyze their degradation process
[3]. This reaction can be amplified by the sensitization to the visible light of the semiconductor
by the dyes remaining in the waste waters. This charge transfer process leaves an oxidized dye
on the surface which is the first step towards the degradation of the molecule [4,5].

Dye sensitized solar cells

The application which has renewed the interest in this type of reaction is the conversion of
solar energy to electricity. Sensitization of a wide band gap semiconductor by a panchromatic
dye (i.e. which absorbs a large portion of the solar radiation) leads to an efficient charge
separation. A redox mediator reduces the oxidized dye. Therefore, the electron in the
conduction band is forced to leave the semiconductor and travels through an electrical circuit,
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before it reaches the counter electrode. At this electrode, it reduces the mediator which shuttles
back and forth the charges from the counter electrode to the dye [6,7]. This scheme is depicted
in Figure 1.1.

Redox couple

Dye sensitizer

n-type semiconductor m e t a | counter-electrode

conductive substrate
Figure 1.1: Sketch of the working principle of a dye sensitized solar cell.

The real breakthrough for the application of this technology has been achieved by O'Regan
et al. when using a mesoporous TiC>2 electrode [8]. The roughness of the semiconductor layer
produced a 2'000 fold increase in surface area, allowing for a large increase in the light
harvesting efficiency of the film. The current yield reached close to 100 % in the 500 to 600 nm
region and the overall light-to-electric energy conversion was close to 8 %. The sensitizer was
a dicyano-bis-bipyridyl Ru(II) complex and the redox couple was iodine/iodide.

Since then, the conversion efficiency of the dye-sensitized solar cells (DSSC) has been
improved up to 10%, but the general design has remained unchanged [9,10]. The working
electrode still consists of mesoporous TiO2, but the particle size and optical properties of the
film have been improved. Even if the redox couple is still the same, the viscosity of the solvent
or the counter-ions present in the electrolyte have been optimized. But the major change lies in
the chromophore. A Ru(II) pyridyl complex is still used as sensitizer, but its response in the red
region of the spectrum has been improved by the presence of three thiocyanate groups and of a
terpyridyl ligand [10,11].
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Much effort is now devoted to the improvement of the long term stability of the solar cell to
allow the development of a marketable product [12]. At the same time, new designs are also
developed. One goal is to replace the liquid electrolyte by a solid [13]. Inorganic hole
conductors [14], polymers [15], p-type semiconductors [16] or molten salts [17] among other
systems are currently tested to achieve this task. Another very active field is the development
of new types of sensitizers. There is whole variety of different dyes to test [18-20], but other
light absorbing materials, like quantum dots [21], or hole conductive polymer [22] could
efficiently replace a dye. New charge separation strategies are also developed. Heterodyads,
which couple a sensitizer and an electron donor were used to improve the charge separation
efficiency [23].

Electron transfer dynamics

Apart from the technological development, the forecast of a new type of solar energy
conversion device has triggered a lot of fundamental research on the electron transfer processes
occurring in this system. The first reaction occurring after the light absorption is the injection,
where the electron is transferred from the dye to the conduction band of the semiconductor.
Then the electron relaxes quickly to reach the bottom of the conduction band. It can then
recombine with the dye on the surface or move through the particle network to reach the back
electrode. An electron donor present in solution has to regenerate the dye before the
recombination takes place. Figure 1.2 summarizes the reactions occurring at the dye
semiconductor interface.

(S+/ S*)

cb Diffusion

Refaxation( Injection A

Recombination

\

hco

(D+/ D)

-Regeneration

(S+/ S)

semiconductor dye-sensitizer
electron
donor

Figure 1.2: Electron transfer processes occurring at the dye-semiconductor interface
in a dye-sensitized solar cell.
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The crucial factor for the efficiency of the solar cell is the competition between the
recombination and the regeneration reactions. If the dye is regenerated, the charge separation is
enhanced and the electron is forced to leave the semiconductor through the electrical circuit.
Then only a short-circuit reaction, between the electron donor and electron in the conduction
band, can decrease the efficiency of the cell. Dynamics for the regeneration and the
recombination were studied intensively by nanosecond flash photolysis [19,24-31]. It was
found, in efficient systems (like Ru polypyridyl complexes on TiO2 with iodide as electron
donor), that the interception of the charge by redox mediator could be over within a few
milliseconds, while the recombination extended up to the millisecond domain but usually
contains contributions in the nano- or microsecond regime [28].

The driving force of the reaction is an important factor that controls the dynamics of these
processes. The larger difference between the dye and the redox couple potential, the faster the
regeneration will take place [19,29]. However, the opposite has been found for the
recombination reaction, most probably because it lies in the Marcus inverted region [32].
Another very important parameter that controls the type of dynamics occurring in this system
is the number of electrons per particles. When less than one electron per particle is generated,
the reaction occurs between a single electron and one dye molecule adsorbed on the surface,
therefore the kinetics follow a single exponential decay. When more than one electron per
particle is injected, the reaction becomes a stochastic process [33,34]. Other factors, such as the
applied bias or the surface charge of the semiconductors particles, can influence these reactions
[24,28,33].

The dynamics of the electrons in TiO2 have also been investigated. The cooling of the hot
electron and subsequent trapping have been investigated by creating the free charge carrier
through band gap excitation. These processes however do not play a significant role in the
DSSC. Injection creates an excited electron in the conduction band, but cooling and trapping is
over long before the recombination with the dye starts to take place [35]. If the recombination
is prevented by a fast regeneration of the dye, than, the electron has to travel through the TiO2

film to reach the back electrode. Transient photocurrent measurements revealed a very slow
(millisecond) multiphasic response [36,37]. The diffusion constant of the electron inside a
single crystal is on the order of 10~2 cm /s [38]. Due to the complexity of the nanoporous
network, the diffusion of the electron is slowed down. Overall diffusion constants (on the order
of 10"6) can be extracted from transient photocurrent [36,37], however they are not able to
describe accurately the phenomenon taking place in the film. More complex models based on
the random walk, where the electrons hop from trap to trap were developed. The speed of the
electron transport depends on the density of trap states and the activation energy needed to leave
the traps [39].

Electron injection

The electron injection process is probably the most efficient reaction in the DSSC.
Measurements of the electron injection dynamics from Ru(II) polypyridyl complexes into TiO2

have demonstrated that this reaction belongs to the ultrafast domain [40-44]. Usually, a fast
component lies in the 100 fs domain, while the slowest component is on the order of a few tens
of ps. Compared to the nanosecond decay of the excited state of the Ru(II) compounds, a
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quantum efficiency, based on simple kinetic competition, would yield at least 99.9% of charge
injection [40]. The tremendous efficiency of this reaction is probably the first reason why this
reaction has been less studied than the other electron transfer processes occurring in the DSSC.

The other obvious reason is the ultrafast rate of this process. It is only very recently, that the
femtosecond lasers needed for measuring this kind of reactions have become commercially
available. The first transient absorption measurements for the Ru(II) complex on TiO2 were
only able to give an upper limit for the electron injection time scale of 150 fs [40]. But the
technological improvements over the last years have allowed to resolve even the fastest part of
this process in a strongly coupled system and yielded a fully resolved 6 fs injection rate [45].

The major driving force to study the electron injection process is the comprehension of a
fundamental electron transfer reaction between a single donor state and a manyfold of acceptor
states. Thanks to these studies, one has been able to demonstrate the occurrence of a electron
transfer from a vibrationally hot excited state. The competition between the relaxation of the
dye excited state and the injection reaction is a clear breaking of the well-establish Kasha's rule
[46,47]. Factors that can influence the rate of this reaction are still actively sought. Evidences
have been obtained on the effect of the bridge length between donor and acceptors [48], the
density of acceptor states [49] or the coupling strength between the dye and semiconductor [45].
Some parameters such as the heterogeneity of the TiO2 film, the adsorption geometry of the
sensitizer or the energy level of the excited state are currently under scrutiny [43].

Once the influence of these parameters will be fully demonstrated, it will be possible to apply
this knowledge to the design of new types of sensitizers or semiconductor films. For instance,
if it were possible to slow down simultaneously the injection and recombination process by a
factor of ten, one would lose less than one percent efficiency in the electron injection process,
but might enhance the charge separation ratio by favoring the regeneration process, which
would increase the overall yield of the DSSC. Therefore behind the fundamental research
undertaken to understand the electron injection mechanisms, there is the hidden ambition to be
able to improve the solar energy to electricity conversion efficiency of the dye-sensitized solar
cells.

Aim of this work

The aim of this work was twofold. First, it was to build a femtosecond spectrometer based
on the transient absorption technique. Once the apparatus was built and the validity of the set-
up was tested, electron injection dynamics between dyes and semiconductors was studied. Eosin
adsorbed on different metal oxide colloids were the first sample investigated. Then, Ru(II)
terpyridyl complexes and PbS quantum dots were adsorbed on TiO2 and the charge injection
dynamics from potential solar cell sensitizers were studied.

This thesis contains three main chapters. Chapter number two presents the fundamentals of
the electron injection process. The photophysics of the dyes and semiconductors nanoparticles
are described, as well as the electron transfer theories developed to understand the injection
process and the pump probe technique used to measure the electron injection dynamics. The
next chapter is devoted to the experimental set-up. The femtosecond spectrometer is presented,
the main parts of the equipment are described and the detection technique is explained. Chapter
four presents the experimental results and their discussion. The chemical systems investigated
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have been briefly described above. Each of them is discussed separately and data are compared
with the literature. In the conclusion chapter, this whole work is summarized and a few
experiments that could be realized to obtain a better understanding of the charge injection
reaction are presented.
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CHAPTER 2. FUNDAMENTALS

2.1 Introduction

In this chapter, some fundamental aspects will be presented to allow a better understanding
of remaining of this work. In a first section, the photophysics of dyes and semiconductors will
be described. It will be explained how light is absorbed by these materials and what is the fate
of the excited state. Then, the theory of electron transfer will be reviewed, focusing on its
implication for interfacial charge transfer reactions. Finally, some theoretical aspects of
ultrafast pump-probe spectroscopy and of its application to the measurement of ultrafast
electron injection reactions will be presented.

2.2 Dyes and semiconductors

To appreciate the processes of absorption and emission, some understanding of the nature
of light is required. Due to the wave - matter duality, light can be described either as a wave or
as a particle. In the wave picture, an electrical field is associated to a magnetic field. Both fields'
intensities oscillate in perpendicular planes that define the direction of propagation. The
electromagnetic wave is described by the Maxwell equations [1]. The discovery of the existence
of photons results from the black-body radiation theory from Plank. He associated to every
frequency oo, a particle with a fixed energy E:

E = hco (2.1)

11



12 Fundamentals

A material can only absorb a quantum of radiation that matches the difference between two
energy levels. In this section, the discussion will be focused on transitions occurring in the
visible region of the spectrum. For molecules it corresponds to electronic transition (promotion
of an electron from the ground state to an excited state) and for semiconductors, intrinsic
absorption (transition from the valence band to the conduction band).

2.2.1 Photophysics of dyes

Every molecule can undergo electronic transitions. The particularity of dyes is that these
transitions lie in the visible region of the spectrum and therefore results in a coloration of the
sample. The transition can occur between many electronic levels. However, the most interesting
transition takes place between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). As it is the less energetic transition, it has the highest
probability to lie in the visible region and it corresponds to the minimal energy needed to trigger
a photochemical process.

Electronic transitions

There are many types of electronic transitions depending on the nature of the orbitals
involved. In organic molecules, the most common transitions in the visible region are Jt -Jt* or
n - JT* transitions. These last ones absorb usually at longer wavelengths, but their extinction
coefficient is small, because they are symmetry forbidden transitions. When the dipolar moment
of the transition is large, the excited state is called a charge transfer excited state. It means that
the HOMO and LUMO are geometrically far apart. The coupling between the two orbitals is
usually realized by a conjugated n system.

Electronic transitions in
an organic molecule

Electronic transitions in
a coordination complex
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"FT
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Figure 2.1: Types of electronic transitions in an organic molecule or in a coordination
complex.

In inorganic complexes, other types of transitions involving the metal center can be
observed. Apart from the transitions centered on the ligands (jt - Jt*) or on the metal (d-d, which
are symmetry forbidden), one observes charge transfer transitions involving both ligand and
metal orbitals. They are referred as ligand to metal charge transfer (LMCT) or metal to ligand
charge transfer (MLCT) transitions, depending if they initiate from one or the other orbital.
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Selection rules

Two conditions have to be fulfilled for an electronic transition to take place. First of all, the
energy of the radiation has to match the difference in energy between the two levels:

hco = E J - E Q (2.2)

Secondly, the electromagnetic field has to be able to bring the system in its excited state. It
is possible, if at least one of the transition moments of the molecule is different from zero. As
the magnetic contribution is usually negligible, the electric field has to lead to a change in the
spatial distribution of the charge of the chromophore and thus yield a non zero dipolar moment
'MOH.J. The dipolar transition moment is the product of the wave functions of the final and
initial state *P j and WQ on the operator of the dipolar moment R. It can be decomposed as the
product of three terms: the electronic dipolar moment and the overlap integral of the spin
functions and of the nuclear functions.

% 0>-<Ni|N0> (2.3)

All those three terms have to be different from zero to allow a transition to occur and from
this equation results the different selection rules.

To calculate whether the electronic dipolar moment term (cp]|R|cp0) is different from zero,
one can use the rules of symmetry. Knowing the general symmetry of the molecule and the
symmetric properties of the electronic orbitals cpj and cp0 and of the dipolar moment operator
along the x, y or z axis, one can determine if the transition is symmetry allowed.

The overlap integral of spin (Sj|S0) determines which possible orientation of the spin will
lead to a transition. The transition between two state of same spin multiplicity (singlet-singlet)
gives an integral equal to 1, while the transition between states of different spin multiplicity
(singlet-triplet) yields an integral equal to 0 and is not allowed.

Finally, the overlap integral of the nuclear function (Nj|N0) , which is closely related to the
well-known Franck-Condon factor (FC = (Nj|N0)~), is a measure of the probability of
transition between the vibrational levels of the ground state and of the excited state. Due to
Born-Oppenheimer approximation, one knows that the movement of the nuclei can be
considered as frozen during the electronic motion, because their motions happen on different
time scales. Therefore, the geometry of the ground state is transferred to the excited state in a
vertical transition. If the equilibrium position of the excited state is very different from the one
of the ground-state, the transition towards vibrationally excited states might be more favorable.

These selection rules can determine which transitions are allowed or forbidden. However,
some forbidden transitions can still occur, but their extinction coefficient will be small. For
instance, a spin forbidden transition can become partially allowed due to spin-orbit coupling. A
perturbation coming from an interaction between the spin and the angular magnetic moment
(created by the movement of the electrons) has to be considered when working with molecules
containing heavy atoms (bromine or ruthenium for instance). Symmetry forbidden transitions
can also become partially allowed due to vibronic coupling. The symmetry of the molecule is
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calculated for the equilibrium position. However the vibration of the atoms can lead to a
momentary loss of some symmetry properties of the molecule and therefore permit a weak
transition to occur.

Excited state relaxation

Photochemical reactions take place from the excited state and compete with the natural
deactivation processes of the molecule. The excited state will relax by radiative (fluorescence
and phosphorescence) or non-radiative pathways (vibrational relaxation, internal conversion
and intersystem crossing). The general deactivation scheme is summarized by the Jablonsky
diagram. The main rule governing this deactivation was given by Kasha: the emitting electronic
level of a given spin multiplicity is the lowest energy level. It basically means that the
vibrational relaxation generally takes place before the radiative process.
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Figure 2.2: Jablonsky diagram describing the processes taking place in a molecule
upon excitation.

The fluorescence spectrum of a dye is approximately the mirror image of the absorption
spectrum. The crossing of the two curves gives roughly the energy between the ground and
excited state lowest vibrational levels (0 -» 0 transition). The difference between the maxima of
the absorption and fluorescence spectra is called the Stokes shift and gives an estimate of the
geometrical distortion of the excited state.
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Eosin Y

Eosin Y (eos) is a dye from the xanthene family. It has a sharp absorption in the visible region
due to an efficient singlet-singlet transition between two molecular orbitals of the aromatic
system. The electron rich oxygen atoms in position 3 and 6 participate to the HOMO and the
LUMO is mainly centered on the carbon in position 10. The absorption maximum is at 516 nm
with an extinction coefficient close to MO5 l-mol^-cm"1. The fluorescence spectra exhibit a
small Stokes shift of 22 nm. The fluorescence lifetime in water lies between 0.95 ns [2] and
1.4 ns [3]. Due to the strong spin orbit effect induced by the four bromine atoms, the intersystem
crossing is very efficient. The quantum yield of fluorescence is 0.2 for eosin Y in water, against
0.92 for fluorescein (where the four bromine atoms are replaced by hydrogen atoms) [3]. The
quantum yield for the triplet formation found in the literature range from 0.4 to 0.8 [2]. The rate
for triplet formation is 4.2-108 s"1. The lifetime of the triplet state is estimated to be around
1.8 ms [4].
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Ruthenium pyridyl complexes

Ruthenium pyridyl complexes are used as sensitizers in dye sensitized solar cells, because
they have very broad absorption spectra that match well with the solar emission [5]. One of the
best sensitizers used is the trithiocyanato 4,4' ,4"-tricarboxy-2,2':6' ,2'-terpyridyl ruthenium(II)
(N749). It has a MLCT transition from the d orbital of the metal center to the K* orbitals of the
terpyridine ligand with a maximum at 600 nm (e = 6'500 l-moi^-cm'1). The absorption extends
up to 850 nm [6,7]. The three thiocyanate anionic ligands stabilize the excited state by electron
donation to the ruthenium ion, causing a red shift in the MLCT bands. The presence of the heavy
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ruthenium center allows for an ultrafast intersystem crossing to reach the lower lying triplet
state. This process has been studied with Ru(II)(bipyridyl)3, and was found to be over in less
than 300 fs [8]. The emission maximum of N749 lies above 900 nm and the lifetime is 18 ns.
The quantum yield for this process is on the order of 1 per thousand and most of the
recombination occurs through a non-radiative pathway. Protonation of the carboxylate group
slightly changes the absorption and emission properties of the complex.

400 500 900 1000600 700 800

Wavelength [nm]

Figure 2.4: Absorption and fluorescence spectra of trithiocyanato 4,4' ,4"-tricarboxy-
2,2':6' ,2'-terpyridine ruthenium(II) (N749). The inset shows the
molecular structure of the dye.

2.2.2 Photophysics of semiconductors

To understand the structure of the energy levels of semiconductors (SC), one has to consider
what happens when similar atoms or molecules are brought together to form a crystal. When
two atoms approach each other, their electronic wave functions overlap. The energies of the
isolated atomic levels are split due to this interaction. Thus, if N atoms interact, 2N electrons
from the same orbital can occupy 2N different states forming a band of states instead of discrete
energy levels. In Figure 2.5, this phenomena is sketched when molecules like TiO2 interact. The
HOMO consisting of 2d orbitals of oxygen are transformed into the valence band and the
LUMO (3d orbitals of Ti) become the conduction band. The energy difference between those
bands is called the band gap energy (Eg).

Different types of solids are characterized by their band gap energy and the filling of the
bands by charge carriers. In conductors, valence and conduction bands overlap or are not
completely populated, allowing for a large mobility of the electrons. Both in insulators and in
semiconductors, the valence bands are completely full and the conduction bands are empty. The
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Figure 2.5: Schematic transformation of discrete energy levels of a TiO2 molecule

into band continuums observed in the solid.

difference between these two types of solids lies in the band gap energy. Materials with small
Eg (typically smaller than ~ 3 eV) are considered as semiconductors, because population of the
conduction band is possible through thermal effect or light absorption and leads to an increase
in conductivity of the material.

Intrinsic Light absorption

Semiconductors can absorb photons with an energy larger than the band gap energy. The
extinction of light is given by:

I = Io • exp(-ccl) (2.4)

where 1 is the penetration distance of the light and a the reciprocal absorption length or
absorption constant. Near the threshold energy, the value of a increases with the photon energy
and can be found in good agreement with a function of the following type:

ahw = const(hoo-E0)n (2.5)

The exponent n has different values depending on the nature of the transition. If one
represents the energy of the electrons as a function of the wave vector K , proportional to the
momentum of the electrons, one obtains a parabolic structure for each band of the
semiconductor. A direct transition is characterized by a vertical transition between two bands,
where K remains constant and n has a value of 0.5. An indirect transition (where n equals to 2)
can occur when the energy minimum of the conduction band and the maximum of the valence
band are displaced from each other along the R axis. In this picture, this transition is less
energetic than a direct one, but it has to be coupled with the absorption or emission of lattice
phonons to occur. The transition is therefore less efficient than a direct one and leads to smaller
a values [9].

Quantum size effect

Upon excitation by a photon, the electron (e~) is transferred to the conduction band and leaves
a hole (h+) in the valence band. This e7h+ pair, if linked by an electrostatic attractive interaction,
is called an exciton. It is a neutral entity that can move about the crystal. The energy binding the
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two particles decreases for an increasing dielectric constant of the material. For TiO2, this
energy is only 1 meV, while it is 64 meV for CdS and leads to a red shift of 20 nm of the
absorption threshold for this material, due to the stabilizing effect of the exciton.

The radius of an exciton (rx) in a semiconductor can be estimated using an equation based on
the Bohr model of the hydrogen atom:

IT S80

Where ee0 is the dielectric constant of the solid and m* is the effective reduced mass of the
electron and of the hole. The effective mass is a simplified concept that accounts for the
interactions of the electron (or the hole) with the crystalline potential [10].

If the dimensions of the SC crystal are comparable with the size of the exciton, a quantum
effect appears. It can be used to tune the absorption and emission properties of the
semiconductor nanoparticles. The band gap energy can be estimated for a particle of radius R
by the following expression:

^r± ± l !^ (2.7)
eR

a ( ) o ( ) ^
2R2

Where Ec(oo) is the band gap energy of the bulk semiconductor. The second term is the sum
of the confinement energies for the electron and hole and the last is their Coulomb interaction
energy. This relation clearly shows that Eg can only increase when R decreases [10].

Recombination processes

After formation of the free charge carriers, ultrafast nonradiative cooling occurs to transform
the kinetic energy of the electron and hole acquired by light absorption into lattice vibrations.
Once the electron and hole have relaxed to the band edge energy, they can diffuse freely in the
crystal until they get trapped. Trap states are acceptor states, for electrons or holes, that lie
within the band gap. They can be of different types either surface states (atoms with incomplete
coordination shell) or crystal defects (irregularities in the crystalline structure). The dynamics
of these processes is summarized in Figure 2.6.

The energy localization and the amount of the different traps depends strongly on the nature
of the semiconductor. One usually differentiates between shallow traps (ST) and deep traps
(DT). The former have a stabilization energy which is on the order of a few kBT which allows
thermal hopping between the different traps or detrapping of the electron by thermal activation.
The latter are lower in energy and therefore more localized because only tunneling can lead to
a mobility of the charge. Shallow traps are usually surface states, while deep traps are crystal
defects. Some deep traps, called recombination centers, act as trap for both electrons and holes
and are another nonradiative recombination pathway, which is not shown in Figure 2.6. It has
to be noted that the decrease in the size of the SC crystal leads to an increase in the number of
surface state, compared to the total number of atoms present in the particle, and therefore
influences strongly the recombination processes in nanoparticles.



Ultrafast Dynamics of Electron Injection 19

VB

Figure 2.6:

Exciton cooling:
KCe> KCh ~ ' u s

HoleTrapping:

kT h= 1 0 1 2 - 101 1 s"1

ElectronTrapping:

kSTe= 1 0 1 2 - 101 1 s-

^ 1 0

Recombination:
kBE= 10
kST= 10
kDT= 10

11
- 106s" ]

- loV1

- 106s"1

VB: valence band
CB: conduction band
HT: hole trap
ST: shallow trap
DT: Deep trap

Recombination processes taking place in a semiconductor after excitation
by a photon with an energy larger than Eg. An average order of magnitude
is given for the reaction rate of the different processes [10].

The recombination processes between the hole and the electron can take place either directly
between band edge carriers or between trapped charges. In any case, the process can occur
through radiative or nonradiative pathways. Nonradiative deexcitation occurs by transferring
the electron energy into lattice vibrations, while radiative recombination leads to the emission
of a photon. Depending on the efficiency of the coupling with the phonons, the reaction will
proceed through one or the other channel. The time scale of these reactions is extremely
variable. Some recombination can already take place in tenth of picoseconds while other will
require microseconds and some electrons may even remain trapped for weeks [11].

and pbS

TiC>2 is a solid with a predominantly ionic character, constituted of Ti and O atoms. The
fully populated 2p orbitals of the oxygen forms, by overlapping, the valence band of the solid,
while the 3d orbitals of the titanium atoms forms the conduction band. The band gap energy is
3.2 eV. There are two main categories of electron traps. The shallow traps are constituted by
Ti4+ surface ions and lie 0.2 eV below the conduction band energy. The deep traps are oxygen
vacancies and are found 0.8 eV below the conduction band edge. The radius of the exciton is on
the order of 38 A, which is smaller than the average size of the particle that we are working with.
The trapping time of the electrons has been measured around 180 fs [12], while the
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recombination start in the picosecond domain (20 ps) but after 10 ns, more than 5% of the
electrons are still surviving [13]. As the coupling with phonons is efficient, all the
recombination takes place through nonradiative channels.

PbS has a small band gap (0.41 eV) and a large Bohr radius (180 A), therefore it is easy to
tune its absorption properties in the visible region by producing nanoparticles of this material.
The dynamics of the electron in the conduction band has been monitored by transient absorption
spectroscopy. A double exponential decay with 1.2 and 45 ps time constants was measured. The
faster decay was attributed to the electron trapping, and the slower one to electron - hole
recombination [14]. This latter process can take place through radiative pathways, since PbS
nanocrystals exhibit fluorescence in the NIR.

2.23 Dye sensitization

To realize an efficient charge separation, the sensitization of wide band gap semiconductors
is currently used in many important applications, like silver halide photography, xerography or
solar energy conversion. Used already for a very long time, the real nature of this process has
only been discovered in the 1960s [15]. This effect is due to the transfer of an electron from the
excited state of the dye to the conduction band of the semiconductor. The chemical equations
summarizing this process are given below.

h w ^ S * | S C (2.8)

S* |SC-»S|SC + ho)' + A (2.9)

(2.11)

The thermodynamics requires the oxidation potential of the dye excited state (j)°(S+/S*) to be
more negative than the flatband potential of the conduction band (f>cb(SC) (-1.25 V/NHE for
TiO2 in dry acetonitrile). The oxidation potential of the excited state corresponds to the
oxidation potential of the dye in the ground state <|)°(S+/S) shifted by the energy of the 0-»0
transition.

c))0(S+/S*) = (j)°(S+/S) - ^ 1 1 ° < <j,cb(SC) (2.12)^ cb(

For a very long time it was considered that this reaction could only happen if the potential of
the redox couple (S+/S*) lied above the conduction band edge energy of the semiconductor. It
has been shown recently that the excess of vibrational energy of the dye acquired during the
excitation could be used in the electron injection process [16,17 ,18]. Therefore, dyes with lower
(S+/S*) energy than the conduction band, but excited with photons that brings them in a vibronic
level that lies above the conduction band edge are also able to inject in the semiconductor.
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In any case, the natural decay process of the excited state of the dye (Equation 2.9) enters in
competition with the electron injection reaction (Equation 2.10). The fate of the injected
electron in the conduction band is similar to what happens during an excitation through the band
gap (i.e. cooling followed by trapping). The recombination takes place with the oxidized dye
formed by the electron injection (Equation 2.11).

(S+/ S*)

(S+/ S)
dye-sensitizer

Figure 2.7:

semiconductor
Scheme of the dye-sensitization of wide band gap semiconductors.

Electron injection and the subsequent recombination are interfacial electron transfer
reactions, which are still poorly understood. This work deals mainly with the electron injection
process, because it is the reaction that takes place on an ultrafast time scale. However, many
authors have worked on the recombination reaction, which start in the nanosecond domain and
can last for micro- or even milliseconds [19-22].

2.3 Electron transfer

Oxidation and reduction are very common reactions in chemistry and intermolecular electron
transfer is the basic form of these reactions. In this section, the theory of electron transfer first
developed by Marcus will be presented. The application of this theory to the particular case of
electron injection will be described.

23.1 Classical theory of electron transfer

In many electron transfer reactions, the reaction rate is limited by the diffusion of the reacting
species to form an encounter complex. The reaction rate is the product of an equilibrium
constant for the formation of the complex and the first order rate constant for the electron
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transfer kET. In the case of electron injection, the dye is adsorbed on the semiconductor surface,
therefore, only the rate of electron transfer will be discussed. Using the Born-Oppenheimer
approximation this term can be split in a nuclear and an electronic factor.

kET = VnKelKn (2.13)

The nuclear frequency vn represent the frequency at which the atoms can move along the
reaction coordinate and ranges from 10 to 10 s"1. Kej is the electronic factor and Kn the
nuclear one, both are dimensionless and range from zero to one. The nuclear factor is given by
the transition state theory.

Kn = exp (2.14)

The intersection between the reactant and product potential energy curves is characterized
by a unique nuclear configuration, known as transition state. The free energy difference
between the reactant in its equilibrium geometry and the transition state is the activation free
energy AG~. In the Born-Oppenheimer approximation, the nuclear and electronic motions are
dissociated (i.e. the nuclei are frozen during the electron transfer). The activation energy is
reached by the mean of collisions between reacting molecules or surrounding solvent molecules
(due to the thermal energy represented by kBT). Once the transition state is reached, the electron
transfer can occur. The products are formed at the transition state geometry and then nuclear
reorganization takes place to form the relaxed successor state.

\
Precursor state

Successor state

Figure 2.8: Graphical representation of an electron transfer reaction by two potential
energy surfaces in a free energy, G, versus nuclear coordinate, q, diagram.

A: reorganization energy, AG1: activation free energy, AGrx: free energy
of reaction.
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Inverted region

Electron transfer reaction are commonly represented by using potential energy surfaces.
Such sketches are an approximation of an electronic wave function and energy for an electron
moving in a field of fixed nuclei. They have a multidimensional character and should be
represented in a space of 3N-4 dimensions for a molecule formed with N atoms. To simplify
this representation of reactions involving many atoms, it is often possible to choose only one
nuclear coordinate, which is the most representative for the reaction.

Figure 2.8 represents a typical potential energy surface for an electron transfer reaction.
Three different important parameters can be extracted from this graph. As stated before, the
difference in free energy between the intersection between the two curves and the reactant
bottom well defines the activation free energy. The difference between the bottom well of the
product and reactant is the free energy of reaction, AGrx, and is a measurement of the driving
force of the reaction. Finally, the reorganization energy, A, is the difference in the free energy
of the products at the equilibrium geometry of the reactants and at the equilibrium geometry of
the products (or vice-versa). Two different contributions are represented by this parameter. The
first one is the intramolecular reorganization energy and is associated with the change in
geometry between the product and reactant state. The second one is the solvent reorganization,
which is quite important for ET reactions, due to the change in overall charge associated with
this type of reactions.

-AG r x < A -AG r x = A -AG r x > A

Precursor

Successor

-AG
rx

Figure 2.9: Variation of the reaction rate as function of the free energy of reaction and
prediction of the normal and inverted regions.
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Contrarily to the A and AGrx, which can be calculated using only the equilibrium geometries
of the reactant and products, it is difficult to know exactly the geometry of the transition state
and therefore the activation energy. However, if both potential energy surfaces of the precursor
and successor states are approximated by harmonic oscillators, a relation between these three
parameters can be easily calculated:

= -7*1 +
AG,

A
(2.15)

This relation predicts the existence of two different domains for the electron transfer
reaction. For reactions with a constant electronic factor: for a moderate driving force, the
reaction rate kET will increase with increasing -AGrx, until reaction rate reaches a maximum
when -AGrx = A. Then kET will decrease for larger driving forces in the so-called inverted region
(see Figure 2.9). The search for the existence of this inverted region has lasted for a long time.
Closs and Miller have been able to show experimental evidences of this model using a series of
donor and acceptor groups attached to the same molecule [23]. Another clear evidence of the
Marcus inverted region was found in recombination reaction of ion pairs formed after
photoexcitation [24,25].

Electronic coupling

It was shown in the previous section, how the nuclear factors can influence the electron
transfer rate. In this theory, nuclear reorganization occurs to form the transition state complex
and, at this point, can the electron be transferred from the reactant energy surface to the product
one. The probability of transition is given by the factor Kej. One segregates between two
different types of reactions: adiabatic and non-adiabatic (diabatic) reactions, depending on the
strength of the electronic coupling, Hel. This coupling between the precursor and the successor
states leads to the formation of two potential energy surfaces, as shown in Figure 2.10. In
adiabatic reactions, where Hel is large compared to the thermal energy kBT, the reaction
proceeds only on the lower surface and the probability of transition is close to one (Kel ~ 1). In
this case the reaction rate is mainly governed by the nuclear factor Kn.

\
Precursor

Successor Successor

Adiabatic Non-adiabatic
Figure 2.10: Potential energy surfaces representing an adiabatic and a non-adiabatic

electron transfer reactions.

In non-adiabatic reaction, the coupling is small compared to kBT. The probability of transfer
from one curve to the other is strongly influenced by the shape of the energy surfaces and Ke]
can be described by the Landau-Zener equation:

Kel = 1 - exp —
hvAs

(2.16)
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Where v is the frequency at which the system crosses the top of the activation barrier and As
the difference of slopes represented by the intersecting zero-order states (i.e. the state before
electronic coupling takes place).The faster the speed and the larger As, the less chance has the
molecule, moving on the potential energy surface, to feel the electronic coupling and therefore
to be transferred to the successor state.

2.3.2 Fermi golden rule

The general expression that applies to all non-adiabatic radiationless processes is also valid
for electron transfer. It is called the Fermi golden rule:

4TT2 ?

(2.17)

Where FC is the Franck-Condon factor representing the weighted density of final states at
the initial energy. It is proportional to the overlap of nuclear wave functions representing the
initial and final vibronic states weighted by the population of the reactant energy levels. This
factor, when estimated in a classical picture, is equivalent to the Marcus theory described above
(Equation 2.14 and Equation 2.15). When high energy vibrational modes are present a semi-
classical treatment is required to account for nuclear tunneling and leads to the Marcus-
Dogonadze equation [24,26]. In that representation, the solvent reorganization is calculated
classically, while the nuclear reorganization energy is treated in a quantized manner.

The Gamov expression can be used to estimate the change of electronic coupling with
distance. It predicts an exponential decrease of He) with increasing distance. Knowing the
coupling of the encounter complex Hej , which is characterized by a distance d0, one can find
the coupling at any distance d:

|Hel| = |H^|exp(-(3(d-d0)) (2.18)

The damping factor, (3, ranges from 0.85 to 2.5 A"1.

Electron injection dynamics

Interfacial photoinduced electron transfer from a dye to a semiconductor is a particular case
of electron transfer. There is a very large number of accessible acceptor levels in the conduction
band of the SC, therefore, the Franck-Condon factor can be reduced to the unweighted density
of final states:

The density of final states is approximated by the reciprocal energy level spacing 1/hnj of the
dye cation oscillator multiplied by a factor accounting for the density of acceptor state in the
conduction band (na). Above the conduction band edge, the number of states is very large and
na equals approximately one, while below there are only few trap states and na is close to zero.

When exciting a sensitizer with an energy larger than the 0-0 transition, one forms a
vibrationally hot state which will cool down to the lowest level of the excited state. Electron
injection is supposed to compete with this relaxation [16,17]. However, the electronic coupling
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is different for every vibronic state and will become time dependent during the vibrational
cooling of the excited state and kET would become time dependant. Therefore, Equation 2.19
can only be used when the electron transfer proceeds from a single vibronic state. Two limiting
cases can still be defined. In the first one, the electron transfer is slow and vibrational cooling
occurs prior to this reaction. The electron injection takes place from the vibrationally relaxed
excited state and competes with the radiative or non radiative recombination of the excited state.
In the other case, electron injection is extremely fast and proceeds prior to the vibrational
relaxation. Thus it takes place only from the hot vibronic state prepared by the exciting photon.

Most of the reactions studied up to now have proven to lie between these two limiting cases,
and theory can therefore not give an exact prediction of the electron transfer rate. That is why a
lot of effort has been invested to measure directly these reactions with ultrashort pulses.

2.4 Ultrafast dynamics measurements

The invention of pulsed lasers has tremendously improved the resolution of the
measurements of the dynamics of chemical reactions. The shortening of the pulse length down
to the femtosecond domain has allowed the monitoring of the motion of wave packets
oscillating on potential energy surfaces in real time. The evolution of the field of ultrafast
spectroscopy in the last decades has been reviewed by Zewail [27].

It is beyond the scope of this work to present how ultrashort pulses can be generated. What
has to be known, is that with the development of solid-state lasers and optical parametric
amplifiers it has become fairly easy to generate pulses, with wavelength tunable in the visible
and near infrared, that allow for an experimental resolution of less than 100 fs on the sample. In
this section, it will be shown how these pulses can be used to monitor an ultrafast reaction and
more precisely the electron injection process. A short review of the work published in this field
will also be presented.

2.4.1 Pump-probe spectroscopy

Due to the short time scale monitored in these experiments, it is unfortunately impossible to
rely on the electronics to follow dynamics in the femtosecond domain. The best oscilloscopes
work nowadays in the 50 GHz range (with 7 ps rise time) and ultrafast photodiodes have a
similar time responses slightly below 10 ps. To monitor faster processes, one has to rely on the
difference in time generated by different path length of two pulses travelling at the speed of
light. A first pulse (pump) perturbs the sample at time t = 0. A second pulse (probe), delayed
with respect to the pump, analyses the sample.

Ad = c • At thus, lOfs <=> 3jxm (2.20)

The action of the pump pulse on the sample can be analyzed in different ways. Either one
observes new effects created by the pump (laser induced fluorescence or Raman scattering
spectroscopy) or one monitors changes occurring to the intensity, polarization or phase of the
probe pulse. Both transient absorption and stimulated emission, used in this study, follow the
changes occurring in the intensity of the probe pulse as a function of time. This enables to detect
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modifications appearing in the absorption spectrum of the sample. The electronic absorption
spectrum is the signature of the species present in the sample. When transitions appear or
disappear, one can follow the formation of photochemical products.

Probe

Ad

2

l(co, At)

Detector

\

Figure 2.11: General scheme of a transient absorption pump-probe experiment.

The relationship between the measured intensity, I(co, At), of the probe and the population
absorbing at time At and at frequency co, N(At) is easily established by applying Beer-Lambert
law.

I(co,At) = I0(co)- 10
-£mN(At)l

(2.21)

where £0J is the absorption coefficient at frequency co and 1, the thickness of the sample. But
the quantity of interest is the absorbance change AA:

AA(co, At) = log
I(co, At)

= ewN(At)l (2.22)

If the absorption change of the sample is measured at each frequency co, a transient
absorption spectrum, at time At, can be reconstructed. If at a given frequency co, the absorption
change is measured at different delays, the population dynamics can be reconstructed. If one
assumes that the population of N decays exponentially with a lifetime x, the transient absorption
will obey the following equation:

-At
AA(co, At) = N08wl-exp( — (2.23)

This population dynamics studies are best realized in a two colors experiment, working with
short pulses covering only a limited spectral range. By choosing the appropriate frequencies for
the pump and probe pulses, one can excite selectively the reactant and monitor the desired
product, with an extremely good temporal resolution.

The application of this technique presupposes a knowledge of the spectral characteristics of
the involved species. This can be obtained by steady-state spectroscopy or nanosecond flash
photolysis. However some transient species are only present at these ultrashort time scales.
Therefore the simultaneous measurement of a global transient absorption spectrum can be
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helpful to attribute the different transition to the chemical species involved in the reaction. This
can be done using a white light continuum (WLC), which is an ultrashort pulse that contain all
the wavelength components of the spectrum from 450 nm to 1600 nm.

To obtain the real population dynamics of the sample, one has to take into account effects
induced by the linear polarization of the pump and probe pulses. If the pump pulse is linearly
polarized, it will excite preferentially the molecules whose transition moments are aligned along
the same direction. Thus, the spatial distribution of the excited species will be anisotropic. A
parallel polarized probe pulse will also probe molecules whose transition moment are aligned
along this axis. The reorientation of the molecule to recover an isotropic distribution will be
added to the population dynamic measurement. To measure dynamics free of this reorientation
effect, one has to set the angle between pump and probe pulses polarizations at the so-called
magic angle, which corresponds to 54.7° [28].

Another problem associated with this technique arises at extremely short delays. During the
perturbation of the sample by the pump, it is generally difficult to make a measurement. The
processes which are faster then the perturbation will be hidden by it. Therefore it is useful to
work with the shortest pulses available. To complicate the picture, electronic coherence
generated by the superposition of the pump and probe pulses in the sample can lead to strong
fluctuation of the probe intensity [29].

2.4.2 Electron injection dynamics

Transient absorption spectroscopy is well-suited to study the electron injection dynamics.
Many authors have already used this technique to try to monitor this reaction and an overview
of these studies will be given. Some general considerations on the application of pump-probe
spectroscopy on this kind of systems will be first introduced.

Spectral characterization

In this section, the electron injection from an imaginary dye S adsorbed on TiO2 will be
discussed. It will be shown how the different absorption spectra of the species involved in the
reaction can be obtained and what important parameters can be extracted from these data. It is
often very useful to compare the data from the dye adsorbed on the TiO2 surface and in solution.
An other more appropriate reference is a non-injecting material, like ZrO2 or AI2O3. These two
solids have band gap energies of 4.2 and ~ 6 eV, respectively, that shift their conduction band
energy high enough to prevent any injection. Their surface properties are very similar to the one
of TiO2 and it provides a way to compare the dye behavior when the injection channel is opened
or closed.

The absorption spectrum of the dye on the SC surface is easily obtainable. Some knowledge
of the absorption mechanism on the surface can be gained by comparing this spectrum with the
one of the free dye in solution. The presence of aggregates or formation of a surface chelate can
be identified using this technique. The measurement of the fluorescence of the dye on the TiO2

surface is also useful. Comparing it with the fluorescence of the dye in solution or adsorbed on
a non-injecting surface can give an idea of the quantum yield of the electron injection. A strong
quenching of the fluorescence indicates that one opens a new channel for the electron
recombination.
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The absorption of the cation formed after the electron injection can be obtained by chemical
means or by nanosecond flash photolysis [30]. This second method is based on the fact that the
charge separation on the semiconductor interface lasts for at least a few pis. It is fairly easy to
obtain the spectrum of the products of the reaction (S+ and e"cb). The general absorption
spectrum of the electron in the conduction band has already been measured [31,32], but can vary
slightly between different material due to the presence of trap states. It can be subtracted from
the transient spectra of the products to obtained the absorption of the cation. If the lifetime of
the excited state is sufficiently long lived, it can also be obtained by nanosecond flash
photolysis. In that case one can either use the dye in solution or adsorbed on an inert SC particle.
One has to keep in mind that the excited state of the dye evolves with time. In the first hundreds
of fs, vibrational cooling leads to a blue shift of the single-singlet absorption. On longer time
scale, intersystem crossing transforms the excited state absorption from a singlet-singlet to a
triplet-triplet transition, which can have quite absorption features.

In Figure 2.12, the ground state absorption of the S dye is denoted SQ ~* Sj and the steady
state fluorescence Sj -» So. No excited state evolution is considered here and the absorption
corresponds to the formation of an higher excited state S2 with the same multiplicity of spin as
Sj. The cation spectrum is given by the transition from S+

o to S+
l. The electron absorption

corresponds to the transition from a relaxed electron at the conduction band edge energy to form
a kinetically excited electron. The wavelength dependence resides on the probability for an
electron to absorb a photon of given energy and increases when X decreases. The absorption
coefficient e

p- is close l'OOO l-moF^-crrf1 at 750 nm. The blue shift of the excited state and
ecb

cation absorption compared to the ground state absorption is typical of numerous organic dyes
like xanthenes or coumarins. In the present case, this shift was defined to minimize the overlap
between the different spectral components of the spectrum.

Transient absorption

The most easily detectable trend in a transient absorption spectrum is the ground state
bleaching (GSB). The formation of photo-products induced by the pump implies that some
molecules that were previously absorbing light at the ground state absorption wavelengths do
no longer absorb. Therefore, the transmission of the probe beam is increased and a negative
absorbance change is measured. This transient is formed within the pump pulse and lasts as long
as the dye ground state is not completely regenerated. Therefore, it gives no information on the
electron injection dynamics.

The excited state absorption (ESA) is also formed within the pump pulse. The disappearance
of this transient is a direct measurement of the electron injection dynamics. The same thing is
true for the stimulated emission (SE). The latter is due to the emission of a photon between the
excited state and ground state levels which is stimulated by an other photon. Contrarily to the
natural fluorescence of the dye, this emission is coherent with the probe pulse. The addition of
new photons in the probe beam leads to negative absorbance change. Apart from the injection
kinetics, another dynamic component that can be extracted from this transient is the vibrational
cooling of the dye. If one probes at a wavelength longer than the 0-0 transition of the dye (k >
670 nm for S), one will mainly stimulate the emission from the lowest vibrational level of the
excited state towards a vibrationally excited ground-state. Thus, one will monitor the formation
of the lowest vibrational state of S j and be able to extract the dynamics of vibrational cooling
of the dye.
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Figure 2.12: The upper graph shows the absorption feature of an imaginary dye S and
of the species involved in electron injection. The lower graph corresponds
to the transient spectra expected for this reaction. The arrows indicates the
temporal evolution of the transient.

Monitoring the formation of the cation and electron in the conduction band is also a way to
obtain informations on the injection dynamics of the dye. While the analysis of the cation
dynamics is quite straight forward, one has to be much more careful when extracting data from
the injected electron evolution. Once injected, the electron still undergoes cooling and trapping.
The absorption spectrum from a free or trapped electron can be quite different. When trying to
monitor the electron injection in the semiconductor, one might be in fact measuring the trapping
dynamics. Therefore, the analysis of dynamics measured with many different transients is
usually necessary to deduce the real injection kinetics.

Once the injection dynamics is over, one will start to observe some recombination between
the injected electron and the dye cation to regenerate the dye ground state. It leads to a decrease
in the transient absorption of all these species. By fitting this transient, one can obtain the
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Figure 2.13: Sketch of the electron transfer reaction and the different transitions that
can be probed before or after the injection.

dynamics of the recombination reaction. However, one should keep in mind that the high peak
intensity of the ultrashort pump pulse leads to the injection of many electrons per particle. It is
well-known that the recombination dynamics depends strongly on this parameter [33,34].
Monoexponential kinetics are expected for a 1 electron per particle situation. If this number is
increased, non-first order dynamics are monitored with an acceleration of the reaction at shorter
times. In the case of a solar cell, the low sunlight intensity level populates at steady-state on
average less than 1 eVparticle. Therefore, the dynamics of recombination obtained with the
femtosecond spectrometer cannot be used directly to derive a general efficiency of the solar cell.

2.43 Review of electron injection measurements

The first attempts to measure electron injection dynamics were based on indirect
measurements of the injection yield, implying that the electron injection was competing with
the relaxation of the excited state. The reaction rate extracted lied in the nanosecond domain
[35,36]. Further studies still using the same assumptions but measuring the fluorescence
lifetime of the dye provided faster time constants in the picosecond or subpicosecond time
frame [37,38]. Direct cation formation studied with picosecond resolution provided similar
results [39]. The first direct measurements of the reactant (excited state decay) and products
(cation or conduction band electron formation) with femtosecond resolution appeared only few
years later [40-45]. Many different dyes were used for these experiments and in all cases, a fast
subpicosecond transient was observed. The fastest measurement yielded a 50 fs reaction rate
and the slowest an upper limit of 1 ps. For all these experiments, the temporal resolution of the
experimental set-up was a limiting factor to extract the fastest component of the electron
transfer rate.
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Nowadays, many groups are still active in this research area and several publications come
out every year. The temporal resolution and tunability of the experiments have improved over
the years allowing to resolve more precisely the dynamics of the injection and should now allow
to monitor the influence of different parameters on the injection dynamics.

Ruthenium pyridyl complexes

A large part of the publications in this domain is devoted to the family of ruthenium pyridyl
complexes because they have been recognized as the most efficient sensitizer used in solar
energy conversion [5-7]. Most authors agree on the presence of a sub-100 fs component, but
there is some debate about the contribution of slower picosecond component to the dynamics
[46].

The first paper was published by Tachibana et al. [41]. They followed the rise of the cation
at 750 nm and found a biphasic rate constant of < 150 fs (50%) and 1.2 ps (50%). There has
been some controversy about these results, more precisely about the spectrum of the dye-cation
[30,47-49]. To avoid this problem, Lian and co-worker have chosen to monitor this reaction in
the mid-infrared (from 1700 to 2400 nm). At this wavelength they monitor mainly the
absorption of the electron in the conduction band but also some vibrational bands from the dye
which are different between the excited state and oxidized dye. Their work on Ru and Re
bipyridyl complexes is summarized in one recent publication [50]. They have tried to vary many
experimental parameter like the semiconductor material, the ligand or the bridge length
dependence.

Asbury et al. [51] found large differences between the electron injection dynamics in TiO2

and ZnO, that could be explained by a smaller density of state in ZnO [52]. These findings have
been contradicted by Bauer et al. [53], who explained that the slower dynamics observed with
the ZnO films could be rationalized by the formation of dye aggregates on the surface of
partially corroded ZnO. A very strong effect, apparently due to a lower density of states, has
however been observed with M0S2 nanoclusters sensitized with a Ru bipyridyl complex,
yielding a 250 ps electron transfer rate [54].

An other challenge for the experimentalist is to discover from which state does the electron
injection take place. Moser et al. have shown that the exciting wavelength could influence the
quantum yield of electron injection, implying that this process takes place from hot vibrational
states [16,30]. This experiment has not been repeated with femtosecond resolution. But some
authors have been able to discriminate between the injection from the singlet state and triplet
state of the Ru complexes [46,55-57], showing that the electron injection does not take place
solely from the relaxed excited state. They claim that the ultrafast component is due to the
injection from the singlet state of the dye, while the slower component comes from the triplet
state injection.
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Model systems

Ru pyridyl complexes are interesting system to study because the results obtained can be
directly interpreted in respect to solar cell application. However, their very broad absorption
spectra and the superposition of the ground-state, excited state and cation absorption
complicates strongly the experimental measurement and the data analysis. Therefore, many
studies have been carried out on spectrally simpler systems.

Martini et al. have studied the anthracene-carboxylate adsorbed on TiO2 system in a series
of publications [45,58-60]. They were able to address different issues: the complexation of
Ti(III) surface atoms with water, the influence of the bounding geometry of the dye and the
effect of crystallinity and size of the TiC>2 nanoparticles. Unfortunately their temporal resolution
was not sufficient to extract informations on the injection process and their study is dedicated
to the electron recombination processes. Nevertheless this is a very good example of the type of
experiments that can be conducted on a model system with a simpler photochemical and
spectral properties than ruthenium complexes.

Willig and co-worker have, from the very beginning, been using perylene chromophore to
sensitize the TiO2 [44,61,62]. Their experimental set-up is slightly more complicated than usual
because all their work is realized in an ultra-high-vacuum chamber. However, they claim they
were able to monitor a coherent electron injection from the excited state to the cation. When
exciting the molecule in solution with a 20 fs pulse, they form a wavepacket in the excited state
that survives for at least 1 picosecond. When this molecule is anchored on TiO2, the electron
transfer occurs in 75 fs. A stepwise transient can be observed both in the excited state decay and
the cation formation. Moreover, the vibrational wave packet survives the reaction and can still
be observed in the product state.

Wachtveitl and co-workers have studied the dynamics of coumarin and alizarin adsorbed on
TiO2 or ZrO2 nanoparticles [63-66]. Alizarin is a particularly interesting system to study
because this compound forms a charge transfer complex with the surface metal ions [63,67,68],
When exciting this charge transfer transition, the excited state already involves a metal ion from
the semiconductor. Therefore, it is a challenge to discover if the electron injection occurs
already upon excitation or if there is the formation of an intermediate. Recent results have
established the presence of this transient excited state and have extracted an electron injection
rate of 6 fs [65]. Another interesting finding of this group is the ultrafast injection dynamics
observed into trap states of ZrO2 nanoparticles [63]. It has been shown that ultrafast injection
into trap states of this material leads to the formation of the dye cation in less than 100 fs. As
these injected electrons cannot be delocalized in the nanoparticle, reformation of the excited
state of the sensitizer occurs also extremely rapidly (450 fs). ZrO2 is often used as a reference
for a non-injecting semiconductor. These findings demonstrate, thus, that one should be careful
not to consider this semiconductor as completely inert.

Xanthene dyes have also been used as model sensitizers on TiO2 and the electron transfer
processes were also investigated in this system. The first direct measurement of the cation
formation has bee carried out with eosin Y sensitized TiO2 colloids and provided a 400 ps time
constant for the electron injection process [39]. These first results were questioned later by the
work of Sundstrom et al. [42,69,70]. When studying fluorescein 27 sensitized TiO2 films with
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femtosecond resolution, they observed a charge transfer reaction in the subpicosecond domain
(<100fs to ~ 8ps). This difference in electron transfer dynamics will be discussed when
presenting the results obtained with the femtosecond spectrometer (see "4.3 Eosin", page 83).

2.5 Conclusions

In this chapter, the fundamental of the photophysics of dyes and semiconductors was
presented and it was explained how electron injection occurs in these systems. The theory of
electron transfer was summarized, presenting mainly the aspects relevant for interfacial electron
injection. In the last section, the pump-probe spectroscopy technique that will allow the
monitoring of these ultrafast electron transfer reactions was briefly introduced. Finally It was
shown, how these dynamics could be measured and the works published in the domain of
electron injection was reviewed.

This last section has shown that already some work has been realized to try to understand the
electron injection phenomena. However, most of these groups are mainly active in the field of
laser physics and lack the capacity to synthesize new dyes or design new semiconductor films.
The group of Prof. Gratzel is an interdisciplinary laboratory were synthetic chemists, material
scientists and chemical physicists collaborate together. In this situation, it will be possible to
design new experiments to increase our understanding of the dynamics of the electron transfer
from a dye to a wide band gap semiconductor.
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CHAPTER 3. FEMTOSECOND

EXPERIMENTAL SET-UP

3.1 Introduction

The development of the femtosecond spectrometer for the measurement of electron injection
from dyes into wide-bandgap semiconductors has many important requirements. First of all is
the wavelength tunability: the dyes used to sensitize the semiconductors have usually broad
absorption spectra, but one wishes to be able to pump and probe at many different wavelengths
to monitor the dynamics of the different species involved in the process. Secondly, the temporal
resolution: many of the experimental measurements of these reactions have been limited by the
resolution of the set-up (typically 100 or 150 fs) and one of our goals was to go beyond this
limit. Apart from the short time resolution, studies at longer time scales are also important to
understand the photophysics of the dye or the back-reaction process. Finally, the samples can
be of different types: either nanostructured films or colloidal solutions, which should be easily
inserted in the interaction region.

"to-1

Keeping in mind all these requirements, a versatile femtosecond spectrometer has been
developed. Between the different options offered during the construction, the ease of use and
reliability have always been favored to try to optimize the time devoted to the experiments
versus the time spent for the generation of the pulses and alignment of the optical path.

In this chapter, the main features of the experimental set-up will be presented. Figure 3.1 is
a sketch of the present layout of the fs spectrometer. Many development occurred during the
course of this work and this evolution will be described in this section. It will be explained what

41



•75%

P: Pump
S: Probe
T: TOPAS
D: Computerized delay line
R: Retardation line
C: Compressor

PS: Pneumatic Shutter
Ch: Chopper
X/4: Quarter-wave plate
X%: Beam splitter
WLG: White Light Generation

/ Mirror

Tilt-mirror

A Prism

0 Lens

<J Fiber coupling

O
•4—*

o

T3
O
O
1)

2

o>

c
O



Ultrafast Dynamics of Electron Injection 43

were the limitations encountered and how one could work around them to improve the
efficiency of the experiment. It will be shown in which direction further improvement could be
realized.

3.2 General Layout

The experimental set-up was placed in a large laboratory in the basement of the chemistry
building. The room was air-conditioned around 23°C and a tentative control of the humidity was
done by a desiccator, but peaks around 60% were still measured during the hot summer days.

The layout was constructed on three rigid optical tables (78-series from TMC). On the first
largest table were placed the source laser, three optical parametric amplifiers (OPAs), one of the
three computer controlled delay line and two retardation lines. On the middle table, the two
other delay lines, the autocorrelator and the transient absorption set-up itself. The third table was
devoted to the construction of another experiment.

3.2.1 Femtosecond laser source

The laser is a CPA-2001 from Clark-MXR (CPA). This laser fits in a single box with two
stages, which allows the thermostatization of the whole assembly. On the bottom level, the
oscillator and the stretcher are found and on the top level are the amplifier and the compressor.
The oscillator is a self-mode-locked Erbium doped fiber pumped by a telecommunication diode.
This new type of oscillator has many advantages, among them is the high stability of the pump
laser, and the compactness of the design. The only disadvantage compared to standard
TkSaphire oscillators is that the output wavelength cannot be tuned. But, as will be discussed
below, the progresses made recently in the field of parametric amplification, make needless the
tunability of the laser source.

The stretcher is fed with a 23 MHz pulse train centered around 778 nm, which resulted from
the doubling in a non-linear crystal of the oscillator output. The frequency is reduced to 1 kHz
by two pockel cells which control the entrance in the amplifier. The Ti:sapphire amplifier rod
is pumped by a Nd:YAG laser to reach energies up to 1 mJ per pulse (1W). The compressor
reduces its duration down to 120 fs.

Maintenance of the laser source is restricted to a minimum. Only a few knobs are available
for the user to control, for instance, the overlap between the pump and seed in the Ti:Sapphire
rod or the compression of the output. The system is overall very stable and only limited
adjustments are needed on a monthly basis to keep the high performance and stability of the
output (<1% rms over 90 minutes).

As shown on Figure 3.1, the output is divided in four different beams. Two 200 mW beams
are pumping two noncollinear optical parametric amplifiers (NOPAs). The NOPA on the left-
hand side of the table is used for pumping the samples (NOPAp), while the other one generates
the probe beam (NOPAS). 550 mW are sent to an other type of optical parametric amplifier
(TOPAS) and the remaining 50 mW can be used as fundamental for white light continuum or
second harmonic generation.
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3.2.2 Noncollinear optical parametric amplifier

The noncollinear optical parametric amplifiers are used to tune the wavelength of the laser
source. This new kind of OPAs were developed simultaneously by two different groups [1,2].
They were the first OPAs to generate sub-20 fs pulses tunable across the visible range. Before,
pulse duration in linear OPAs was limited by the narrow phase matching bandwidth of the
crystal in the visible. With a pump-signal angle close to 6°, the phase matching angle becomes
almost independent of wavelength and amplification of broad pulses becomes feasible.

In traditional linear OPAs, the new frequencies are generated along the same direction than
the pump. Inside the nonlinear crystal, the signal and idler pulses travel at different group
velocities. This leads to a lengthening of the signal pulse as shown on Figure 3.2. The
noncollinear geometry is chosen in a way that the group velocity of the signal and the idler are
the same. This results in a walk-off of the idler beam but no lengthening of the signal pulse is
observed. The pump propagates more slowly than the signal and therefore amplifies many
spectral components of the chirped seed pulse. Therefore longer crystal produce spectrally
broader signal pulses without any additional chirp induced by the amplification.

Collinear Phase Matching

Kpump

Ksignal K id|er

Nonlinear crystal

Noncollinear Phase Matching

Kidlei> _
"pump

Seed

^signal

Nonlinear crystal

Pump
T l T 2 < T 3

Idler

Pump

Signal

Figure 3.2: Collinear versus noncollinear phase matching in optical parametric
amplifiers. Effect of the geometry on the lengthening of a short signal
pulse amplified by a long pump pulse

At these very short time scales, the duration of a pulse becomes limited by its spectral
bandwidth. The relation between time and bandwidth is given in Equation 3.1. This limitation
comes from the Fourier relationship existing between the frequency domain and the time
domain and can also be easily derived from Heisenberg's uncertainty principle.

X 0.441
(3.1)

This implies that a pulse centered around 600 nm has to be 30 nm wide to enable a
compression down to 15 fs. The main novelty of the NOPA is the production of spectrally broad
pulses, with a linear chirp that can allow an easy compression down to 20 fs. Figure 3.3 A
shows the intensity spectrum of a pulse generated by a NOPA centered around 600 nm. The full
width at half maximum (FWHM) is 32 nm, which should enable a compression to less than
15 fs. The autocorrelation of this pulse is shown in panel B and gives a pulsewidth of 20 fs
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(FWHM), assuming a Gaussian pulse shape. The important wings on the autocorrelation trace
indicates that the compression is not perfect, probably due to higher order dispersion that cannot
be corrected for in our prism compressor.
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Design of the NOPA

Since these first publications [1,2], many groups have developed their own OPAs with
slightly different schemes, but the general layout is always the same. The main part of the input
(usually » 800 nm) is frequency doubled to get an energetic blue pump beam. A smaller fraction
of the fundamental is used to generate a mono-filament white light continuum (WLC) used as
seed light. The pump and the seed are combined with a certain angle in a non-linear crystal
where a pump photon can be transformed in a signal and an idler photons. The wavelength of
the signal is determined by the angle of the crystal and by the delay between seed and pump.
The white light continuum has a fairly large chirp and by tuning only the temporal overlap, one
can change the wavelength amplified in the crystal. A compressor is placed after the NOPA to
shorten the pulses.

The NOPAs on this set-up were developed as prototypes by the group of Prof. Riedle [3].
They consist of double stage amplification allowing for a larger tunability. 10% of the 200 y.1
input is used to generate the WLC. The WLC generation unit consists of an iris and neutral
density variable filter to control finely the energy of the fundamental pulses. The light is focused
in the sapphire plate by a 20 mm focal length lens and collimated by an achromate (f = 20 mm).
The blue pump is generated in a BBO crystal (30°, 0.7 mm) with the major part of the
fundamental. 20% of the blue light is combined with the WLC in a 1 mm BBO crystal (34°, type
I) in the first stage of the NOPA. This signal obtained is further amplified in a second 2 mm
BBO crystal (34°, type I) by the remainder of the pump. This double stage scheme allows the
amplification of pulses from 450 to 1700 nm with a gap between 700 to 900 nm due to a highly
structured WLC spectrum. The addition of a second WLC unit, pumped by al 100 nm beam
generated in the first stage of the OPA and seeding the second stage, allows to fill this gap.
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The spectral characteristics of the NOPA were measured with a fiber optic spectrograph
(S2000 from Ocean Optics) that can be directly connected to a computer. The energy
measurement were realized with a Lasermate power meter (Switchable LM-1 from Coherent)
that allowed the measurement of pulses of a fraction of/J. The NOPAs can yield up to 14 y. J in
the visible and approximately the half in the near IR. The pulses were compressed in a double
SF10 prisms assembly. Typical pulse lengths were measured around 30 fs in the visible and
50 fs in the NIR. A detailed summary of the output characteristics of the NOPA is given in
"Appendix A. Noncollinear Optical Parametric Amplifiers", page 125. These pulsewidths are
slightly longer than the values published by Riedle et al. [3]. One explanation is the use of fused
silica prisms in the publication instead of SF10 prisms. They allow a better compensation of
second or higher order of the dispersion of the pulses but require larger space on the optical
table.

Further improvements

Since the early developments of the NOPA, many schemes have been tested to further
shorten the pulsewidth [4-13]. The best results were obtained by Kobayashi et al. with a 5 fs
pulse while taking in account the tilting of the pulse front [ 12]. However those ultrashort pulses
are not really well suited for our studies for their spectra extend over 250 nm and the spectral
resolution of the experiment is lost.

However, some improvements could be interesting to implement on our set-up. The first one
which was already present in the earliest work of Cerullo et al.[2], is the use of a parabolic
mirror to collimate the white light. This decreases the chirp of the WLC allowing for a larger
bandwidth to be amplified in the BBO crystal. The second improvement presented by Huber et
al.[ll] is the generation of the WLC in CaF2 crystal instead of sapphire window. This
complicates the set-up because the damage threshold of CaF2 is very low and the crystal has to
be constantly moved to prevent any destruction. However it allows an extension of the
wavelength tunability of the NOPA down to 400 nm.

Many different types of compressors have also been tested: prism-grating compressors,
chirped mirrors [13] but the most interesting ones are based on adaptive optics [9,10]. The use
of pulse shaper based on a liquid crystal mask allows to automate the pulse compression,
reaching the optimum in less than five minutes [9], but also allows to control accurately the
phase of the pulse to generate any kind of chirp or pulse sequence [14].

3.23 TOPAS

The third OPA on the table is a Travelling-wave Optical Parametric Amplifier of
Superfluorescence (TOPAS). This is a commercial OPA which can produce pulses between
450 nm and 10 pirn. It is pumped by 550 pd of the femtosecond source laser. The general scheme
is quite complicated, because there are 5 consecutive passes in the nonlinear crystal. The first
of them generates the superfluorescence in the BBO crystal. The desired frequency is selected
by a grating and is further amplified by the four remaining passes. Once installed, the frequency
tuning of the TOPAS is simply done by a computer. The program controls, the angle of the
crystal, the grating position and the delays of the 4th and 5th passes in the crystal. The signal
and idler pulses cover the range from 1 to 2.7 pirn. A mixing crystal placed at the output is used
to extend this wavelength range by different non-linear processes, see Table 3.1.
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Table: 3.1: Different nonlinear processes used to extend the tunability of the TOPAS

Process

Signal

Idler

SHIa

SHSa

SFIb

SFSb

DFGC

Wavelength [nm]

1080- 1560

1550 - 2780

780 - 1080

540 - 780

518-600

453-519

2440- 11800

Mixer

-

-

BBO1 -23°

BBO1-23 0

BBO1 -23°

BBO2 - 30°

AgGaS - 39°

Polarization

V

H

V

H

V

V

H

Typical Energy

150/d

150/J

100 piJ

100/d

30 piJ

6 0 / J

up to 6 pil

a. SH: Second Harmonic generation of Idler or Signal
b. SF: Sum Frequency mixing between pump and Idler or Signal
c. DFG: Difference Frequency Generation between Idler and Signal

The main advantages of the TOPAS is its large tunability range and the total control of the
device by a computer. Unfortunately, the pulses generated cannot be further compressed. They
typically have a pulsewidth equal to 0.7 to 1 time the pump length (i.e. 85 - 120 fs). Larger
fluctuations in the pulse intensity were observed than in the NOPAs. This probably comes from
the long distance covered by the pump beam before entering the TOPAS. It is known that this
OPA is very sensitive to the pointing stability of the laser, probably due to the five consecutive
passes in the non-linear crystal. This could be improved by shielding with tubes the pump beam
from drafts.

3.2.4 Autocorrelator

The pulse durations were measured in an autocorrelator (AC 150 from Clark-MXR). Its
working principle is very simple. The incoming beam is split in two separate beams, sent on two
perpendicular arms. On one arm the back reflector is fixed, while on the other one it moves back
and forth rapidly. The two arms are recombined with a small vertical offset and focused in a
doubling crystal (BBO 100 pirn thick, 30° or 50° depending on the wavelength). They both give
rise to a SHG signal collinear with their direction of propagation. When they are overlapped
temporally in the crystal a third SHG signal in the middle of the two others is visible. By
measuring the intensity of this central beam as a function of distance, one measures the
convolution of the pulse by itself. This measurement does not give the exact shape of the pulse,
but by assuming a gaussian envelope, one can calculate the FWHM.

The autocorrelator was slightly modified to improve its ability to measure short pulses. A
beam-splitter was added to obtain a symmetric chirp in both arms of the interferometer and the
focusing lens was replaced by a parabolic mirror to decrease the chirp in the pulses. The
geometry of the detection was also slightly modified to allow a more comfortable alignment of
the device.



48 Femtosecond Experimental Set-up

The results obtained with this autocorrelator are quite satisfactory. Nonetheless, when
measuring ultrashort pulses, the SHG experiments have some limitations, partly due to the
geometry of the experiment, but also to an insufficient acceptance bandwidth of the crystal
Some improvements could be gained by replacing the nonlinear crystal by a UV-sensitive
photodiode and using two-photon induced photoconductivity as nonlinear process [15].
However these methods do not allow the measurement of the phase of the pulse. For the
simultaneous temporal characterization of the intensity and phase of the pulse one has to move
to more complicated techniques, like frequency resolved optical gating (FROG) [16,17].

3.2.5 Translation stages

In pump-probe experiments, the translation stages are one of the most critical apparatus in
the experimental set-up. The temporal resolution of the experiment is obtained by changing the
path length travelled by one beam with respect to the other. The relation between time and
distance is simply given by the speed of light, c:

Ad = c-At thus, 10fs<^>3|am (3.2)

As shown on Figure 3.1, five translation stages are present on the set-up. Three of them are
computer controlled delay lines while two are manual retardation lines that can be finely
adjusted by accurate micrometers.

Time zero

The retardation lines are used to find the temporal overlap (or time zero) between the pump
and probe pulses. The distance travelled by the pulses before reaching the sample is
approximately 9 meters. But to achieve a perfect overlap in the sample, the path lengths have to
be matched within a few microns. Due to the presence of the compressors after the NOPAs, the
distance travelled by the beams depends on the wavelength selected (i.e. the longer the
wavelength, the larger the separation distance between the prisms). To compensate for this
variable delay, two retardation lines were placed on both NOPAs pathways. The TOPAS is used
as the reference path length and the two other OPAs travel lengths were adjusted to allow a
simultaneous overlap of the three pulses.

A crude overlap can be easily obtained by using a fast photodiode and comparing the delays
of the pump and probe pulses with respect to an external trigger. This technique allows to set
the retardation lines with an error of one centimeter (~ 50 ps). To obtain a more precise
definition of the time zero, an experiment with a chemical sample has to be realized. It was
found that the use of a Ru-complex sensitized TiO2 layer was very convenient. The large
absorption spectra can be pumped by many different wavelengths and the transient absorption
covers an even broader wavelength range, thus near-IR probe pulses can also be synchronized
using this technique. A strong transient signal appears within the pump pulse and lasts for more
than 1 ns. This technique allows to eliminate the photodiode experiment and allows to position
with an excellent precision the pump and probe retardation lines. The exact measurement of the
time zero is realized by a crosscorrelation experiment, which will be discussed in a following
section (see "3.3.2 Crosscorelation", page 53).
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Computerized delay lines

During this initialization procedure the delay lines are placed at a so-called "home" position.
This reference position is placed at a few picosecond from one end of the stage allowing to use
almost the full travel length of the translation stage to follow the dynamics. During an
experiment, the translation stages will start from this position and scan a given delay range and
come back to this position once the experiment is over. To achieve this task properly, they have
to meet very high specifications, among them, three are the most significant. First of all, the
repetability of the stage is an essential factor. It has to be able to reach a given position with the
least error possible. Secondly, the minimal step size is a key feature. It allows to define the
minimal movement that can be achieved by the translation stage and is also an indication of the
possible error on a position. With stepping motors, apart from some mechanical play, the stage
can only be off by an integer number of steps, therefore if the steps are very large, the error can
also be large. Last but not least is the overall length of the stage which defines the largest delay
that can be achieved during the experiment.

At the beginning, only two linear stages (ATS02060 with Unidex 100 controller from
Aerotech) were placed on the TOPAS and NOPAS pathways. The specifications of the stage are
given in the table below. The general features of the stages were acceptable but the large step
size led to a lack of precision, remarkable mainly at short time delays. A third stage (M511 .DD,
Physik Instrumente) was added on the NOPAp path, which has a smaller travel length but a
better accuracy. Another problem encountered with the Aerotech stages was the unevenness of
the translation stages, which induced large fluctuations in the beam position, restricting the four
nanosecond full travel to a mere 1 ns. This value could probably be improved by a better
adjustment of the stage or by using another portion of the delay line were less fluctuations occur.

Table: 3.2: General specifications of the translation stages.

Characteristics

Motor

Encoder

Travel length [mm / ns]

Step size [\\m 1 fs]

Bi-directional repetability
[u,m / fs]

Aerotech

Stepper

-

600/4

1.27/8.5

2 /13

Physik Instrumente

DC

Linear optical
encoder

102/ 0.7

0.1/0.66

0.2/1.3

3.2.6 Pump-probe set-up

Regardless of the type of experiments, the pump and probe pulses are sent on a paraboloid
mirror with a focal length of 114 mm and an off-axis angle of 60°. If the incoming beams are
parallel, they will overlap at the focal point of the mirror. This set-up has the advantage of using
only reflective optics, which do not induce additional chirp in the pulses. The large size of the
mirror (0 = 76 mm) allows the acceptance of more than two incoming beams allowing an easy
implementation of three photons experiments on the set-up.
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To the
Detector

Pump
Figure 3.4: Scheme of the pump-probe set-up. Pump and probe pulses are focused on

the sample using a parabolic mirror. The sample is held on a XYZ stage. A
manual micrometer is used to place it on the focal point while two
actuator in the YZ directions are used to scan over the sample surface as
shown in the inset.

One disadvantage of this technique is that both pump and probe beams have the similar spot
size at the focal point. Therefore, the pump - probe signals may be very sensitive to the relative
position of both beams. Experimentally, fluctuations, that could result from this effect, were not
observed. However, this problem could be solved by changing the divergence of the pump
beam, which would lead to an increase in the spot diameter at the focal point of the mirror. This
could be realized very simply by adding lens in the pump pathway, with the inconvenience of
adding chirp to the pulse. The replacement of one of the steering mirror of the pump beam by a
curved mirror is more complicated but could prevent the lengthening of the pulse.

The energy of the pump beam varied from 1 to 5 ; J and was controlled using a diaphragm.
In two-colors experiments, the probe pulse energy was also adjusted and varied from 0.1 piJ to
2/J. The polarization between the two beams was set to the magic angle (54.7°) [18], using a
quarter-waveplate placed on the pump pathway.

The chemical sample are either thin (typically 10 ̂ m) semiconductor layers of a few squared
centimeters, deposited on 1 mm thick flint glass slab or a solutions placed in a 1 mm thick quartz
cuvette. The sample is held on a XYZ stage. It is placed on the focal point of the mirror using a
manual micrometer. During the data acquisition, two actuators in the Y and Z directions are
used to scan over the whole sample surface to prevent any damage that could destroy the



Ultrafast Dynamics of Electron Injection 51

chromophores. Due to a small mismatch in the back and forth travel of the stages, the light spot
tends to drift to the lower right corner of the sample. Therefore, the sample scanning was
adjusted to cover with a back and forth movement only a small portion of the sample, while the
natural drift of the stage over the duration of the experiments covered a larger surface area.

3.2.7 Detection

Once the pump and probe beams have gone through the sample, the pump beam is discarded,
while the probe beam intensity has to be measured. The first set-up built had the following
design. The probe beam was split with a 50% beamsplitter before the sample in a reference and
signal arm. The first one was directly collected by a fiber (0 = 200 ̂ m), while the latter was sent
through the sample to probe the transient absorption created by the pump before the collection
into the fiber. The coupling into the fiber was realized by a small lens (0=10 mm, f = 6 mm)
assembly where the fiber entrance could be easily adjusted at the focal point of the lens.

The fiber brought the light to an imaging spectrograph (Triax 320 from Jobin-Yvon) with a
suitable fiber coupling assembly. The signal and reference beams were imaged as point sources
on the entrance slit of the monochromator with a vertical separation distance of 3.5 mm. The
Triax had three gratings with the following resolutions: grating 1: 1200 grooves/mm blazed at
750 nm, grating 2: 300 grooves/mm blazed at 600 nm and grating 3: 300 grooves/mm blazed at
1000 nm. On the lateral exit, the light is collected by two vertical linear 7-fiber bundles which
can be fitted on two photodiodes to measure the intensity of the signal and reference beams at
a given wavelength. On the axial exit, a double diode array (DDA) (ST-116 from Princeton
Instruments Inc.) was placed to collect the whole signal and reference spectra.

Data acquisition

A computer was connected to the different devices through a GPIB network, allowing the
connection of up to 15 instruments. All three translation stages, the triax, the DDA controller, a
lock-in (SR-830, Standford Research Systems) and a boxcar integrator acquisition board
(SR270, Standford Research Systems) were controlled by the PC. Labview programs were
written to interface the different parts of the experimental set-up. It allowed a full automation
of the pump and probe pulses synchronization and reading of probe pulse intensity. The
acquisition parameters and the data were saved as text files. The analysis of the data were
realized with Igor Pro (data analysis software from Wavemetrics), where routines were written
to fit the experimental measurements.

This detection scheme has been designed without knowing the exact characteristics of our
light sources. It had to be adapted in regard of the specificity of our experimental set-up. This
work will be discussed in the two following sections concerning two separate types of
experiments: on one side the two colors pump-probe experiments and on the other the white
light continuum transient absorption technique.



52 Femtosecond Experimental Set-up

3.3 Two colors pump-probe experiments

The first experiment that was set-up on the table was a two colors pump-probe scheme. Using
the wavelength tunability of the two NOPAs and their short time resolution, this simple set-up
should allow the measurement of ultrafast dynamics with a low detection limit. The generation
of the beams and accurate timing of the pulses has been described in the previous section. I will
now focus on the measurement of the probe intensity variations induced by the pump.

33.1 Detection scheme

Many different schemes exist for this kind of experiments [18-25]. The following technique
was planned to be used. The probe pulse was split in two by a beamsplitter before the sample.
The signal and reference arms were collected by the fibers and sent through the spectrograph.
A fiber coupled auto-balanced photodiode detector (Nirvana 2007 (VIS) and 2017 (NIR), New
Focus) measured the intensity of both beams. The output from this detector was a DC voltage
proportional to the ratio of the signal over the reference intensity. This signal was sent to a lock-
in amplifier tuned to the frequency of a chopper placed on the pump pathway.

This set-up has the advantage of removing both the pump and the probe fluctuations in a very
elegant manner. The balanced diode monitors only the variations that appear in the signal beam
and removes the noise that appear in both signal and reference pulses. The lock-in tuned to the
chopper frequency allows an efficient averaging of the noise due to the pump beam.

The "Nirvana" detector should be able to adapt the ratio voltage at frequencies (fc) comprised
between 1 and lO'OOO Hz. For our purpose the optimal frequency lies around 500 Hz. In this
way the 1 kHz laser noise would be removed but the fluctuations in the signal intensity at the
chopper frequency (a few hundred Hz) would be detected. Unfortunately, fc depends also on the
average intensity of the signal beam: the lower the intensity, the slower is the response. As there
are many losses in the fibers and in the monochromator, the average intensity on the diode is
very small and the fc is approximately 1 Hz. If the average power is increased by using the
detector directly after the sample, the instantaneous power is too large and the photodiode
saturates. Therefore, this auto-balanced receiver is not suited for our application.

This detector was still used as a simple photodiode, delivering only the signal pulse train to
the lock-in without any noise reduction. With this new scheme, the reference intensity was not
measured and the lock-in amplifier was solely responsible for noise reduction. The chopper was
run at a frequency between 200 and 220 Hz. The frequency of the chopper was used as reference
by the lock-in amplifier. Its settings were the following: a time constant of 1 second, a slope of
24 dB/octet and a high reserve sensitivity. The phase and amplitude of the signal were
transferred over GPIB to the computer.

The amplitude of the signal was taken to be proportional to the absorbance change occurring
in the sample. While the phase allows to attribute a sign to this absorbance change. As is shown
in the example below, a measurement, with the lock-in tuned at the frequency of the laser (« 1
kHz) of the probe signal with (Rpump) and without pump (Ro) allows to determine the absolute
absorbance change generated by the pump beam:
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Ro = 6.20mV and RpUmp = 6.23mV measured at 1 kHz

RchoPPer = 7.2ftV and 0 c h o p p e r = 10° measured at 200 Hz

=*• AAbs = l o g — 5 - = -2.1 • 10~3 (3.3)
pump

Comparing these results with the ones obtained, when the chopper is switched on and the
lock-in tuned to its frequency, allows to compare the lock-in readings with the true absorbance
change. In the present case, a phase 9 of 10° is associated with a negative absorbance change,
thus a phase of -170° corresponds to a positive transient absorption. The noise level was on the
order of a few tenth of//V. One j.i\ corresponds approximately to 0.3 mOD of absorbance
change, which is approximately the detection limit for this scheme. During the scans, after the
displacement of the delay line to a new position, a waiting time of 15 seconds was used to allow
the lock-in to stabilize at the new value. Then, the lock-in output was averaged during 2 seconds
with a sampling rate of 128 Hz.

Data acquisition

For each scan, containing 20 to 30 temporal delays, the averaged amplitude and phase of the
lock-in, together with the position, were saved in a text file. The correction for the sign of the
absorbance change was already done at this stage. Each scan was loaded into the Igor program
and all the scan for a given sample were assembled to yield a single data set.

These data were first fitted using a polyexponential fit (up to three exponential). At short time
scale, the fitting could be improve by taking into account the temporal resolution of the set-up.
The fit obtained was the convolution between a polyexponential decay and a gaussian with a
FWHM equal to the instrument response.

33.2 Crosscorelation

The measurement of the crosscorelation (CC) is the measurement of the convolution of the
pump and probe pulses envelopes at the sample location. The crosscorelation corresponds to the
temporal resolution of the experimental set-up. The goal is to obtain the shortest CC possible to
obtain the best accuracy. The kinetics which are faster than this time scale will be hidden in the
ultrafast rise of the signal. Mathematical deconvolution of the experimental data allows to
extract some information on these fastest components.

Crosscorelation measurement

The best-known method for measuring the crosscorelation between two pulses is Sum
Frequency Generation (SFG). Placing a non-linear crystal at the position of the sample will
allow the generation of a beam whose frequency and wave vector are the sum of the two incident
beams frequencies and wave vectors. This SFG beam will only be generated if the phase
matching angle a is appropriate. The intensity of the pulse will be proportional to the overlap
between the pulses. By varying the delay between the two pulses, one measures the duration of
the crosscorelation, which is often given by its FWHM.
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Figure 3.5: Scheme for the measurement of the crosscorelation by sum frequency
generation and crosscorelation measurement fitted by a gaussian (FWHM
= 71 fs)

Figure 3.5 shows the results of a crosscorrelation measured with the two NOPAs tuned at 520
(NOPAp) and 508 nm (NOPAs). The fitting of the experimental data by a Gaussian yields a
71 fs full-width at half maximum.

Time resolution improvement

It is unfortunately not sufficient to optimize the compression of the individual pump and
probe pulses to ensure the shortest crosscorelation. Other factors influence this resolution. The
group velocity dispersion (GVD) in the sample also lengthens the pulses due to the different
index of refraction experienced by its different spectral components. Media thickness in the
range of millimeters induce differences in transit time on the order of femtoseconds [26]. This
is induced by any dispersive optical element like lenses or polarizers, but also by the cell and
the liquid sample itself and lead to longer CC. The dispersion induced by any dispersive optical
element on the NOPA pathways was compensated for in the compressors. The position of the
autocorrelator as close as possible to the interaction region was meant to allow the measurement
of the actual width of the pulses sent in the experiment. However what cannot be compensated
for is the dispersion of the sample. When working with nanoporous films on glass, it is not a big
issue because only a thin microscope cover glass and a drop of solvent are present before the
sensitized layer, but the problem becomes important when working with solutions.

Commercial 1 mm cells (100-QS, Hellma), which have 0.7 mm thick quartz windows were
used first. They were soon replaced by home-made cells consisting of two microscope cover
glass (24 x 24 mm) with a teflon spacer sandwiched in an aluminium frame. They offer many
practical advantages over the commercial cells. The windows are only 0.1 mm thick yielding
less dispersion in the pulses. A better optical quality is obtained because the windows are simply
replaced every time the sample is changed. The path length in the sample can also be modified
easily by using spacers of different thicknesses.



Ultrafast Dynamics of Electron Injection 55

The geometry of the set-up is also an important parameter. The angle formed between the
two incoming beams can affect strongly the crosscorelation measured between the two pulses.
Ziolek et al. [27] have calculated that for two 400 nm, 20 fs pulses, an angle of 5° does already
more than double the FWHM compared to a 0° interaction geometry. Being aware of this
limitation, the detection geometry has been improved in the following manner. Instead of
having pump and probe beams in a horizontal plane before the parabolic mirror, we placed them
in a vertical plane, using a half mirror to steer the pump beam. With this set-up, we are not
limited by the mounting of the mirrors to decrease the distance between the two beams. This
new scheme allowed to decrease the beam separation distance from 4 to 1 cm on the parabolic
mirror reducing the interaction angle from 17 to 4 degrees.

Horizontal plane alignment
Top view

Sample

Mirrors

Vertical plane alignment
Side view

Sample

Mirror

Half-mirror

Pump
Pump

Figure 3.6: Two different pump-probe geometries. In panel A, the distance between
the two beams is limited by the mirror mountings. In panel B, the two
beams can be brought as close as desired, thus decreasing the interaction
angle.

With this new set-up, a crosscorrelation of 42 fs was measured between a 500 nm pump
beam and a 520 nm probe beam. The typical value for crosscorelation obtained on a day to day
basis with the two NOPAs varies from 40 to 130 fs, depending on the pump and probe
wavelengths, pulse durations and experiment geometry.

A last factor that leads to the lengthening of the crosscorelation is the group delay difference
(GDD). If the two pulses have very different wavelengths, they will experience different index
of refraction that will lead to a difference in speed of propagation. Their interaction will last
slightly longer then if they had the same frequencies. As the wavelengths are chosen in function
of the chemical system to study, this parameter cannot be easily controlled. However, one has
to keep it in mind, when monitoring crosscorrelation, which are longer than expected.

333 Kerr gating

Apart from SFG in non-linear crystals, an other commonly used method for the measurement
of the crosscorelation is the use of the ultrafast response from a dye in solution [28]. The
ultrafast rise is then deconvoluted using a step function and a Gaussian, which is taken as the
crosscorelation of the experiment. Both of these methods have one big disadvantage, they are
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not easily applicable over wide wavelength ranges. For instance, it is quite tedious to find the
SFG signal from two beams with very different frequencies because the phase matching angle
is very different from SHG phase matching angle for each beam. Therefore an other technique
was sought that could satisfy our need of ease of use and wavelength tunability.
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Figure 3.7:
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Kerr gating scheme: Pump and probe pulses are polarized by 45°. When
the pump is overlapped with the probe in the sample, the latter will
become elliptically polarized and will reach the detector.

Kerr gating is a non-linear process based on the optical Kerr effect [29-31]. When an intense
linearly polarized light pulse travels through an isotropic medium, it creates a temporal
anisotropy. The material behaves as if it were an uniaxial crystal in which the optical axis is
defined by the electric field of the light. Kerr active liquids like CS2 have often been used for
picosecond luminescence measurements, because it allowed to gate the emission. With the
appearance of femtosecond laser, this technique has been replaced by up-conversion
techniques, because the liquids did not have a fast enough response. A renewed interest in Kerr
gating has appeared recently with the discovery of highly active Kerr gating glasses [32-35].

As shown on Figure 3.7, one can also use this process in a pump-probe scheme. The probe
pulse which is polarized vertically passes through the sample and is blocked by a
perpendicularly oriented polarizer. The pump pulse with a polarization angle of 45° with respect
to the probe creates the transient birefringence in the sample. If the probe pulse is present when
this birefringence is present, it will become circularly polarized and some light will leak through
the polarizer to reach a detector. On our set-up, the pulses coming from both NOPAs were
considered as already polarized. A A/4 wave plate was used to rotate the polarization of the
pump beam by 45°. A linear glass polarizer was first used but a quick degradation of the
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polarizing layer was observed. Much better results were obtained with a Glan-Thompson prism
polarizer. The light passing through the polarizer was detected by a diode either directly after
the polarizer or after going through the spectrometer.

BK-7
CS9

'SFG in BBO

-0.5 1.5 Z.O0.5 1.0
Time [ps]

Figure 3.8: Kerr gating in BK-7 glass and CS2 compared to SFG in BBO.

Kerr media

The mechanism for the induced birefringence is the distortion of the electron cloud or the
molecular dipole orientation along the electric field of the pump pulse. Kerr effect in liquids
results from the sum of those two processes. As the rotation of the molecules in a liquid occurs
on the picosecond time scale, the gate remains open for a long period of time. Ho [31] has
published a list of the most commonly used Kerr media with their nonlinear indexes of
refraction (n2) and Kerr relaxation time. Among the liquids, CS2 is the most interesting medium
having a high n2 and a short relaxation time (1.8 ps). In glasses, the Kerr effect is only due to
the distortion of the electron cloud. Therefore, the relaxation time is instantaneous on our
femtosecond time scale. This process can be used to measure the crosscorrelation between two
pulses because the gate will be open only as long as pump and probe pulses are overlapped in
the sample. The nonlinear refraction index of the glasses are however 50 to 100 times smaller
than the one of CS2, and the efficiency of the Kerr gate is diminished.

Figure 3.8 allows a comparison between the Kerr gating signal obtained with CS2 and a glass
(BK-7) and a crosscorelation measured by SFG in a BBO crystal. The pump and probe
wavelength are respectively: 600 and 500 nm with pulse durations of 29 and 38 fs. The liquid
was placed in a 1 mm Hellma cell. The BK-7 window was 1 mm thick while the BBO crystal
only 100 pirn thick. The SFG intensity has been normalized to the maximum of the BK-7 Kerr
gating signal.
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Figure 3.9: Kerr gating in SFS1 and BK-7 glasses. The line represents a Gaussian fit
of the experimental data.

With CS2, one observes a strong response that decreases extremely rapidly, but the full
disalignment of the gate takes requires than two picoseconds. The strong peak is due to the
electronic response of the medium, but it is smeared out by the motion of the molecules,
therefore the response is not as sharp as for glasses. The long lasting tail is due to the rotation
of the molecules along the pump polarization axis. It can be used to measure the molecular
reorientation of the medium. BK-7 has a 100 times smaller nonlinear index of refraction
compared to CS2 [29]. However the signal measured here is only half as large as the one
obtained with the liquid. The response is instantaneous and compares really well with the SFG
signal. The crosscorrelation FWHM is equal to 160 fs, independently of the measuring
technique.

Kinoshita et al. [32] have tested a large number of glasses to check their Kerr gating
efficiencies. They discovered that the Kerr intensities measured were increased with an increase
in index of refraction and decreased with an increase in Abbe number (dispersion). They were
able to select a glass, SFS1 (from O'Hara, also called PBH21), with a very large efficiency,
broad transparency region and relatively small two-photon absorption-emission. Compared to
BK-7, one would expect a 100 fold increase in Kerr efficiency. A 0.3 mm thick SFS1 window
has been obtained form Prof. Ernsting by the intermediate of Prof. Haacke and was tested in a
Kerr gating experiment.

As shown on Figure 3.9, the temporal response from both glass materials is very similar. The
only difference lies in the intensity of the light leaking through the polarizer. With a two fold
increase in efficiency, while the window thickness is only a third of the BK-7, it is apparent that
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this material is much more appropriate for this type of experiments. This higher sensitivity
allows to detect more efficiently some small anomalies in the crosscorrelation shape that would
be otherwise buried in the noise. The only disadvantage of this SFS1 glass is that its higher
index of refraction increases the GDD in the glass which leads to a lengthening of the
crosscorrelation measurement. When knowing the index of refraction as a function of
wavelength, this error can be estimated. It has to be noted that the efficiency of the Kerr gate is
very sensitive to the alignment. Sometimes this effect gives relatively small signals, while at
other times, the influence of the pump on the light leaking through the polarizer is clearly visible
to the eye.
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Figure 3.10: Transient absorption signal measured on a sensitized TiO2 film (—)
compared to a blank film( ). The difference (••••) between these two
measurements is calculated.

33.4 Coherent artifact

Non-linear processes such as impulsive stimulated Raman scattering [36-40] or cross phase
modulation [41-43] occur at around time zero and hinder the detection of the fastest measured
processes.

While measuring sensitized TiO2 nanoporous films, many problems have been experienced
with this kind of phenomena. Due to the small transient absorption signal measured with these
systems, the contribution of the artifact was so large that it prevented any analysis of the first
hundreds of femtoseconds. In Figure 3.10, the results obtained with a TiO2 nanoporous film
sensitized with Ru dye (N749) show strong oscillations around time zero. In panel A, the probe
wavelength is 730 nm and in panel B, it is 500 nm. In both cases, the pump wavelength is
600 nm. The measurement of a blank TiO2 film shows very similar oscillations. Unfortunately
the subtraction of this background does not enhance the quality of the data.
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Cross phase modulation

The artifact observed in our experiment is mainly due to cross phase modulation. The high
energy pump pulse induces a change in the refractive index of the sample. This will affect the
phase ()> of the probe pulse which will lead to a modulation of the frequency <x> of the pulse:

(3.4)

If one considers a gaussian pump pulse, it will induce a gaussian modulation of the index of
refraction. The central frequency of the probe co0 will be proportional to the derivative of the
index of refraction. If the transient absorption of the probe pulse is measured at frequency coo,
a negative transient absorption is observed because the central frequency is shifted to
neighboring frequencies and slowed down by the increase in the index of refraction. If the probe
pulse is chirped, a similar process will lead to a decrease in transmission of co0. But the longer
frequencies at the edge of the pulse will be shifted by the transient index of refraction to co0 and
will contribute positively to the signal. The same thing will happen to shorter frequencies at the
tail of the pulse. These frequencies also contribute to the transient absorption when the pulse is
well compressed, but as their contributions are simultaneous with the one from the central
frequency, they do not give rise to side bands.

'pump.(t)

Chirp free pulse

AAbs(t) @

Chirped pulse

AAbs(t) @ co0

Figure 3.11: Effect of a gaussian pump pulse on the index of refraction and frequency
of the probe pulse and its influence on the transient absorption
measurement.

There are two different ways to remove this artifact. The first one is to work with chirp-free
pulses. In this case, one should only observe a negative transient bleach. The second one is to
measure the overall energy of the probe pulse as function of time. The artifact comes from the
frequency resolved measurement of the probe pulse. The refractive index modulation leads to a
frequency modulation, but the overall energy of the pulse is not affected by it.
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Figure 3.12 shows the coherent artifact measured in a frequency resolved scheme. The pump
wavelength is 600 nm and the probe is close to 500 nm. It is clear on this graph that the cross
phase modulation signal depends strongly on the wavelength selected for the measurement. At
the central frequency (498.9 nm), the signal is almost symmetric which is not the case at
500 nm. The energy measurement was done by placing the photodiode directly after the sample,
using an interference filter to remove the contributions of the pump beam to the signal. One sees
that a strong coherent signal is still observed, which is probably due to electronic coherence
occurring in the sample. It can be easily fitted by a Gaussian curve and can be subtracted from
the experimental data.
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Figure 3.12: Coherent artifact measured on a TiO2 film. Difference between frequency
resolved measurements and energy measurement.

3.3.5 Detection scheme improvement

It was shown, in the previous section, that the first developed detection scheme had to be
modified to prevent a strong interference from the coherent artifact. In this new scheme, a
photodiode (DETllO (VIS) or DET410 (NIR) from Thorlabs) was placed directly after the
sample. The signal was sent directly to the lock-in. The battery powered photodiode should
reveal less noisy than the Nirvana detector connected to a external power supply, because it
should be less sensitive to the surrounding electrical noise. However, slightly noisier signal
were measured in this configuration. The problem lies probably in the larger amount of
scattered light seen by the photodiode. Most of the contribution from the scattered pump was
removed using a diaphragm and an appropriate color filter. The influence on the noise level of
other light sources present in the laser room was also clearly observed.
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Figure 3.13: Pump-probe signals obtained with the same sample but different detection
geometries .The insets describe the detection set-up. PDS or R:
photodiodes signal or reference; L: Lock-in amplifier; B: boxcar
integrator; BS: beamsplitter; VF: variable density filter.

Once the artifact problem was solved, the next step was to try to decrease the noise on the
transient absorption measurements. This noise comes from the fluctuation in the pump and
probe pulses intensity. The combination of the lock-in and of the chopper decreases mainly the
noise coming from fluctuations in the pump beam. To improve the detection, one should try to
account for the modulations of the probe beam. Figure 3.13 summaries some of the detection
set-up that were tested on an eosin solution. The dye was pumped at 530 nm and probe at
580 nm to monitor the stimulated emission. Two consecutive measurements (three for panel C)
were combined in the data series, which were normalized to allow a better comparison.

In panel A, is presented the standard detection scheme. The probe pulse is detected by a
photodiode and sent directly to the lock-in amplifier tuned to the frequency of the chopper. In
panel B, the signal of the photodiode was sent to a gated boxcar amplifier. It allows to integrate
the pulse envelope over a selected time frame and therefore removes any noise out of this
window. Some averaging can also be done directly with this device. The averaged output (over
3 pulses) was sent to the lock-in amplifier, and the transient absorption measured at the
frequency of the chopper.

In panel C and D, the reflection on a thin microscope cover glass was taken as reference
beam, before the sample. Signal and reference beams were measured with two similar
photodiodes. A variable neutral density filter was placed in front of the signal photodiode to
match the measured energies. In panel C, the photodiodes signals were sent to the lock-in
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amplifier and the transient absorption was monitored using the differential measurement
between both inputs. In panel D, the signals from the photodiodes were sent first to the boxcar
integrator (3 times averaged output) and then measured differentially by the lock-in.

To interpret these results, one has to understand how the lock-in amplifier analyzes the
signal. The Fourier transform of the input is filtered, to measure only the perturbations occurring
at the reference frequency. When moving from scheme A to B, we transform the train of pulses
into a series of steps corresponding to the integrated value of the pulses. The steps add many
frequency components in the signal and therefore, the noise level is increased. When doing the
detection with reference and signal photodiodes directly connected to the lock-in (C), the
background noise is extremely low, but it probably comes from the fact that the intensity on the
signal diode is much weaker due to the presence of the neutral density filter. The measured
signal is however quite noisy, probably because the frequency spectrum from the two diodes is
not perfectly matched. The scheme D provides the best results. In this case the exact frequency
spectra of each diode is not relevant because one integrates over both diodes pulses and the steps
frequencies are present in both reference and signal inputs and cancel each others out.

Further improvements

The experiments presented in the following chapters were all realized using scheme A, with
the signal from the photodiode being detected directly by the lock-in, with or without spectrally
resolving the probe beam in the spectrograph. To fully implement scheme D on the
experimental set-up, one should use a beamsplitter that would separate equally the probe beam
into a signal and reference arm. It would also be more convenient to have the variable filter
placed in front of the reference photodiode rather than the signal one. These small changes
should allow for a noticeable improvement of the data quality.

To further improve the detection scheme, one could implement, in the computer, an
acquisition board. It would allow to measure simultaneously the signal and reference pulses
from the probe beam, but also the intensity of the pump. One could then remove all the data
points that would be too much strayed from the average and then do the noise filtering analysis
directly with the computer. To fully take profit of this set-up, one should use a chopper
synchronized with an external trigger at an harmonic frequency of the laser repetition rate.

3.4 Transient spectra measurement

To understand the measurements realized with 2 colors pump-probe experiments, one has to
establish clearly which chemical species are monitored. This information can sometimes be
obtained with steady-state spectroscopy (ground-state bleaching or stimulated emission) or
nanosecond flash photolysis (long-lived cation produced after electron injection). But one often
needs a picture of the chemical intermediates present at early time scales in the reaction. To do
this, one generates pulses with a very broad spectrum, called white light continuum (WLC). The
main goal of the white light continuum experiments is to determine which species are present
at a given time and to measure their absorption features. Recent experiments have also shown
that these kind of measurement could deliver many informations on the cooling dynamics of an



64 Femtosecond Experimental Set-up

excited state [44-46]. In this section, the different set-ups tested to generate the white light
continuum will be presented and how the transient spectra were measured. The measurement of
the chirp of the WLC will be described.

3.4.1 White light continuum generation

The generation of a white light continuum is an easy task. By focusing an intense
monochromatic pulse into any transparent media, one obtains a broadening of the original pulse
spectrum [47]. The physical processes leading to white light continuum generation are not well
established. It is a mixture of many different nonlinear processes, like self-phase modulation,
four-photon mixing, multi-photon emission or Raman scattering, which are enhanced by the
self-focussing of the pulse in the material [48,49]. Therefore, the WLC generation remains
mostly an empirical technique. The quality of the WLC depends on many parameters and it
requires a careful optimization to obtain a stable and broad pulse, suitable for a pump probe
experiment.

Various media can be used to generate a WLC: gasses, liquids (water, deuterated water,
methanol) or solids (sapphire, CaF2, NaCl). Their different physical properties lead to variable
white light continuum characteristics. Solids have the advantage over liquids that no cell is
needed therefore less chirp is induced in the WLC. Among the solids, sapphire is commonly
used because it delivers wide spectra that extend down to 450 nm and has a relatively high
damage threshold. Considering only the spectrum, CaF2 delivers a wider pulse [11], but the
damage threshold is so close to the energy needed for WLC generation, that the crystal has to
be constantly moved. In the following experiment, a 1 mm thick sapphire window was used. But
the implementation of a moving CaF2 window should be considered, if one wants to obtain
shorter wavelengths.

Many different set-ups have been tested for the design of the WLC unit. The input beam has
been varied between the NOPAS, the TOPAS and the fundamental of the laser. They all have
their advantages. The NOPAS offers short tunable pulses with a relatively good stability, but the
tunability requires a lot of time due the alignment of the compressor. The TOPAS offers a fast
tunability, but the stability of the output is limiting the resolution of the experiment. The
fundamental of the CPA is extremely stable, but is not tunable. With the generated WLC, one
can work between 450 up to 700 nm and from 900 to 1500 nm. If one really wants to bridge the
gap around the fundamental wavelength, the signal of the TOPAS around 1100 nm can be used
as input beam.

The focusing inside the sapphire plate is realized with a 100 mm plano-convex lens. The
input beam energy is adjusted using an iris and a variable density filter. Together with the
focusing lens, these elements are crucial to determine the spectral shape of the white light
continuum spectrum. One should always try to use the minimum pump energy to obtain a mono-
filament continuum with as little fluctuations as possible.

The WLC beam generated is very divergent and the collimation of this beam is crucial to
steer it up to the sample. In a first set-up, the WLC unit, pumped by an OPA, was placed before
the Aerotech delay lines. A lens assembly, made of three achromates, was used to collimate the
beam and reduce its size. Spectrally, the result was excellent, but the chirp induced by the lenses
was enormous (see Figure 3.15). To reduce the chirp in the WLC pulse, a parabolic mirror (f =
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Figure 3.14: Spectra of the 778 nm fundamental generated by the CPA before and after
passing through the sapphire plate. The inset shows the white light
continuum generation unit set-up. VDF: variable density filter; BS: beam
splitter.

50 mm, angle: 90°) was then used to collimate the beam. To make things easier, the WLC unit
was placed much closer to the sample (the position shown on Figure 3.1) and allowed the use
of either the CPA fundamental or the TOPAS as input beams.

The WLC spectrum, shown in Figure 3.14, exhibits very flat features from 750 to 500 nm
and is perfect for use in a pump-probe experiment. After 500 nm, the intensity of the white light
decreases strongly and it becomes difficult to measure any transient spectra below 475 nm. At
longer wavelengths than the CPA fundamental, an other flat spectral region is present and can
also be used for spectroscopy. It is not shown on the graph because the sensitivity of the
spectrograph (Ocean Optics) extends only up to 850 nm.

3.4.2 Transient spectra acquisition

Once the WLC was generated as shown on Figure 3.14, the beam was split in a reference and
signal arms. The reference beam was directly collected by a fiber and sent to the spectrograph.
The signal beam was first sent through the sample before collection by the fiber. As described
in a previous section (see "3.2.7 Detection", page 51), the signal and reference beams are
imaged by the spectrograph on a double diode array.
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Double diode array

The double diode array consists of two 1024 pixel diode arrays. Each pixel is 25 ftm long and
2.5 mm high. The two arrays are separated vertically by 1 mm. The diodes are sensitive from
180 nm up to 1100 nm. To decrease the dark noise, the detector is cooled by a Peltier effect
thermoelectric cooler down to -40°C. The heat is removed from the detector head by circulating
water.

The full dynamic range corresponds to 14 bits, A background signal, on the order of 100
counts, is always present and can be easily subtracted. The cross-talk between the two diode
arrays is very limited. When one of the array saturates due to an excess of incident light, a signal
can be observed on the other array. In the normal working conditions (3'000 to 10'000 counts),
the influence of one array over the other is buried in the noise.

The light entering the spectrograph is spectrally dispersed and each pixel measures the
contribution of a different wavelength of the spectrum. Knowing the geometry of the
spectrograph, it is possible to calculate the wavelength corresponding to each pixel ("Appendix
B. Spectrograph Calibration", page 133). To improve this measurement, a linear regression was
calculated between the theoretical and measured pixel number for different grating angle, using
a beam of well defined frequency. The 300 grooves/mm grating allowed to measure a 250 nm
wide spectrum between 450 and 700 nm in a single acquisition step.

To be able to measure a reliable transient spectrum, the signal and reference spectra have to
be very similar. The spectral shape of both spectra was extremely sensitive to the fiber coupling.
Optimization of the position of the coupling lenses was achieved when the signal over reference
normalized ratio was close to one over the whole measured spectral range. Under these
conditions, the detection limit could be as low as a few 10"4 change in absorption.

Transient spectra measurement

During a scan, a series of spectra is measured at different delays t, using a change in the path
length travelled by the pump beam. To monitor the transient absorption in a sample, one has to
measure the intensity as function of wavelength at the given time, I(A,,t), and compare it with a
normal intensity I0(X).The transient spectra is then calculated in the following way:

AAbs(X, t) = log n > • j-prr (3.5)
^ ( M ) i w )

The normal intensity IQ(X) corresponds to the white light continuum spectrum without any
contribution from the pump. It can be accessed by different ways. It could be measured once, at
the beginning of an experiment. However, due to the WLC fluctuations over short time period,
the Io measurement has to be repeated quite frequently during a scan. At first, a measurement
l(k,i), where t was equal to -4 ps was used as normal intensity spectrum. At this negative time,
the pump comes after the probe pulse and therefore does not influence its intensity. A normal
intensity spectrum was measured for each delay in the scan. This technique implies that many
long displacement have to be done during a single scan, which is time consuming and decreases
the temporal accuracy of the delay line.
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An automatic shutter was added to the set-up to control the pump beam switching. The
shutter is a pneumatic jack (Festo) that can be opened by applying a small voltage provided by
the A/D unit from the boxcar. The response time of the shutter is on the order of twenty
milliseconds. The normal intensity spectrum is measured when the pump beam is shut off. At a
given delay, many sequences with the pump on and off can be measured in a row without losing
any time or temporal resolution. When measuring a transient spectrum with this technique, one
has to be careful to remove any contribution from the scattered pump in the signal spectra. This
is done by subtracting a background spectrum that contains this contribution.

Data acquisition

The shortest exposure time is about 20 ms, therefore it is unfortunately impossible to do
single shot measurements with this detector. When increasing the exposure time, the intensity
of the signal is increased almost linearly and the noise on the spectra is decreased. The intensity
of the signal can also be controlled, using the entry slit of the spectrograph to prevent a
saturation of the detector. These scans are transferred over GPIB to the computer.

To increase the detection limit of the experiment, the computer is responsible for the
averaging of the measured spectra. Usually, the best results are obtained with averaged spectra
from 100 ms exposure scans repeated 50 times. These spectra are coupled with normal intensity
spectra IQ, measured with the same parameters, but when the excitation beam is shut off. This
pair of measurement is repeated up to 10 times to extract the transient absorption at a given
delay.

3.43 White light continuum timing

There are two major issues to worry about, when generating a white light continuum. The
first one is the stability of the output. It is crucial to have as little fluctuations as possible to
lower the detection limit of the experiment. This can only be obtained with a stable input and
an efficient detection scheme. The second one is the chirp of the white light continuum. When
working with a 200 nm wide spectrum, it is hard to avoid some temporal mismatch between the
different wavelength components. But one wishes to have as little chirp as possible, to measure
a transient spectrum with the best temporal accuracy.

To improve this resolution, one possibility would be to compress the WLC beam with a
prism pair in a similar fashion to what is done with the NOPA pulses. Unfortunately, it is most
probable, that the wavelength acceptance of the compressor would not be large enough to
support a 200 nm spectrum and it could only compensate for linear distortion of the chirp.
Hopefully, Kovalenko et al. [40] have shown that if the chirp rate is small enough, it is sufficient
to correct the transient spectrum measured for the time lag of the probe beam. To do this, one
needs to characterize properly the chirp of the WLC. Then, by measuring a series of transient
spectra at different delays, one can computerize the true transient absorption at a given time.

Chirp analysis

Different techniques have been used to measure the WLC chirp. In a similar manner than
what is done for the crosscorrelation, one can use a nonlinear crystal and measure the SFG for
all the probe wavelengths [50]. This has the big disadvantage that the SFG-angle depends on
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the wavelength and has to be adapted while measuring the chirp of the different spectral
component. Kovalenko et al. [39,40] have shown how to exploit electronic coherence in the
sample to resolve temporally the WLC with a 10 fs resolution. However, the signals obtained
are relatively small and show strong oscillatory features. A complicated fitting is required to
extract the exact time zero for each wavelength. A more recent contribution [51 ] has shown how
to use Kerr lens effect to measure the white light chirp.

A technique based on Kerr gating (see "3.3.3 Kerr gating", page 55) in glasses was
developed to measure this parameter. The discovery of new glasses with a high Kerr efficiency
helped a lot in this development [32]. Using the same scheme as described above (Figure 3.7),
the WLC beam was the probe pulse and was resolved spectrally on the DDA. It became possible
to measure, as a function of time, the Kerr gating effect at all wavelengths in a single
experiment.

The advantages of this technique are numerous. The temporal characterization is realized in
the same geometry as the transient spectra measurements: the sample is simply replaced by the
Kerr glass and a polarizer is added after the sample. The response is proportional to the overlap
between pump and probe pulses and depends only on the electronic coherence, therefore there
is no long lasting contribution to the signal. This technique is completely independent of pump
and probe wavelengths and can be applied with any pump pulse and to WLC in the visible or
NIR. The signals measured for each wavelength are gaussian and require no complicated
fittings to find the temporal mismatch of each spectral component.

This technique was applied to measure the chirp generated by the different WLC units. The
first tentative set-ups using 1 or 3 lenses proved to be inadequate. The achromates used to
collimate the beam produced a very large chirp. The paraboloid mirror, however yielded much
more satisfactory results. An average linear chirp rate of 1.8 fs/nm (or 2.4 10"4 fs"2) could be
calculated. This results are very similar to the one obtained by Kovalenko et al. [40].
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Chirp correction

Once the chirp rate is measured, one has to calculate precisely the temporal delay of each
wavelength. The best results were obtained by fitting a Gaussian to the temporal response of a
set of wavelengths, taking the maximum of the gaussian as the time zero for each wavelength.
This yields a temporal profile as a function of wavelength as shown in Figure 3.15. This profile
is then fitted by a polynomial function (up to the fourth order) which is then fed to a program
that corrects the transient spectra measured for the chirp of the probe beam.

The results obtained with this procedure is shown in Figure 3.16. In panel A one sees the
temporal evolution of the WLC pulse. It has to be noted that the pump wavelength is 500 nm
and the absorbance change measured for wavelengths shorter than this value is positive. In
panel B, it is clearly shown that the chirp of the WLC is completely corrected for. All the
wavelengths of the spectrum have their maximum at the same time zero. Recent measurements
have proven that the chirp of the WLC is relatively constant. A comparison between different
temporal characterization have shown that the results obtained were very similar in all cases,
independently of the fundamental beam energy. This lead to think that, once the WLC unit
geometry is defined, a single characterization curve could be used to correct all the measured
transient spectra.

It has to be noted that the overall chirp of the continuum is not very large. Half of the
temporal delay takes place in the region around 500 nm. The whole spectral range under
observation lasts for 400 fs (only 200 fs for 550 to 700 nm). If one wishes to measure a transient
spectra at 10 or 100 ps, this small temporal lag is usually of no great importance, because the
dynamics of the sample takes place at longer time scales. Therefore, the transient spectra can be
measured without correction.

3.5 Conclusion

In this chapter, the general experimental set-up of the femtosecond spectrometer was
presented. The different parts of this apparatus (i.e. NOPAs, TOPAS, translation stages and
detection scheme) were described in some details, trying to present which improvements have
been realized and what could still be upgraded. In the last part of this chapter, it has been shown
how the measurements can be realized with this set-up, using two different kinds of transient
experiments: two colors pump probe experiments or white light continuum transient absorption.
In the next chapter, the results obtained with different chemical samples will be presented, when
monitoring the electron injection dynamics.
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CHAPTER 4. RESULTS AND

DISCUSSION

4.1 Introduction

In the previous chapters, the fundamentals of electron transfer theory between a dye and a
semiconductor have been presented and then the experimental set-up that will be used to
monitor this reaction in real time has been described. The first part of this chapter is however
dedicated to the study of malachite green. This dye is known to undergo an ultrafast relaxation
from the first excited state. By studying this reaction and comparing the results obtained on the
present set-up and the ones published in the literature, it will be possible to test the quality of
the femtosecond spectrometer, and see if any improvements are needed.

The next sections of this chapter will deal with the dynamics of sensitization of wide band
gap semiconductors. First a model system, which is eosin on TiO2 will be presented. Charge
injection from xanthene dyes has already been studied but the results showed large differences.
The source of this discrepancy will be shown and the aggregation occurring on the oxide surface
and leading to a side reaction that competes with the electron injection will be put forward.

Then, one will move to chemical systems that are more clearly related to the solar cell
development. In the first place, the results obtained with a black dye analogue, where the three
carboxylic groups were replaced by a single phosphonate anchoring group will be presented. By
comparing the results obtained in solution and on TiC>2, and measuring femtosecond and
nanosecond transient absorption spectra, it has been possible to determine the excited state and
cation absorption features and monitor the transition from one to the other.
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The last chemical system investigated is actually a complete solar cell element with lead
sulfide (PbS) nanoparticles acting as sensitizer on TiO2 and a hole conductor to regenerate the
PbS. In this case, both the injection reaction and the electron transfer between the hole
conductor and the quantum dots will be investigated.

This chapter is therefore separated in four different sections, where the results for each
different chemical system are presented separately. At the beginning of each section, some
experimental details about the species involved in the reaction, the preparation of the samples
and some specificity of the femtosecond experimental set-up will be mentioned. Then, the
results obtained, which consist mainly of ultrafast dynamics measurements but also contain
some steady state and nanosecond experiments will be described. The results obtained will be
discussed in comparison with the literature published in the field. A conclusion, where the
different sensitizers in term of electron injection efficiencies will be compared will close this
chapter.
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4.2 Malachite green

Malachite green (MG) is a dye from the triphenylmethane family. This type of dyes has been
studied extensively to understand the solvent dependence of the excited state deactivation
processes [1-8]. In the present case, it is not intended to investigate very thoroughly the
dynamics of MG, but to compare the results obtained with published literature data.
Investigation of this dye was carried out using the two colors experiment and the WLC set-up.
The main goal was to test the femtosecond spectrometer to find its weak spots using a relatively
well-known chemical system.

4.2.1 Materials and Methods

Malachite green oxalate was purchased from Lambda Physik and used without further
purification. An aqueous solution of 0.2 piM was used in a 1 mm cell for the laser experiments.
Steady state absorption was carried out on a HP-8353 spectrophotometer (Hewlett-Packard).

4.2.2 Results and Discussion

The absorption spectrum of malachite green is shown in Figure 4.1. It exhibits a strong
absorption with a maximum at 620 nm (e = 8-10 mol-r'-cm ). It corresponds to the transition
towards the first singlet excited-state S j . The fluorescence of the excited state peaks at 670 nm
[1]. In low viscosity solvent like water, its fluorescence quantum yield is lower than 10"4. The
smaller absorption peak centered at 425 nm corresponds to the transition towards the second
singlet state S2. An interesting feature of this state is that it exhibits fluorescence, contrarily to
what is predicted by Kasha's rule [2]. The dynamics of the first excited state will be presented
and more particularly on the ground state bleaching occurring after exciting the molecule with
a pulse centered at 600 nm.

Two colors experiments

This experiments has been realized at the very beginning of this work. The experimental set-
up was the following. The pump NOPA was set at 600 nm, while the probe NOPA lied at
635 nm, both having a pulse duration close to 30 fs. The pump-probe geometry was realized in
a horizontal plane alignment (see Figure 3.6). The detection was made by measuring the probe
intensity with the "Nirvana" detector after passing through the monochromator. As the signal
from the dye is very large, no coherent artifact can be observed on the data.

The data obtained were fitted using a convolution between a gaussian and a double
exponential. The gaussian had a FWHM of 130 fs representing the crosscorrelation between the
two pulses. The time constant provided by the fits are the following: a fast rise with a time
constant of 283 fs ± 45 and a decay of 550 fs ± 80. The rise dynamics can be explained by an
ultrafast blue shift of the excited state absorption, due to the diffusive twisting of the phenyl ring
[4]. The extremely fast recovery of the ground state is due to the rotation of the phenyl groups
that allow a nonradiative decay towards the ground state. The time constants measured match
well the measurements from Nagasawa et al. [1]. In this publication, they pumped and probed
MG at 635 nm and found two time constants of 210 fs for the rise and 520 fs for the decay. But
they also have a second faster decay time constant of 120 fs, that could not be found in our data.
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Figure 4.1: Absorption spectrum of malachite green in water. The inset shows the

chemical structure of the dye.

It is also very interesting to notice the presence of an oscillatory feature during the first
hundreds femtoseconds. This feature, with a period of 150 fs, was first observed by Rosker et
al. [3]. This quantum beat was assigned to the breathing mode of the bonds of the central carbon
atom with a frequency of 226 cm"1. In the present data, these oscillations are not as strong as
what is shown in other references [1,3,4], but the period is close to 150 fs. It is interesting to
observe that the maximum is shifted in time compared to the data of Nagasawa and co-worker
where they pump and probe at the same wavelength and where the maximum of the beating
pattern lies at time zero.

From these results, one can establish that the two colors dynamic measurements are valid
because they reproduce with a good accuracy results published in the literature. However, it was
not possible to resolve the fastest dynamics. The 120 fs time constant measured by Nagasawa
et al. is not apparent in our data and the oscillatory feature is not as strong as expected. This
probably comes from a lack of temporal accuracy from the set-up. Hopefully this has been
improved with the later detection scheme, where the angle between the two beams is smaller,
allowing for a shorter crosscorrelation between pulses.

Transient spectra measurements

The analysis of the data with the two colors experiment does not reveal the complexity of the
excited state relaxation dynamics. A transient spectral analysis does however give some clue to
understand this problem. The solution was excited at 600 nm. The white light continuum
generated in a sapphire window was collected by two fiber coupling elements, with and without
interacting with the pump in the sample, corresponding respectively to the signal and reference
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Figure 4.2: Dynamics of the ground state bleaching of malachite green at 635 nm

after excitation at 600 nm. The inset shows a magnification of the first
hundredths of femtoseconds of the dynamics which exhibits some
oscillatory features. The solid line represent a convolution between a
gaussian (130 fs) and double exponential that best fits the data.

spectra. Spectra were collected with 20 fs steps up to 300 fs and then with increasingly large
steps (up to 320 fs between 4 and 7.2 ps). At a given delay, fifty scans of 50 ms each were
repeated four times with and without the pump beam (corresponding to approximately lO'OOO
laser shots) to allow the measurement of the transient absorption spectrum. Once the data were
collected, they were time corrected to compensate for chirp of the WLC, using a calibration
obtained by a Kerr gating experiment (see "Chirp correction", page 69). During this operation,
one generates a three dimensional matrix containing all the measured data. Then, one can
calculate, for any wavelength, the time correction needed and interpolate the transient
absorption, at that time, from the measured data. The new three dimensional matrix, which was
generated with 200 fs steps, is shown in Figure 4.3.

The main feature of this spectrum is the ground state bleaching evolution of the dye.
However, on the blue side and red side of the minimum, one can observe the absorption of other
species. Right after the excitation, there is the formation of the singlet state, which absorbs on
the blue side of the ground state. This state is fluorescent and the stimulated emission signal is
seen on the red side of the absorption as is shown on Figure 4.4. There is some controversy
concerning the decay of this state. The rotation of a phenyl group leading to the formation of a
dark state absorbing on the red side of the ground state is clearly established. Whether this state
is a twisted ground state or a twisted excited state remains uncertain [4,6-8].



80 Results and Discussion

Figure 43:

Time [ps]

550

600

Q5Q Wavelength [nm]

Evolution of the transient absorption of malachite green in water after
excitation at 600 nm.

Analysis of transient absorption at different wavelengths allows to follow more closely the
dynamics of the different species involved in the deactivation of the excited state. At 620 nm
and 635 nm, the main contribution to the data is the ground state bleaching. At 635 nm, the
dynamics observed previously in the two colors experiment are relatively well reproduced. But
it is interesting to observe that the ground-state recovery is not as fast as what was expected from
these data. The trace at 620 nm shows that after 6 ps, the recovery is still not completed. At
520 nm, the decay of the first excited state is observed. A complete disappearance of this species
is observed in less than 1.5 ps. At 650 nm, the transition from the stimulated emission signal of
the first excited state to the formation of the twisted dark state results in the transition from a
negative to a positive absorbance change.

The transient spectra measured with the white light continuum set-up reproduce well the data
published in the literature and confirms the validity of this experiment. The main problem with
this kind of experiments is the noise superimposed to the signal. It is obvious, when comparing
the signal measured at 635 nm with the two different detection schemes, that the signal to noise
ratio is far better in the two colors experiments. In the case of malachite green, where the
transient absorption measured are on the order of a tenth of OD, the noise is not too critical.
There are still some transient spectra at later times which clearly show some deviation from the
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average trend. This can be best observed in Figure 4.5 on the trace at 620 nm, where the data
points at 3.5 or 4.3 ps are scattered from the average decay. The average detection limit is close
to a few mOD in these experiments. This factor depends on two parameters: the first one is the
overall stability of the WLC and the second one is the averaging of the measured spectra. It is
fairly hard to improve the first parameter, while the second one can be changed at will but
lengthens the acquisition time. Some improvement in the WLC stability could be obtained by
shielding the CPA fundamental, which has to travel large distances in free space to compensate
for the delay occurring in the NOPAp.

4.23 Conclusion

In the first part of this chapter, it was shown that both detection schemes allowed to
reproduce with a good fidelity measurements found in the literature. However both of the
experimental set-up require some improvements. In the two colors experiments, the measured
data somehow lacked the expected short time resolution. The modifications in the interaction
geometry and in the detection have hopefully helped to improve this situation.

For the transient spectra measurements, little know-how has been gained on this topic during
this work. The major effort was devoted to the development of the timing experiment. Since it
has been realized, little time was at hand to test different detection strategies to decrease the
noise level. There must be some improvements that can be realized to improve the stability of
the WLC spectrum. Meanwhile, it is always possible to increase the averaging time to improve
the resolution of these experiments.
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4.3 Eosin

Kinetics of charge injection from the electronic excited state of a molecular sensitizer to the
conduction band of a solid was measured for various dye-SC couples (see "2.4.3 Review of
electron injection measurements", page 31). In most systems, electron transfer takes place in a
few hundreds of femtoseconds, with a quantum yield close to unity. For Ru11 complexes
adsorbed on TiO2, for instance, the reaction is almost complete in 100 fs and seems to compete
kinetically with vibrational relaxation of the dye's excited state [9,10]. It is even thought that
this type of reaction can only belong to the ultrafast domain, due to the strong electronic
coupling and the very large density of acceptor states [11].

Early ns and ps studies showed that electron injection for eosin-sensitized colloidal TiO2

occurs with a time constant of 400 ps and a quantum yield of 0.38. The singlet state was long-
lived enough to allow for the formation of the triplet state [12,13]. Though, very recent studies
employing fs time-resolution and a similar molecule (Fluorescein-27) on titania questioned
these results, as time constants ranging from <100 fs to ~ 8 ps and a quantum yield of unity were
obtained [14-16].

In this section, the dynamics of two eosin dyes, shown in Figure 4.6, in water and adsorbed
on various metal oxide colloids were studied with ultrafast pump-probe techniques and allowed
to understand the differences between the kinetics measured previously. The adsorption on the
oxide surface will also be discussed, showing that it gives rise to the formation of aggregates.
Intermolecular charge transfer has been observed inside these structures and competes with the
interfacial electron injection.

Br Br

Br

coo-

Figure 4.6: Chemical structure of eosin di-anion (X = H) and eosin-5-isothiocyanate
(X = SCN) di-anion.

Note that for simplicity, the product of the oxidation by intermolecular charge transfer or
electron injection will be called cation and by analogy the reduced dye: anion, even if it does
not correspond to the overall charge of the molecule. The molecules resulting from the
protonation equilibrium will be referred as di-anion or mono-anion. Figure 4.6 shown the di-
anion, the mono-anion results from the protonation of the oxygen attached to the carbon 6.
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43.1 Materials and Methods

Eosin Y, disodium salt (eos) and eosin-5-isocyanate (e5i) were purchased from Fluka. E5i
was used without further purification, while eos was purified using the procedure previously
described [12]. TiO2 and ZrO2 colloids were prepared by hydrolysis of TiCl4 and Zr(EtO)4

according to a procedure described previously yielding particles of approximately 5 nm
diameter [17]. Ludox CL colloids (0 = 50 nm) made of a SiO2 core covered by an A12O3 layer
were purchased from Aldrich. The concentrated colloids obtained were further diluted to reach
a concentration of 5 g/1, with a pH close to 3. Polyvynilalcohol (PVA) (Mowiol 98-10, Hoechst)
was dissolved in water and added to the TiO2 colloidal solution up to a concentration of 1 g/1 to
obtain the "PVA-protected" colloids (PVA/TiO2). The dyes were made soluble in basic water
(pH = 9) at a concentration of 10"3 M. A small volume of the concentrated dye solution was
added progressively to the colloidal solution to reach 5-10"5 M. The dye-colloid solution was
left overnight for equilibration. After this period of time, no degradation, change in spectral
shape or precipitation was observed for weeks, when kept in the dark.

Steady state absorption measurement was carried out on a HP-8353 spectrophotometer
(Hewlett-Packard). Fluorescence spectra were recorded on a Spex Fluorolog spectro-
fluorimeter. Emission scans were measured with an excitation wavelength of 500 nm and
excitation scans by measuring the emission at 600 nm. The colloidal solutions prepared for the
femtosecond transient absorption were diluted 20 times (2.5 -10 M on 0.25 g/1 colloid) for
absorption and fluorescence characterization.

Nanosecond flash photolysis experiments were carried out with a Q-switched Nd:YAG laser
as excitation source, providing 6 ns pulses at a repetition rate of 30 Hz. The triple (355 nm) of
the laser fundamental frequency was sent into an OPO used to tune the pump wavelength. The
probe light intensity from a Xe lamp was measured by a fast photomultiplier after passing
through a monochromator. The data were averaged over 200 laser shots by a 1 Ghz band-width
digital oscilloscope. Further details on this experimental set-up can be found elsewhere [18].

The general set-up for the femtosecond experiments was described thoroughly in the
preceding chapter, but some particular details should be added here. A UV probe pulse was
generated using the CPA fundamental doubled in a BBO crystal. Diaphragms were used to
decrease the pulse energies down to a few piJ for the pump and less than 1 /d for the probe. The
polarization between the two pulses was controlled using a quarter-waveplate and experiments
were realized at the magic angle configuration (54.7°). The crosscorrelation measured by Ken-
gating varied from ~80 fs (FWHM) when both pump and probe pulses were compressed up to
300 fs when using the UV-light as probe beam. The transient absorption spectra correspond to
an averaging over 100'000 laser shots with and without the pump. The absorbance change was
calculated using the ratio of those two scans, and were corrected for any change in the WLC
intensity using the reference beam spectra. The sample was placed in a 1 mm quartz cuvette
(Hellma) or in a home-made cell, with similar thickness but microscope coverglass windows.

43.2 Results

The characterization of the dye-colloidal system by steady-state techniques was carried out
on diluted solutions. The fluorescence experiments could not be realized with concentrated
solutions because of the large scattering due to the colloids and the high extinction of the
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excitation spectrum of the same sensitized unprotected colloid (—).

medium. The ratio of dye molecule per particle was however kept constant and the absorption
spectra of concentrated and diluted solutions gave similar results. As shown on Figure 4.7 A,
the di-anionic form of eosin-5-isothiocyanate in water has a sharp absorption in the visible with
a maximum at 520 nm due to a singlet-singlet transition. The fluorescence emission spectrum
is the mirror image of the absorption with a small Stoke's shift, indicating similar ground and
excited state geometries. The fluorescence lifetime of 1 ns is limited by the efficient inter-
system crossing (80%), due to the presence of the 4 bromine heavy atoms [19].
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Upon adsorption on an oxide surface, the absorption spectrum of the dye is modified. The
oscillatory strength decreases and a shoulder appears on the blue side of the main peak. Similar
features have been observed by Benko et al. [16] upon adsorption of fluorescein on a titania
film. The fluorescence intensity is decreased by a factor of 50 and 4 upon adsorption on TiC>2
or ZrO2 colloids, respectively, but the shape of their emission spectra remains almost
unchanged, compared to the one measured in water, except for the apparition of a very weak
peak centered around 850 nm. Adsorption of the dye on Ludox also leads to a decrease (~ 5
times) in the fluorescence intensity.

Figure 4.7 B compares the absorption spectra of e5i adsorbed on PVA-protected and
unprotected TiO2. The presence of PVA in the medium suppresses the shoulder on the dye
spectrum. Compared to the di-anionic form of e5i in water, the e5i-PVA/TiO2 spectrum exhibits
only a small shift of 6 nm to the red. The excitation fluorescence spectra also shows that the
emissive species in the e5i-TiO2 system is spectrally very close to the di-anionic dye in water
and lacks the shoulder on the blue side of the maximum. It has to be noted that all the results
obtained with eosin or eosin-5-isothiocyanate on TiO2, ZrO2 or Ludox show the same
remarkable features described here. It is also true for the remaining of this work that the
experiments conducted with eos or e5i provided similar results and the presence of the
thiocyanate group does not seem to affect the dynamics observed during this study.
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Transient absorption spectra of eosin 5-10"5 M in water at 10 ps (divided
by 5) (•—), of eosin adsorbed on Ludox (5 g/1) at 10 ps (—) and of eosin

adsorbed on unprotected TiO2 colloid (5 g/1) ( ), 200 ps after excitation
at 500 nm.
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Transient absorption spectra of eosin in water and on two different oxides are shown in
Figure 4.8. The negative absorption change observed with eos in water between 470 and
550 nm can be attributed to the bleaching of the ground state of the dye, formed after the
excitation at 500 nm. The stimulated emission (SE) from the singlet state of the dye also yields
a negative absorbance change from 550 to 670 nm. When eosin is adsorbed on TiC>2, no such
signal can be observed due to the quenching of the fluorescence by electron injection. However,
a positive signal appears between 470 - 480 nm that can be attributed to the cation of the dye
[12]. Surprisingly, both features are observed on the eos-Ludox transient spectrum: the
stimulated emission signal is weaker than in water and the positive signal is visible only from
475 nm.

Transient stimulated emission (SE) of eosin-5-isothiocyanate was measured at 600 nm
following an excitation at 500 nm (Figure 4.9). In water, we observe in the first picoseconds the
rise of this signal due to the cooling of the excited state and only at longer delays the SE decays
due to inter-system crossing or ground state-recovery. The lifetime of the singlet state is
estimated as 580 ps from these data. Compared to the 1 ns fluorescence lifetime found in the
literature [19], this time scale is too short. As the experimental data do not extend over one
nanosecond, only the beginning of the decay can be monitored, therefore the measurement is
not very accurate. Similar dynamics have been measured while following either the ground state
bleaching at 480 nm or the singlet state absorption at 387 nm.
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polyexponential fits of the experimental data shown by triangles for e5i in
water, squares for e5i on TiO2 colloid (5 g/1) and circles for e5i on ZrO2

colloids (5 g/1).
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The SE signal disappears in less then 10 ps when the dye is adsorbed on TiO2. This was
expected, due to the low yield of steady-state fluorescence. The absence of a long lasting tail in
the stimulated emission signal indicates, that one probes only the adsorbed molecules that
undergo efficient electron injection and does not have a contribution from the few remaining
free dye molecules in solution. The dynamics measured on ZrO2 show clearly that two reactions
with very different reaction rates take place from the singlet state of the dye: one ultrafast
process with similar dynamics as observed on TiO2 and a slower one which resembles the
natural decay of the singlet state. The solid lines on the graphs represent poly-exponential fits
of the experimental data. The time constants and amplitudes for each fit are summarized in
Table 4.1.

-0.2 0.6 0.8 1.00.4

Time [ps]
Figure 4.10: Rise of the stimulated emission at 600 nm after excitation at 500 nm of

eosin 5-10"5 M in water ( A ), adsorbed on TiO2 colloids ( • ) or Ludox
colloids ( O ). The inset compares the experimental response from eosin

on colloidal Ludox (—) and from the pure solvent ( ). The solvent
response was subtracted to the data to allow the fitting by a convolution of
a gaussian and a polyexponential showed by solid lines in the main graph.

Figure 4.10 compares the rise of the stimulated emission of eosin in different media. The
inset shows that the solvent added a strong coherent spike to the data. This artifact was
subtracted and the data were fitted with a convolution of a gaussian (88 fs FWHM) and a mono-
or double-exponential up to a few picoseconds. For eosin on TiO2 and Ludox, the best fits
yielded a single exponential decay with 270 fs ± 10 and 480 fs ± 2 half-lifetime respectively. In
water, at these short time scales, the rise due to the cooling of the excited state is observed. The
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deconvolution yielded two time constants: 85 fs ± 25 (66%) and 1 ps ± 2.5 (33%). The large
uncertainty on the second value is due to lack of data after 1 ps. The same transient shown in
Figure 4.9, gives a 1 ps ± 0.5 time constant.

The dynamics of eosin on Ludox colloid was measured at various wavelengths to follow the
different species involved in the deactivation of the excited state (Figure 4.11). At 600 nm,
using the stimulated emission, one monitors the singlet state which shows clearly two very
different decays. At 480 nm, two species contribute to the signal: the ground-state by its
bleaching and the cation which also absorbs in this wavelength range. The bleaching appears
during the excitation and yields a strong negative absorbance change. This transient can
decrease either due to ground state recovery or to cation formation. Around 387 nm, the singlet
state and the anion of the dye have similar absorption cross sections [20,21]. The singlet state
is formed by the excitation at 500 nm, and the apparition of the anion could result from an
intramolecular charge transfer and will be discussed below.

10 10

Figure 4.11: Transient absorption from eosin on Ludox colloid pumped at 500 nm and
probed at 387 nm ( O ), 480 nm ( • ) and 600 nm ( A ). The solid lines
represent polyexponential fits of the experimental data.

Those same wavelengths were used to probe the eos-TiO2 system in Figure 4.12 A. At
480 nm, the negative transient absorption due to the bleaching of the ground-state is
transformed into a positive absorbance change due to the formation of the cation. The dynamics
of the singlet state can be followed at 600 nm or at 387 nm and the difference could be explained
by the formation of anions that contribute to the dynamics at 387 nm. The dynamics of eosin
are strongly influenced by the protection of the TiC>2 surface by PVA, as shown on Figure 4.12
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B. The singlet state is much more long-lived and the stimulated emission decay cannot be
described by a single exponential. However the PVA does not inhibit the formation of the
cation, as a positive absorption is observed at 480 nm after 10 ps.

433 Discussion

Dimer formation

Eosin and other xanthene dyes form dimers or higher aggregates in concentrated solutions
[22]. In aqueous solution at concentrations higher than 10 M [23], eosin starts to form non-
fluorescent H-dimers, where the two chromophores aggregate face to face. The absorption
spectra of these dimers show two maxima at 485 and 540 nm [24]. As a result, a solution that
contains both the monomeric and the aggregated form of the dye is characterized by a decrease
of the absorption maximum and the apparition of a shoulder on the blue side of the main peak
[25].

Some studies have shown that the adsorption of a large number of dyes on a surface can yield
to the quenching of the fluorescence by energy transfer [12,26]. In the present case, we have
paid attention not to overload the surface, however we were limited by the detection limit of
the fs spectrometer. At 5-10"5M eosin for 5 g/1 colloid, the dilution should prevent
concentration quenching of the excited state. With 5 #m diameter, the TiO2 colloids offer a very
large surface area to the dye and the mean distance between two eosin molecules is
approximately 45 A. This is roughly the same distance than between two molecules in a ~
0.02 M solution. At this concentration, one expects that 60% of the molecules will form dimers
[24] and the absorption features of a 0.02 M solution closely matches the ones measured on the
oxide surfaces [23].

The steady-state absorption spectra seems to indicate that dimers are formed on the surface
of the colloids. The distortion of the absorption spectrum of the dye-SC system could also be
explained by a change in geometry of the adsorbed species or by an effect of the pH. The first
explanation can easily be ruled out: if the linkage to the surface was responsible for a change in
the absorption spectrum, this change would also be reflected by the fluorescence excitation
spectrum. The difference between those two spectra, observed with the three different colloids,
indicates that we have two species present on the oxide surface. Moreover, calculated molecular
model of the eosin have shown that the carboxylic group, which should be responsible for the
strong adsorption [14,16], is hardly accessible to surface atoms. Therefore the main factor for
the efficient binding of the dye on the semiconductor nanoparticles is believed to be electrostatic
interactions between a negatively charged dye and a positively charged particle, which does not
imply a change in geometry of the adsorbed molecule.

Some authors even claimed that a charge transfer complex was formed between the dye and
a surface titanium atom [27]. It is shown here that the fluorescence emission spectra of the di-
anionic dye in solution and on the oxide surface have the same shape. Besides, charge transfer
complexes are usually formed with molecules like catechol or alizarin where a di-hydroxy
group can bind strongly to the surface which is not the case here with eosin. A recent publication
has also tried to reveal the existence of this charge transfer complex by Stark emission
spectroscopy [28]. The authors also conclude on the absence of the formation of such complex
in the eosin-Ti02 system. However, as their measurements were realized in a PVA film, they
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Figure 4.12: (A) Transient absorption from eosin 5-10 M on unprotected TiO2

colloids pumped at 500 nm and probed at 387 nm ( O ), 480 nm ( • ) and

stimulated emission of eosin-5-isothiocyanate 5-10 M at 600 nm ( A ).

(B) Transient absorption from eosin-5-isothiocyanate 5-10"5 M on PVA-
protected TiO2 colloid pumped at 500 nm and probed at 480 nm ( • ) and
600 nm ( A ). The solid lines represent polyexponential fits of the
experimental data.
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do not completely resolve the problem. As is shown in Figure 4.7 B, the presence of PVA
modifies strongly the environment of the dye on the surface and the absorption spectrum lacks
the shoulder observed, when it is adsorbed directly on the SC surface. Therefore in a PVA film,
the formation of the charge transfer complex would, in any case, not be expected.

The protonation of eosin would indeed affect the shape of the absorption spectra in a similar
manner to what is shown in Figure 4.7. The mono-anion formed exhibits a only weak
fluorescence and it could account for the difference between the fluorescence excitation and
absorption spectra. At pH = 3, in solution, one observes a decrease of the main absorption peak
but no increase in the shoulder height, but the pH at the oxide surface could be responsible for
a larger distortion of the spectrum due to the presence of species with a higher degree of
protonation [29,30]. From the steady-state data it is hard to discriminate completely against
these two theories. The absence of variation in the absorption spectra of the colloidal solutions
while changing the pH from 2 to 5 hint in favour of the formation of aggregates. The weak
fluorescence peak at 850 nm could help in determining what happens on the oxide surface. It
could either be due to the fluorescence of an other protonation form of the eosin or due to
fluorescence of the dimer. Unfortunately, no reference was found in the literature to determine
the nature of this transition. The dynamic measurements will however show quite clearly that
dimers are present on the metal oxide surfaces.

Table: 4.1: Results of the poly-exponential fits of the dynamics measured with eosin or eosin-
5-isothiocyanate in different media.

Wavelength

Water

Ludox

ZrO2

TiO2

PVA/TiO2

600 nm

1 ps±0.5(-12%)

580 ps ±100 (100%)

490 fs ± 40 (77%)

550 ps ± 200 (33%)

800 fs ±70 (52%)

210 ps ±20 (48%)

160 fs ±50 (58%)

960 fs ±190 (42%)

1.1 ps±0.3(36%)

12ps±4(34%)

110ps±40(30%)

480 nm

580 fs ±150 (34%)

18ps±3(50%)

220 ps ±150 (15%)

280 fs ±120 (43%)

1.9 ps ±1.2(28%)

19 ps ±5 (29%)

1.4ps±0.4(37%)

14 ps ±3(63%)

500 ps ±600 (-17%)

387 nm

12ps±3(74%)

140 ps ±120 (26%)

220 fs ±80 (53%)

13ps±2(47%)
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Intermolecular charge transfer

The transient spectrum of eosin adsorbed on Ludox 10 ps after the excitation shows clearly
that some molecules in the excited state still exhibit stimulated emission, while some have
already reacted to form an oxidized molecule. The dynamics of this process is shown in
Figure 4.11. The transient stimulated emission of the dye undergoes a fast decay that can be
attributed to the formation of the cation. The remaining molecules react on a longer time scale
characteristic of the natural fluorescence of the dye. Similar dynamics are observed with e5i on
ZrO2. While the time scale differ only slightly, the main difference between the two systems
resides in the contribution of both decays, see Table 4.1.

The fast decay of the SE signal can be attributed, without any doubt, to the formation of the
cation. It matches exactly its appearance measured at 480 nm, where a fast rise of the transient
absorption signal is observed. Two processes can yield to the formation of the oxidized dye on
insulating oxide surfaces: electron injection into trap states or intermolecular charge transfer
between two aggregated molecules (Equation 4.2). The first process has been observed with
alizarin adsorbed on ZrO2 [31]. It can occur when the excited state of the dye lies below the
conduction band of the semiconductor and if there are inter-band acceptor sites available for the
electrons. In the present case, this explanation cannot account for the measured kinetics. First
of all, the fact that more singlet state react on Ludox (77%) than on ZrO2 (52%) is not
understandable, when the conduction band edge energy of ZrO2 is lower than that of A12O3, as
one expects to have more trap state closer to the conduction band level. Besides, the
recombination between the cation and the electron after injection into trap states takes place
rapidly (few picoseconds) to partly reformed the excited state by a recombination reaction [31].
Therefore an increase in the stimulated emission signal would be expected at longer times.

Evidence of the occurrence of the intermolecular charge transfer has been obtained by
nanosecond flash photolysis. As shown on Figure 4.13, the transient absorption of eosin
adsorbed on Ludox colloids exhibits a long-lived transient absorption which is not present in
the eos-water system. This transient absorption is attributed to the absorption of the cation and
anion [21], formed by intermolecular charge transfer inside the aggregate only present on the
oxide surface.

(4.1)

S|S*-*S+ |S" (4.2)

(4.3)

(4.4)

This process also accounts well for the ultrafast dynamics measured. The difference in the
amplitude of the stimulated emission dynamics can be explained by the larger number of dimers
formed on the Ludox particles due to their larger size (50 pim for Ludox versus 5 pirn for ZrO2).
The dynamics of the eosin anion formed on Ludox was followed by probing at 387 nm, a region
where the singlet state also absorbs light. During the first picoseconds, a fast transition from the
singlet state to the anion would be expected, however the similarity in absorption cross section
of both species could explain its absence in the measurements. Then a 12 ps decay is monitored
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Figure 4.13: Transient absorption of eosin in water ( • ) and on Ludox colloids ( O ),

5 pis after the excitation by a pulse at 500 nm.

at this wavelength which correspond well to the 18 ps transient at 480 nm, it can be attributed
to the recombination of the two ions to form the ground-state species and therefore appears as
a decrease in the bleaching as well as in the absorption of the anion (Equation 4.3). The slowest
decay observed at every wavelength for the eosin-Ludox system, varies from 550 to 140 ps with
large uncertainties. It is assigned to the decay of the singlet state of the monomer on the surface.
The long-lived signal measured on the nanosecond time scale can be explained by a separation
of the ion-pair in the early times that prevents the fast picosecond recombination (Equation 4.4).

Electron injection

On insulating surfaces, the disproportionation of the dimer takes place within the first
picosecond to form the cation and the anion of the dye, while the monomers relaxes by
fluorescence at longer time scales. On TiO2, the fluorescence of both monomers and dimers is
quenched rapidly by electron injection or intermolecular charge transfer. An identical lifetime
of approximately 200 fs is found in the SE signal, at 480 nm, resulting from the apparition of
the cation, and also at 387 nm, where the singlet absorption decays. It is clear that the monomer
injects efficiently in the semiconductor for no long-lived stimulated emission can be observed.
The occurrence of disproportionation on the injecting surface can be proven (Equation 4.7)
because the SE indicates clearly that the singlet state has completely disappeared after a few ps,
which means that the remaining signal at 387 nm after this delay can only be due to the anion.

Considering only the fastest component of 200 fs and assuming that the intermolecular
charge transfer has a lifetime of 500 fs, and that the stimulated emission decay is the result of
the sum these two reactions, a time constant for electron injection of 260 fs is obtained. In the
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dimer, one has kinetic competition between the two pathways and thus 60% should undergo
direct electron injection (Equation 4.6). However, the electron injection is not a mono-
exponential process and this simple calculation gives only a rough idea of the fast injection rate.
However, it is fairly possible that the anion itself transfers an electron into the TiO2. The slowest
component of 13 and 19 ps measured at 387 and 480 nm, respectively, corresponds well with
the decay measured on Ludox and attributed to the recombination of the dimer, but it cannot be
excluded that, at the same time, some anions inject their electrons in the semiconductor
(Equation 4.8). The proof that the dimer injects efficiently is given by Sayama et al., when they
show that the action spectra of an eosin-sensitized solar cells closely match the absorption
spectrum of the dimer [32].

(4.5)

(4.6)

S|S*|TiO2^>S+ |s"|TiO2 (4.7)

(4.8)

Even if an exact value for the electron injection time constant cannot be given, it is possible
to compare the electron transfer (ET) reaction rate with the time scale of vibrational relaxation
of the excited state. The first experimental evidences of electron injection occurring from
vibrationally hot excited states were published by Moser et al. [10,33]. In the present
experiment, the relaxation of the singlet has been measured by stimulated emission. The rise of
this signal is limited by the rate of population of the lowest vibrational state of the singlet,
because the 600 nm beam probes mainly transitions starting from this energy level. The
deconvolution of the rise yielded two time constants: 85 fs ± 25 (66%) and 1 ps ± 2.5 (34%).
The slower part of this relaxation contains also a contribution from the solvent reorganization.
The deconvolution of the SE signals measured with eosin on TiO2 and Ludox yielded single
exponential decays. No rise component needed to be added for the fitting. If the electron transfer
was limited by the vibrational relaxation of the excited state, one would expect to see the full
rise of the SE signal before the decay due to the electron injection reaction, contrarily to what
is shown on Figure 4.10. The dynamics measured on TiO2, can be explained by two reaction
schemes. Either the ET reaction can indeed only occur from the lowest vibrational level of the
excited state and then the electron injection is almost instantaneous, or there is a possibility to
inject from vibrationally excited states and therefore, the build-up of the SE signal is not
complete. But physically there are no limitations to the electron transfer from vibrationally
excited states and therefore these experimental data can substantiate the presence of hot electron
injection in this system.

In Figure 4.12, the effect of the PVA on the electron injection into TiO2 can be observed.
Compared to unprotected colloids, the reaction time is slowed down by orders of magnitudes
by the presence of PVA, but the cation formation is proven by the apparition of a positive signal
at 480 nm. From Figure 4.7 B, it can be seen that an obvious effect of the addition of PVA to
the system is to break the aggregates. The absorption spectrum of e5i-TiO2/PVA closely
resemble the one of the monomeric form, it is only shifted by a few nanometers to the red due
to the decrease in polarity of the environment. An other effect of the PVA is to prevent a close
contact between the dye and the semiconductor surface. By changing the distance between
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donor and acceptor, one influences the electron transfer rate. Some recent experimental work
[34] have already tried to observe the effect of distance on the electron injection. Asbury et al.
have recorded an influence of the bridge length on the electron transfer and were able to slow
an ultrafast injection down to 260 ps by adding three methyl groups between the chromophore
and the oxide surface. The presence of PVA will induce a distribution of distances between the
dye and the semiconductor surface and this explains the highly non-exponential decay measured
with PVA-protected colloids. Thus, some molecules inject very rapidly while others have
extended their singlet lifetime up to more than 100 ps. The slowing down of the reaction is so
efficient that in the long time, the rate becomes comparable to the natural relaxation of the dye
and the formation of the triplet state becomes possible. Even if it is not stated clearly in their
study, Moser et al have used PVA-protected colloids to monitor the dynamics of the electron
transfer between eosin and TiC>2, therefore they have observed 400 ps time constant for the ET
reaction and 38% formation of triplet state [12,13].

43.4 Conclusions

The discrepancies between the previous measurements with fluorescein and eosin are now
cleared. The presence of PVA yields a distribution of speed for the electron injection that can
range from less than 1 ps up to hundreds of picosecond and even allows a competition with the
formation of the triplet state. In the case of the fluorescein, where unprotected TiO2 was used,
an ultrafast polyexponential injection was observed which is in agreement with the time scales
deduced here for the injection.

In the earlier studies, the formation of dimer was not taken into account. It was shown that
the distortion of the absorption spectra was due to the presence of aggregates on the surface and
concerns approximately 60% of the dyes. The photophysics of these dimers has been studied on
insulating surfaces like Ludox or ZrO2 colloids. Upon excitation, the dimers undergo fast
intermolecular charge transfer. The recombination occurs in the 15 ps time scale but some ion
pairs do not follow this path and are still observable in the nanosecond time frame

When adsorbed on TiC>2, these dimer can either form the ion pair or inject an electron in the
conduction band of the semiconductor. The work from Sayama et al. proves that the electron
injection from the dimer occurs with a good efficiency. We have estimated the ratio of injecting
dimer to be approximately 50%. The electron injection kinetics is a polyexponential process
starting in the 100 fs time frame and extending up to one picosecond. Electron injection from
vibrationally hot singlet states even occurs in the first hundreds femtoseconds following the
excitation.



Ultrafast Dynamics of Electron Injection 97

4.4 Trithiocyanato- Terpyridyl- Ruthenium (II)

Polypyridyl complexes of Ruthenium(II) have been used in a wide range of electron transfer
processes [35]. The stability of these complexes is probably due to the symmetrical t2g

6

electronic configuration. These molecules have already been used at the very beginning of solar
energy conversion dedicated to the photodecomposition of water. The absorption of a visible
photon by the Ru(II) compound allowed to trigger an electron transfer scheme that led to the
formation of oxygen and hydrogen [36,37]. Very naturally, they have been applied to the first
photoelectrochemical cells and their efficiency is still unmatched by other sensitizers.

The now well-known N3 dye (cis-dithiocyanato- Bis(2,2'-bipyridyl- 4,4'-dicarboxylate)
ruthenium(II)) was for a very long time the most efficient sensitizer used in the solar cells [38].
It has now been surpassed by the so-called black dye or N749 (trithiocyanato 4,4',4"-
tricarboxy-2,2':6',2'-terpyridyl ruthenium(II)) [39,40]. Its maximal absorption cross section is
smaller than the one of its predecessor, but the threshold wavelength of the absorption is shifted
to the red. This higher light harvesting efficiency in the NIR region of the spectrum is mainly
due to a lower LUMO, stabilized by the presence of three electron donating thiocyanate groups.

The N3/TiO2 system was one of the first samples subjected to electron injection dynamics
measurements with subpicosecond resolution, due to its direct implication in the solar cell [9].
Since this first publication, many groups have studied this system. They all agree on the
presence of a sub-100 femtosecond component to the dynamics. However, there is some debate
on the presence and physical reason of a slower ps component.

In this section, the results obtained with an analogue of the black dye will be presented. This
is the first part of a project devoted to the study of the bridge length dependence of the electron
injection. Three compounds with either zero, one or two phenyl groups attached between the
terpyridyl moiety and the phosphonate anchoring group have been sensitized. The results
obtained with the first one of these compounds (Z235) will be presented here.

4.4.1 Materials and Methods

TiC>2 films, with a thickness of 10 ptm, were prepared by doctor blading on flint glass
following a previously described procedure [38,41]. After sintering at 450°, the films were
dipped in an ethanolic solution of the dye (10~4 M) and left overnight for adsorption. The
absorption of the film was close to 1 OD at the maximum of the absorption band in the visible.

Steady state absorption was carried out on a HP-8353 spectrophotometer (Hewlett-Packard).
Nanosecond flash photolysis experiments were carried out with the Nd:YAG laser set-up
described previously (see "4.3.1 Materials and Methods", page 84).

4.4.2 Results and Discussion

The light absorption properties of Z235 and N749 are shown on Figure 4.14. The absorption
in the visible region is due to two MLCT transitions at 570 nm and 370 nm for Z235, while
further in the UV, one can observe strong jt-jt* ligand centered transitions. It has been shown
that the absorption spectrum of N749 can be modified by the protonation of the carboxylate. As
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the solution pH is lowered from 11 to 2, the maximum of the MLCT band shifts from 570 to
600 nm [39]. Therefore, it is not very surprising to observe a similar shift of the absorption
between Z235 and N749. Except for this 30 nm shift of both MLCT bands, the spectral features
of the two compounds are very similar. The adsorption on the TiO2 surface does not affect
strongly the absorption spectrum of the dye, apart from a slight red-shift of the absorption and
an increase in the contribution of the shoulder at 530 nm. Similar features were also observed
upon adsorption of N749 on TiO2 [42].
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Figure 4.14: Absorption spectra of Z235 in ethanol ( ) and adsorbed on a TiO2 film

(—). The spectrum of N749 in solution (—) is shown for comparison.
The inset shows the molecular structure of Z235.

Nanosecond transient absorption measurements, showed on Figure 4.15 allowed to
determine the absorption of the excited state and oxidized state of the sensitizer. After excitation
of the dye in an ethanolic solution at 520 nm, one observes a positive absorption change all over
the UV-VIS region of the spectrum. It is due to the absorption of the triplet state of the dye,
which is formed within a few hundreds femtosecond after excitation [43-45]. The absorption of
the terpyridyl anion, which is very strong in the visible region [46] compensates for the
bleaching of the ground-state. Therefore no negative transient absorption can be observed. The
decay of the excited state occurs with a 34 ns lifetime in ethanol.

When exciting the same dye adsorbed on TiO2, the transient spectrum is modified strongly.
The bleaching of the ground-state is visible below 620 nm. Above this wavelength, the strong
transient absorption is assigned to the absorption of both oxidized state of the dye and to the
injected electrons in TiO2. This transient is long-lived and decays on the microsecond time scale
due to recombination between the injected electron and the oxidized dye. Very similar transient
absorption features were observed with the black-dye in solution and adsorbed on TiO2 [42].
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Figure 4.15: Transient absorption of Z235 in ethanol ( O ) 30 ns after the excitation at
520 nm and on TiO2 ( • ) I pis after exciting at the same wavelength. The
inset compares the transient absorption measured at 1 pis after the
nanosecond excitation at 520 nm ( • ) and a transient spectrum measured

50 ps (—) after a fs pump pulse centered around 535 nm.

When comparing the transient spectra acquired 50 ps after a femtosecond pulse and 1 pis
after a nanosecond excitation, one can see that the transient absorption due to the cation has only
decreased of one fourth. However, the negative absorption change is strongly modified between
these two times. The minimum at 50 ps is close to 580 nm, while it lies around 550 at longer
times. The transient absorption signal remaining at 580 nm after l/«s is only one fourth of the
signal measured after 50 ps. This difference could be explained by the trapping of the electrons
into deep trap states. Different absorption spectra for the trapped electrons can be found in the
literature with maxima varying from 575 nm to 800 nm [47-50]. However, it would imply that
the trapping dynamics still occur after 50 ps. This is in contradiction with previous
measurements, which have observed a fully developed electron absorption spectrum after 30 ps
[47,51].

The ultrafast dynamics measured in a pump-probe experiment are shown in Figure 4.16. The
dynamics of the dye in solution show an instantaneous rise due to the formation of the excited
state and the subsequent relaxation of this state. The fit of the experimental data with a
convolution between a 200 fs gaussian and a double exponential rise yielded the following time
constants: 3.8 ± 0.2 ps (46%) and 53.3 ± 0.7 ps (54%). This dynamics represent the cooling of
the dye towards a lower excited state. The formation of the triplet state should occur on a faster
time scale in these Ru(II) polypyridyl complexes [43-45] and therefore can not be held
responsible for the observed dynamics. However the strong solvent dependence of this transient
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Figure 4.16: Transient absorption dynamics of Z235 in ethanol ( O ) and on TiO2 ( • )

measured at 570 nm after pumping at 535 nm. The inset shows the same
traces on a smaller time scale. The solid lines represent polyexponential
fits of the experimental data convoluted with a 200 fs gaussian
representing the instrument response.

(compared with acetonitrile or 3-methoxy-propionitrile) hint in favor of a molecular relaxation
process. The faster component could be due to the vibrational relaxation of the dye while the
slower one could be assigned to the reorganization of the solvent molecules around the excited
state.

The measurement of the transient absorption of the dye adsorbed on TiO2 delivers the
following time constants: 820 ± 35 fs (49%) and 17.5 ± 2.2 ps (51%). The transition from a
positive absorbance change to a negative one is due to the disappearance of the excited state to
form the oxidized dye. Therefore these dynamics can be attribute to the electron injection
reaction. Due to the slow time resolution (200 fs) an initial ultrafast decay can probably not be
monitored. However, if one compares the initial transient absorption of the dye in solution and
on the oxide surface, one can see that the latter is only the half of the first one indicating that
approximately one fourth of the excited state have already reacted within the crosscorrelation
duration. This is only a rough approximation because the two samples have slightly different
transmission properties, which will affect the measured transient signal (which is not a real
absorbance change). A better reference to characterize the contribution from the ultrafast
component would be to use the dye adsorbed on an insulating metal oxide (ZrO2 or AI2O3),
because the photophysic of the dye would be closer to the one on TiO2.
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Many authors have found a similar polyexponential kinetics for the electron injection, where
the slowest component varies from 1 to 20 ps, but in some work only an ultrafast component
was observed (see for reference [52,53] and literature within). In the present case, this slower
dynamics are clearly observable. However it not clear, whether it is solely due to the electron
injection dynamics. Some vibrational cooling of the cation and conduction band electron
trapping could also contribute to the observed transient signal.

There are two ways to explain the presence of these slower dynamics: it could be due to the
heterogeneity of the system or the injection from different excited states of the dye. The
heterogeneity of the TiO2 film could be explained by microscopic variations of the surface
charge of the oxide and therefore influence the density of acceptor states [54,55]. Also different
absorption strength [56] or geometries could lead to different electronic coupling strength Hej,
which could in turn lead to a modulation of the electron injection dynamics. The injection from
the singlet state and triplet state have also been invoked to interpret this fast and slow
components [42,52,53,57]. In this case, the injection from the singlet state is supposed to be
ultrafast, because the energy difference between the singlet state and the conduction band edge
is larger than the reorganization energy A, allowing for an activationless reaction. However, this
reaction competes with the inter-system crossing dynamics. Injection from the lower lying
triplet state would then require an activation energy and would therefore be slower.

Most probably, both of these explanations are partly true because neither of them can account
for all the observed phenomena. The heterogeneity of the system cannot validate a difference in
injection dynamics influenced by a change in excitation wavelength [53]. Neither can the dual
excited state model explain why polyexponential dynamics are observed in systems where the
triplet state is formed at much longer times [14,54].

The kinetics measured by Bauer et al. [42] for the electron injection process with the black-
dye (<100 fs (75%) and 20 ps (25%)) are slightly faster to the one obtained here with Z235.
Especially, the contribution from the ultrafast component seems larger with N749. A better
comparison of the two sensitizers, should be obtained with identical experimental conditions.
However, the difference could be due to the different absorption geometries of the two
compounds. FT-IR spectroscopy of the N749-TiO2 system has suggested a bidentate
coordination mode via two carboxylic groups [42]. The presence of a single anchoring group on
the Z235 cannot allow for such configuration and therefore the absorption geometries of the two
dyes must be different.

4.43 Conclusion

Electron injection from Z235 into TiO2 occurs on an ultrafast time scale, but the dynamics
have a relatively important contribution from the slow components compared to other Ru(II)
polypyridyl complexes [42,52,53]. The difference may be due to the different adsorption
geometry between this dye and the other compounds where two carboxylate groups are
anchored on the surface. A better assessment of these dynamics and especially of the ultrafast
part could be obtained by comparing the dynamics of this dye anchored on TiO2 and ZrO2, with
an improved temporal resolution. Once this has been achieved, characterization of the Z235
analogue with different bridging length could be undertaken.
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4.5 PbS nanoparticles

One of the major challenge for dye-sensitized solar cells is to replace the liquid electrolyte
to obtain a solid state system. Some cells have already been built with a hole conductor that
replaced the standard iodine/iodide redox couple used in traditional solar cells [58,59]. Another
step toward this development is the replacement of the dye by quantum dots that absorb in the
visible region and are able to inject in the TiO2 conduction band [60-62]. PbS is a very good
candidate for this, because its large Bohr radius allows an easy tuning of its absorption
properties and therefore of its conduction band edge. The work from Vogel et al. [60] has shown
that PbS sensitized photoelectrochemical cells reached incident photons-to-electron conversion
efficiencies (IPCE) close to 80% with a good light harvesting properties up to 800 nm. These
cells experienced severe problems due to the corrosion of the quantum dots by the electrolyte.
The use of a hole conductor might offer a better solution for the regeneration of the PbS
nanoparticles. This type of heterojunctions have shown IPCE values reaching 45% in the blue
region of the spectrum [63].

On a more fundamental aspect, it is very interesting to study the electron transfer between
two semiconductors nanoparticles. The recombination dynamics of the hot carriers created by
light excitation are a complicated process (see "Recombination processes", page 18). It would
be interesting to find at which stage of the relaxation does the electron pass from one particle to
the other. The other goal of this study is to observe the transfer of the hole from the PbS
nanoparticle to the hole conductor. This process was already studied with dye sensitized
nanoparticles and was found to happen on a broad time scale ranging from <3 ps to >1 ns [59].
In this section, the results obtain for PbS sensitized TiO2 and ZrO2 films will be presented to
allow a comparison between conducting and insulating materials. And in the case where the
electron injection is feasible, the hole transfer will be monitored with sensitized TiO2 films
coated with a hole conductor layer.

4.5.1 Material and method

The preparation of the sensitized TiO2 film has been fully described in the literature [63].
Briefly, the ZrO2 or TiO2 layer of 2.5 pirn were deposited on a glass slab by screen-printing. The
mesoporous films obtained were dipped into an aqueous saturated lead nitrate solution, rinsed
with water and then dipped into a 0.2 M Na2S solution and rinsed again. This coating cycle was
repeated many times to increase the PbS particle size. The hole conductor was introduced into
the pores by spin coating a chlorobenzene solution of 2,2',7,7'-tetrakis(J/V,iV-di-p-
methoxyphenylamine)-9,9'-spirofluorene (spiro). The doping level of the hole conductor is
controlled by the addition of additives that oxidize a small fraction of the spiro molecules
[58,63]. The evaporation of the solvent left a thin layer of this compound on the semiconductor
film. The absorption spectra were measured on a Cary 5 UV/VIS/NIR spectrophotometer.

The dynamic studies were realized with a pump pulse centered at 600 nm. The probe
wavelength at 1400 nm was generated with the NOPAS running in the infrared region. The
probe pulse at 778 nm was directly taken from the fundamental of the laser. The pump and
probe energies (< 0.5/<J) were controlled with care using diaphragms to prevent any
degradation of the sample.
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4.5.2 Results

The absorption spectrum of the PbS nanoparticles on TiO2 is shown on Figure 4.17. It is
clear from this graph that the more coating cycles, the larger the particles become. With a band
gap of 0.41 eV, bulk PbS has an absorption starting at 3;<m. For a single coating step, the
absorption threshold lies around 700 nm, while after 10 cycles it is above 1400 nm, which
indicates that there is a strong quantum confinement in these PbS particles. Pictures acquired
with a high resolution tunneling electron microscope have shown that the particle diameter after
seven coatings was on the average 6 nm [63]. The films used in this study underwent five
coating cycles, which corresponds to the optimum particle size used in solar cells.
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Figure 4.17: Absorption of PbS sensitized TiO2 films. The number on each curve
indicates how many times the coating cycles were repeated.

The spectra from the different redox species of the hole conductor, measured by
spectroelectrochemical means, has been found in the literature [63,64] and is shown in
Figure 4.18. The spectrum from the double oxidation product is very different from the one of
the neutral species. Due to the nature of the spiro compound the two perpendicular moieties do
not interact. Therefore there is a linear transition between the reduced and doubly oxidized
spiro. The mono-oxidized species having only half of the absorption cross section of the final
product. The oxidation of the hole conductor leads to the apparition of two new absorption
bands. The first one lies in the visible region and has a maximum around 500 nm, the other one
is very broad and covers most of the NIR region with a maximum around 1400 nm.

Two wavelengths were chosen to probe the dynamics of this system. At 778 nm, it was hoped
that the results published by Patel et al. [65] regarding the relaxation dynamics of the excited
electrons in PbS could be reproduced. The results obtained for the different films are presented
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Figure 4.18: Absorption of the spiro hole conductor in the twice oxidized

(spiro2+) ( ) and reduced form (—). These spectra have been extracted
from published literature data [64].

in Figure 4.19. At this wavelength, the oxidized spiro does not absorb much more than the
reduced species and the conduction band electrons in TiO2 have a small cross section.
Therefore, these two species will contribute only marginally to the measured dynamics.

Previous experiments, monitoring the dynamics of the hole conductor, were realized in the
visible region and followed the formation of the 500 nm band [59]. To avoid the contribution
from the PbS transient bleaching that might be associated with a probe wavelength centered
around 500 nm, the NIR region was selected to follow this process. A probe wavelength of
1400 nm was chosen which corresponds to the maximum of the oxidized spiro absorption. At
this wavelength the electrons in PbS and TiO2 also contribute to the dynamics.

The pump wavelength was set at 600 nm to minimize the excitation of the pre-oxidized spiro
present in the film. The pump energy was limited to the minimum to prevent any degradation
of the sample. However tests at different energies showed that the dynamics in the first 10 ps
did not show any dependence on this parameter. This finding is consistent with previous results
[65]. The maximal absorbance change measured at short times depends on the overall
absorption of the sample. All TiC>2 samples had a very similar absorption. The data measured
at 778 nm were actually acquired with same TiO2 film prior and after coating of the hole
conductor. However the ZrO2 films have a smaller surface area, due to smaller porosity of the
films. The absorbance of these samples was approximately half of that of the TiO2 samples,
which explains also the smaller transient absorption signals measured with these films.
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Figure 4.19: Dynamics of PbS with ZrO2 ( O ), TiO2 ( • ) and TiO2 and spiro ( A ),

probed at 778 nm (A) and 1400 nm (B). The lines represent the poly-
exponential fit of the data for PbS on ZrO2 (—), TiO2 (•••) and TiO2 and
spiro (—). The inset of panel A shows the fits at 778 nm, normalized for a
better comparision.The inset of panel B shows the normalized data for the
TiO2 and ZrO2 films.
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At 778 nm, there is surprisingly little difference in the maximal transient absorption between
the different semiconductors films, but at 1400 nm, this difference is obvious. The inset of
Figure 4.19 B shows the normalized data measured with the TiO2 and ZrO2 samples. One can
see that the long lasting signal measured with the TiO2 is only slightly above the detection limit
of the ZrO2 experiment. Therefore one may not be able to detect some longer lasting dynamics
of the ZrO2 sample.

4.5.3 Discussion

The dynamics measured on ZrO2 films at 778 nm were found in good agreements with the
results from Patel et al. [65]. They observed a double exponential decay with 1.2 ps and 45 ps.
They claim that the relaxation of the hot electron and subsequent trapping in shallow traps
occurs in less than 150 fs (Equation 4.10). The 1.2 ps time constant is attributed to further
trapping into deep traps (Equation 4.11) and the slower dynamics to recombinations with
valence band holes (Equation 4.12). The time constant obtained with our experiments are given
in Table 4.2. The slight difference with the literature values can be due to the differences in size
or shape and to the absence of capping agent on the nanoparticles. The transient at 1400 nm
shows only the first part of these dynamics. The deeply trapped electrons do not absorb
sufficiently at this wavelength to contribute to the signal.

+ hco-*e~hot(PbS) + h+(PbS) (4.9)

ehOt(PbS)-*e"ST(PbS) (4.10)

e~S T(PbS)^eD T(PbS) (4.11)

fA (4.12)

Fluorescence measurements of PbS on ZrO2 and TiO2 films show clearly that a quenching
of the electrons occurs when the quantum dots are adsorbed on TiO2 [63]. The lower conduction
band edge of the latter semiconductor allows an efficient electron transfer. Other experiments
have also monitored the photoconductivity of the PbS sensitized TiO2 nanoparticles due to an
efficient charge separation [60,61].

However, there is surprisingly little dynamic measurements of the electron transfer between
two semiconductor nanoparticles. The first study in this domain by Gopidas et al. found an
upper limit of < 20 ps for the electron transfer from CdS quantum dots to TiO2 nanoparticles by
picosecond transient absorption [66]. The sensitization of Agl by CdS was also studied in this
paper and yielded much slower injection time scale (45 ns), because the energy difference
between CdS and Agl conduction band is only of 0.1 eV against 0.5 eV for the CdS-TiO2
system. Another study on this nanoparticle couple with femtosecond resolution yielded a 2 ps
rate constant for the electron transfer reaction [67]. In this case, the trapped electrons in CdS do
recombine with a double exponential decay of 2.5 and 50 ps. In presence of TiO2, the fast decay
is slowed down to 4 ps due to the formation of the electrons in the conduction band of the TiO2,
which have a similar cross section than the one in CdS.
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Table: 4.2: Results from the polyexponential fits for PbS sensitized nanoparticles.

PbS on ZrO2

PbS on TiO2

PbS on TiO2

with spiro

778 nm

0.98 ps ±0.1 (80%)

31 ps ±10 (20%)

0.83 ps± 0.1 (81%)

19ps±5(19%)

0.47 ps ±0.07 (61%)

4.2ps±l (23%)

300 ps ±150 (16%)

1400 nm

1.1 ps ±0.1

Lips ±0.1 (90%)

84ps±43(10%)

0.78 ps ±0.2 (60%)

3.9 ps ±3(15%)

(25%)

In the present experiments, the dynamics of the electrons in PbS seem unaffected by the
presence of TiO2 rather than ZrO2. The dynamics are only marginally slower in presence of the
non-injecting material. The fact that the electron relaxation dynamics in PbS are also observed
on an injecting surface allows to rule out a ballistic electron transfer as proposed by Nozik [68]
and observed at semiconductor-liquid interfaces [69] or between metal electrodes [70]
(Equation 4.13). In the PbS-TiO2 system, the reaction clearly takes place from the trapped
electrons in PbS (Equation 4.14).

(4.13)

;T (PbS) + A (4.14)

The only indication of the charge separation process is the long lasting signal measured at
1400 nm. From this trace, one would predict that the electron transfer takes place from the
shallow traps. However, the data at 778 nm seem to indicate that the same number of deep traps
are formed in presence or absence of the TiO2 and therefore that the electron transfer takes place
from these lower lying states. Probably, the reaction takes place from both shallow and deep
traps. The small amplitude of the signal at longer times does not really allow to exclude one
possibility or the other.

What is more interesting to notice is that the absence of difference between the dynamics on
ZrO2 and TiO2 lead to think that the electron transfer is limited by factors that depend only on
the PbS characteristics. For instance, injection from the shallow traps and deeper trapping
should have the same time constants. This could be understood if both are limited by the same
process, which could be the detrapping of the electron. Once the electron is again in the
conduction band, it can react extremely rapidly with an acceptor state which can be either a
deeper trap or the TiO2 conduction band.

The dynamics of the hole transfer is fortunately more easily understood. Both traces at 778
and 1400 nm contain a 4 ps time constant that can be attributed to the transfer of the hole from
the PbS to the spiro (Equation 4.15). The usually fast trapping of the holes in semiconductor



108 Results and Discussion

compared to the "slow" 4 ps electron transfer reaction, leads to think that the reacting species
are trapped holes. However, no indication can be obtained on the nature of the holes from our
experimental results.

h+(PbS) + s p i r o ^ s p i r o + + A (4.15)

At 1400 nm, the formation of the oxidized hole conductor is clearly observed and this species
lives for at least 200 ps. This result is comparable to the previous measurements from Bach et
al. [59] where they observed dynamics ranging from <3 ps to >1 ns for the interception of a dye
cation by the same hole conductor. They attributed this broad time range to the fact that there
was a statistical distribution of distances between the dye and the spiro molecules as well as a
different number of spiro compound around each dye. The single exponential observed in this
experiment seems to indicate that the contact between the hole conductor and PbS quantum dot
is efficiently realized within these films.

Hole transfer dynamics have also been measured on ultrafast time scales between
nanoparticles and electron acceptors adsorbed on their surface. Subpicosecond hole transfer
were measured between SCN" and h+(TiC>2) which have shown to enter in competition with the
hole trapping dynamics [71,72]. Somewhat slower reaction rates (~3 ps) were measured
between 4-amino-thiophenol and holes in CdSe [73]. These latter results are in better agreement
with our measurements of hole transfer between spiro and PbS nanoparticles. It may be due to
the fact the electron transfer distance must be relatively similar in these two systems.

At 778 nm, the 4 ps decay can hardly be associated to the formation of the oxidized spiro
because this wavelength region corresponds to a minimum of its absorption spectrum. However
one could imagine that the disappearance of the hole from the valence band could affect the
absorption feature of the trapped electron. Anyway, one clearly sees that the removal from the
hole lengthens the lifetime of the electron in the conduction band because a third decay
component of 300 ps (ten times more than in the absence of spiro) is required to fit the final
decay of the trapped electrons. At 1400 nm, there is also a long time decay that could not be
fitted accurately but corresponds to 25% of the initial absorbance change. It can be interpreted
as the beginning of the recombination reaction. Nanosecond studies have shown that this
reaction occurred mainly in the microsecond time scale [63]. However, as a large number of
electron-hole pairs per particles was created by the high fluence of the laser pulses, it is possible
that it leads to an acceleration of the recombination process.

4.5.4 Conclusion

The fast transfer (4 ps) of the hole from the PbS nanoparticle to the spiro hole conductor is
an excellent result for the applicability of this technology in solar cells. It means that the hole
conductor enhances the charge separation, because it competes with the recombination reaction
inside the PbS nanoparticle. When the spiro is present, the lifetime of the trapped electrons in
the PbS is even extended by a factor of ten. This is all the most necessary because the electron
injection is not as efficient as in dye sensitized systems. Steady-state measurements have
demonstrated the presence of electron injection in the PbS-TiO2 system. However the dynamic
measurements do not allow to characterize this reaction, due to the similarity observed in the
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kinetics measured with PbS absorbed on ZrO2 or TiO2 films. The electron transfer process
initiates from trapped states in the PbS and is probably limited by factors that are inherent to the
PbS nature.
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4.6 Conclusions

In this chapter, the validity of the experimental set-up was tested successfully with malachite
green. The relaxation dynamics of this dye have already been measured by different groups [1-
6]. Comparison of these published results with the experimental data obtained here allowed to
certify the ability of the femtosecond spectrometer to measure ultrafast dynamics. Some lack of
temporal accuracy for the two colors experiment and a relatively high detection limit for the
transient spectra measurement were however noted. This first flaw has been cured by an
improve interaction geometry. However, the second one has still to be improved, probably by a
more stable white light continuum generation.

Eosin and Ru(II) terpyridyl sensitizers

The measurement of the electron injection from eosin into TiC>2 has been undertaken to
understand some discrepancies appearing in the literature [12-14,16]. It was discovered that the
presence of PVA, used as a stabilizing agent for colloidal TiO2, prevented a close contact
between the electron acceptor and the electron donor. Therefore, the charge transfer dynamics
were modified from an ultrafast reaction rate, with naked TiC>2 particles, to a multiphasic
injection reaction, which could enter in competition with the natural decay of the singlet state,
when PVA was present. The measurements of the stimulated emission, in water and on injecting
and non-injecting metal oxide colloids, together with the monitoring of the cation and anion of
eosin, allowed to put forward the presence of a intermolecular electron transfer between dimers
formed at the oxide surface. This reaction entered in competition with the electron injection
process when the dye was adsorbed on TiO2.

Charge injection dynamics of a Rufhenium(II) terpyridyl complex adsorbed on TiO2 were
monitored by following the disappearance of the excited state, leaving place to the bleaching of
the ground state of the dye. A polyexponential fit of the data delivered time constants of 0.8 and
17 ps. An ultrafast component was probably hidden by the convolution of the pump and probe
pulses. These data were in good agreement with previous dynamic measurements of the
injection reaction from Ru(II) complexes [9,42,53,74,75]. A better evaluation of the ultrafast
component should be undertaken by comparing the transient absorption of the dye adsorbed on
TiO2 and on ZrO2. Three orders of magnitude separated the slowest injection time constant
(17 ps) from the natural decay of the dye excited state (34 ns). This ratio ensures the efficiency
of the electron injection process in the DSSC sensitized by Ru(II) complexes.

Eosin and other xanthene dyes have often been used as model sensitizers to understand the
charge injection process into semiconductors. The sharp absorption features of the dye and the
minor overlap of the different species involved in its photochemistry allows an easier
monitoring of the reactions compared to the Ru(II) polypyridyl complexes. Both of these
compounds injected in TiO2 on an ultrafast time scale. Eosin could be a good model sensitizer
to probe the influence of the heterogenity of the medium because the injection takes place only
from a single excited state. However, it has been shown here that other chemical problems, due
to the dimerization on the surface, perturb the electron injection process. Therefore, the yield of
electron injection from the first excited state is not equal to one and the large fraction of
intermolecular electron transfer prevents an accurate monitoring of the electron injection
process.



Ultrafast Dynamics of Electron Injection 111

Quantum dots sensitization

Quenching of the emission and photocurrent measurements have shown that PbS quantum
dots sensitize the TiO2 with a good efficiency [60,61,63]. However, comparison of the
dynamics measured on TiO2 and ZrO2 did not allow to monitor the electron transfer process
between the two nanoparticles. In both case the electron relaxation in PbS was observed and
only slight differences could be monitored between the adsorption on a injecting or non-
injecting semiconductor. Nevertheless, the presence of a hole conductor allows to improve the
charge separation in this system. Formation of the oxidized spiro is clearly observed on the 4 ps
time scale and recombines only on the microsecond regime.

It is interesting to compare the electron transfer processes between the dye sensitized and
quantum dots sensitized TiO2 nanoparticle. The electron injection process from dyes has been
shown to occur on an ultrafast time scale and part of it happens even prior to vibrational
relaxation. On the other hand, the electron transfer from the PbS nanoparticles occurs on a much
slower time scale. No hot electron transfer reaction was monitored. The electron transfer to the
TiO2 particles takes place from trapped states in the picosecond regime and competes with the
electron-hole recombination dynamics. This limits strongly the quantum yield for electron
injection. A lower electronic coupling in the PbS-TiO2 system is probably the cause of this slow
reaction rate.

In the dye-SC system, the electron injection process occurs first and at longer times the hole
is transferred to the redox mediator. A crucial competition occurs then between the
recombination reaction and the regeneration process. In the PbS-TiO2 system, the hole transfer
to the spiro is very efficient and even improves the efficiency of the charge injection process.
Therefore in this system the crucial competition lies between the injection reaction and internal
recombination process. The efficiency of these cells could be improved by slowing down the
electron-hole recombination and by accelerating the charge injection process.
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CHAPTER 5, CONCLUSIONS AND

OUTLOOK

This chapter will be divided in two parts. In the first section, the experimental work presented
in the previous chapters will be summarized. In a second part, some experiments that could be
realized on this newly developed femtosecond spectrometer, to improve the knowledge of the
electron injection reaction between dyes and semiconductors will be described.

5.1 Summary

The layout of the femtosecond spectrometer has been presented in Chapter 3. It was shown
how the pulses generated by the CPA could be tuned in frequency by optical parametric
amplifiers to reach different regions of the spectrum. A first pulse was used to excite the sample,
while a second one probed the transient absorption occurring. This pump-probe technique
allowed to monitor ultrafast dynamics by changing path length travelled by the two pulses. The
temporal resolution was given by two parameters. The first one was the minimal displacement
of the translation stages and the other one was the convolution of the two pulses. This latter
factor, measured by Kerr gating in glasses, has been improved by changing the interaction
geometry between the pulses.

Two types of experiments have been developed. The first one, called two colors experiments,
used a pump and a probe pulse coming from two different OPAs. In that way, one could tune
both beams to the desired frequencies to monitor the photo-chemical reaction under the best
conditions. Due to the good stability of the NOPAs and their short pulse duration, these
experiments provided a low detection limit (0.1 mOD) and an short cross correlation (60 fs).

117



118 Conclusions and Outlook

However, to know which wavelength was the best suited to monitor a certain reaction, one
had to be able to acquire transient spectra even at the shortest time. To do this, white light
continuum pulses used as probe, were generated in a sapphire window using the fundamental
of the CPA. The measurement of a signal and reference spectra with a double diode array at a
given time delay allowed to measure transient absorption spectra.

The validity of the experimental set-up was tested with malachite green. Triphenylmethane
dyes are well-known to undergo an ultrafast relaxation to the ground-state. Many authors have
studied this process using either two colors pump-probe experiments [1,2] or by measuring
white light transient spectra [3,4]. Good agreement was found between published results and the
experimental data obtained.

Both techniques were then further used with the different chemical samples where electron
injection was known to occur. Eosin adsorbed on metal oxide colloids proved to form some
dimers. On non-injecting surfaces, these aggregates underwent ultrafast intermolecular electron
transfer. When the injection was possible, the two charge transfer reactions entered in
competition and therefore, the electron injection yield was diminished. The presence of PVA in
the colloidal solution prevented the formation of aggregates, but also increased the distance
between the donor and acceptor state. Therefore the injection reaction is slowed down and could
even compete with the inter-system crossing dynamics of the dye, as was previously observed
by Moser et al. [5].

Then, thin TiO2 film were sensitized by Z235 or PbS quantum dots to follow the injection
dynamics from potential DSSC sensitizers. Z235 is an analogue of the black dye which is
currently the best dye used for solar energy conversion. Nanoparticles on the other side offer a
promising alternative for sensitization of wide band gap semiconductors. The dynamics of
electron transfer from Z235 to TiO2 observed here were similar to published results with other
Ru(II) polypyridyl complexes [6-10]. The polyexponential injection dynamics started with a
first ultrafast component that could not be resolved and were followed by two picosecond time
constants. This was very different from the observed dynamics between PbS and TiO2- In this
case, the electron relaxation in the PbS nanoparticle did not seem to be affected by the charge
transfer reaction. The electron injection process was supposed to take place from the trapped
electrons in PbS. Hopefully, the hole transfer reaction in this system occurred on a fast time
scale and enhances the charge separation process. The difference between the ultrafast and very
efficient injection from the dyes compared to the sluggish electron transfer process from
quantum dots must reside in a weaker electronic coupling in the latter system.

5.2 Outlook

In this work the ability of the set-up to monitor the electron injection process was
demonstrated. New experiments will have to be designed to observe which factors can influence
the rate of this reaction. Starting from the Fermi golden rule and its application to the case of
interfacial electron injection, one can see that three different parameters should modulate this
rate: the electronic coupling, the density of final states and density of acceptor states.

A 2 1
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In the following paragraphs, experiments designed to test the influence of each of these
parameters will be described.

The electronic coupling

The electronic coupling depends strongly of the nature of both donor and acceptor states. It
has been demonstrated that a dye like alizarin, which form a strong charge transfer band on the
surface of T1O2, m J e c t s much faster than Ru(II) polypyridyl complexes, which are only weakly
interacting with the semiconductor [11]. Unfortunately, it is difficult to estimate this coupling
strength and to tune it at will by changing the nature of the dye.

However, the electronic coupling decreases exponentially with the distance between the
donor and acceptor (Equation 2.18). Therefore, by tuning this distance, one may be able to
change the electron transfer rate constant. This effect has already been observed by Asbury et
al. [12]. The sensitization of PVA-protected TiO2 by eosin presented in this work is another
very good example of this phenomena.

Core shell semiconductor Bridged sensitizer

Figure 5.1: Strategies to modulate the distance between the dye and semiconductor
surface, using either a core shell structure or a bridged dye.

Two different strategies can be elaborated to change the distance between the dye and the
semiconductor, as is shown on Figure 5.1. The first idea, similar to what has been done by
Asbury et al. [12], is to add a bridge between the anchoring group and the chromophore. In that
work, one or three -CH2- units were added to the initial dye to monitor this effect. One problem
inherent to this strategy, is that the flexibility of the alkyl chain may result in a wide distribution
of distances between the dye and the semiconductor surface. A new family of chromophores has
been synthesized starting from the Z235 dye and adding one or two phenyl groups between the
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phosphonate anchoring group and the terpyridyl ligand. The rigidity of the bridge should be
improved, but tilting of the molecule cannot be prevented. The other strategy is to coat the TiO2

particle with a thin layer of insulating material in a core shell structure [13]. If one becomes
capable of controlling the thickness and the homogeneity of the insulating layer, it could be the
ideal system to test the distance effect on the electron injection rate.

The density of final states

The density of final state is controlled by the vibrational energy spacing of the dye cation.
One could increase this spacing and therefore decrease the injection rate by rending the
molecule more rigid by linking phenyl groups together or adding CO groups. This kind of
modifications may also modify some other parameters of the reaction (the electronic coupling
for instance). Therefore, it is probably hard to design an experiment where only the density of
final states is modified. However, this question is also linked to a broader subject which is the
relation between the vibrational motion and the electron transfer.
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Figure 5.2: Double pulse excitation scheme to probe the influence of the vibrational
excitation on the electron injection.

Willig and co-worker have demonstrated the survival of a vibrational wavepacket formed in
the excited state of the molecule after the injection process is over [14]. Due to the similarity of
the excited state and cation vibrational frequencies, the vibrations remain almost unaffected by
the electron transfer process. In the present case, one is limited to study the vibrations activated
by the photoexcitation (i.e. the vibrations which are coupled to the Franck-Condon state).
However, some other vibrations might play a role in the electron injection process. Therefore,
a two photons excitation scheme could be designed to try to observe the influence of any
vibrations. A first pump pulse would be sent to bring the dye in the lowest vibrational level of
its excited state, lying below the conduction band of the semiconductor. A second pulse,
corresponding to a well defined vibration of the dye, would bring the dye in a favorable energy
level for injection. By changing the exciting frequency, one would hope to see differences in the
charge transfer rates.
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The density of acceptor states

A few experiments have been realized to try to see an effect of the density of states. Asbury
et al. [15] found large differences between the injection dynamics into TiC>2 and ZnO that could
be explained by a smaller density of acceptor states in ZnO [16]. These findings have been
contradicted by Bauer et al. [7], explaining that the slower dynamics observed with the ZnO
films could be rationalized by the formation of aggregates on the surface. A strong effect, due
to a lower density of states, has however been observed with M0S2 nanoclusters sensitized with
a Ru bipyridyl complex, yielding a 250 ps electron transfer rate [17]. But, by changing the
nature of the semiconductor, one may also influence the electronic coupling.
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Figure 53 : Two different strategies to tune the level of injection in the semiconductor
and therefore test the influence of the density of acceptor states

Another way to test the influence of the density of acceptor states is to play with the energy
of the level of the injection. By tuning this level, one can move from a region where the injection
is not feasible because na = 0 to a region where the injection occurs easily because na = 1.
Between these two regions, one can probe a large variety of density of acceptor states. This type
of experiments has already been realized by Moser et al. [18,19]. By changing the wavelength
of excitation, they were able to tune the quantum yield of injection from zero up to almost one.
These experiments were realized with nanosecond resolution and therefore only the quantum
yield of injection could be measured and not the dynamics of the process. It would therefore be
very interesting to repeat these experiments on the femtosecond time scale.
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The only problem associated with this experiment is that the vibrational relaxation competes
with the electron injection. Therefore, the level generated by the photoexcitation decays rapidly
towards lower energy levels. To avoid this effect, another strategy to tune the level of injection
would be to modify the redox potential of the dye without affecting too much the electronic
coupling. In a coordination complex, it could realized by changing the metal center of the dye.

As can be seen from the few examples presented above, many different experiments can be
designed to confront the theory of interfacial electron transfer with the experiments. The aim of
this work was to build a femtosecond transient absorption spectrometer and measure the
electron injection process in different systems. The next step is obviously to try to understand
which parameters control this reaction or influence the electron injection process. It will help us
to gain a better understanding of these reactions and maybe improve the solar energy conversion
efficiency of dye-sensitized solar cells.
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APPENDIX A. NONCOLLINEAR

OPTICAL PARAMETRIC

AMPLIFIERS

The design of the NOPAs and their construction was realized in the group of Prof. Riedle [1-
5]. They have already published the specifications obtainable by these devices. However, it
might be of interest to summarize the pulse characteristics obtained on a long-term basis. In this
appendix, a description of the NOPA will be first presented and its basic operation will be
described. Then, the specifications obtained, during at least two years of operation, will be
shown.

A.I Design and Operation

A.I.I Design

The general design of the NOPA is presented in Figure A.I. The NOPA are pumped by the
778 nm beam from the CPA-2001. Ten percents of the 200 ftJ input are sent via beamsplitter 1
(BSl) to the WLC generation unit. The WLC generation unit consists of an iris and variable
density filter (VDF) to control finely the energy of the fundamental pulses. The light is focused
in the sapphire plate by a 20 mm focal length lens and collimated by an achromate (f = 20 mm).
The blue pump is generated in a BBO crystal (30°, 0.7 mm) by the major part of the
fundamental. 20% of the blue light is combined with the WLC in a 1 mm thick BBO crystal
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(34°, type I) in the first stage of the NOPA. The signal obtained is further amplified in a second
2 mm thick BBO crystal (34°, type I) by the largest part of the pump. These pulses are then sent
to the prism compressor to reduce their duration.

This double stage scheme allows the amplification of pulses from 450 to 1600 nm with a gap
between 700 to 900 nm, due to a highly structured WLC spectrum in this region. The addition
of a second WLC unit, pumped by a 1100 nm beam generated in the first stage of the OP A and
seeding the second stage, allows to fill this gap.

Delay 1
M4

>L
compressor

*"\i" ~
Angle 2

Figure A.I: General design of the Noncollinear double stage OPA.

Second harmonic generation

The efficiency of the doubling in the SHG crystal can be optimized by tuning the angle of
the crystal. A 30 % yield for this process should be obtained easily. It can be measured between
M5 and M6, where one expect to measure 21.6% of the input energy if the 30% conversion
efficiency is achieved. If really necessary, it can also be improved by changing the position of
a 2 m lens placed before the output of the NOPA which controls the divergence of the input
beam. This operation has to be realized with great care to prevent any damage that could be done
to the optical components, by focusing on it a high energy beam.

White light generation

This is probably the most crucial part of the set-up, because the stability of the NOPA resides
mainly on the stability of the WLC generation. The input energy in the WLC unit is controlled
by an iris and a variable density filter. The position of the input and output lenses can be
controlled finely in the XYZ directions. As little energy as possible should be sent in the unit,
but still enough for stable WLC generation. Therefore, one has to optimize the focusing of the
first lens to be able to decrease the energy needed for WLC generation.
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The position of the second lens is even more crucial, because it controls the position and size
of the WLC beam in the first BBO crystal. When no visible signal is generated in the first BBO
crystal, it is possible to decrease the focusing of the WLC beam to have it fill up the whole area
of the BBO and hence, to be sure that it overlaps with the blue pump. Delay 1 and angle 1 can
then be modified to obtain phase matching in the crystal. Once the visible signal has been
obtained, the size of the WLC can be decreased again. A good focusing is obtained, when the
intensity of the signal is very sensitive to the position of the WLC beam. It has to be noted that
the focusing of the WLC has to be adapted when the wavelength is tuned to the blue or NIR.

A.I.2 Optical Parametric Amplification

The process occurring in the nonlinear crystal is shown in Figure A.2. The overlap of a seed,
pulse, containing the desired frequency, and a high energy pump pulse in the BBO allows to
generate a signal and idler beams, whose sum of the frequencies is equal to the frequency of the
pump. By adjusting the crystal angle and the delay, it is possible to tune the wavelength of the
signal. The operation of both stages is very similar, apart from some slightly different
interaction geometries between the pump and seed pulses. The overlap between the pump and
the signal from the first stage in BBO 2 is adjusted using mirror M9. Two different operating
ranges can be identified depending on the wavelength of the signal.

WLC
Seed

Figure A.2: Sketch of the noncollinear optical parametric amplification.

Visible signal

This wavelength range goes from 450 up to 730 nm. The angle between pump and seed
should be approximately 6 degrees. When this angle is well adjusted, in the first stage, it is
possible to tune the wavelength of the signal only by changing the delay in a large portion of
the spectrum. As one gets closer to red side of the spectrum it is harder to generate nice gaussian
pulses. This is due to two phenomena: the WLC gets more structured as one gets closer to the
fundamental wavelength, therefore some peaks are more amplified than others, and the
importance of the 778 nm peak in the WLC spectrum leads to an amplification of this
wavelength to the detriment of the desired wavelength. This problem can be partly solved by
placing a short pass filter (Calflex X, Balzers) after the WLC unit. This reduces the importance
of the fundamental peak. Still all wavelengths cannot be reached due to the structure of the
WLC, but it is possible at some wavelengths (730 nm for instance) to generate relatively decent
pulses.



128 Noncollinear Optical Parametric Amplifiers

NIR signal

If one passes over the region of high fluctuations in the WLC, one finds another region where
pulses can be easily generated which extends from 900 to 1700 nm. To reach this NIR region,
one has to generate a signal in the red (around 650 nm). While changing only the delay, one sees
that the visible signal disappears and a visible idler appears, meaning that the signal is now in
the infrared. It is usually easier to align the NOPA by monitoring the wavelength of the idler
pulse than by trying to measure the signal spectrum, as spectrometers are often insensitive in
the NIR. The wavelength of the idler is given by the following equation:

1 ' (A..)
"•idler ^pump signal

To be able to generate wavelengths in the NIR, one has to increase the fundamental energy
sent in the WLC unit until a red circle appears around the central white spot. As the chirp in the
NIR is very small, the tuning of the frequency is mainly achieved by changing the angle of the
crystal. To improve the efficiency of the process, it may be interesting to increase the angle
formed by the pump and seed, by placing the blue pulse at the lower edge of mirrors M3 and
M7. Similarly to what is realized in the visible, one can extend the wavelength range closer to
the fundamental by adding a RG850 (Corion) long pass filter.

Intermediate region

Generation of compressible pulses cannot be realized in the wavelength region between 730
and 900 nm, when using the scheme depicted in Figure A.I. To be able to fill this gap, the
addition of a second WLC unit after M9 is necessary. Generation of the second WLC seed is
realized in the following manner. One generates a signal in the first stage comprised between
1000 and 1100 nm. It should at least have half a pi] per pulse. Contributions from the short
wavelengths of the first WLC are removed using a LL1000 filter (Corion). The NIR signal
generated in the first stage is then sent into the WLC generation unit. Its energy can be
controlled by adding a iris before the unit. The WLC generated is clearly visible by eye and is
used as seed pulse for the second stage of the NOPA.

Some small tricks can improve the efficiency of the NOPA in this wavelength region. First
of all, it may prove necessary to turn the second BBO crystal by 180°. To increase the stability
of the WLC generation, which is the most critical part of this scheme, one can change
beamsplitter 2 to have 25 or 30% of the total blue energy that goes in the first stage. One can
also swap BBO 1 and BBO 2 to have a longer crystal in the first stage and therefore higher
signal energy after the first crystal.

UV generation

To extend the frequency tunability of the NOPA, one can add a doubling stage at the output
of the NOPA. The efficiency of the process should reach 10%. This option was not used up to
now. Generation of a UV beam by doubling the intensity of the fundamental of the CPA was
preferred.
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A.2 Specifications

The following data are representative of two years of "daily" use of the NOPAs. One has to
say that the pulse to pulse and long term stability of the NOPAs pumped by the CPA-2001 is
impressive. Once set at the desired wavelength generally no tuning is needed for days.

A.2.1 Wavelength and Energy

The spectra shown in Figure A3 were measured with an Ocean Optics fiber coupled
spectrometer. Spectra from 460 up to 730 nm are generated in the "visible signal" configuration.
It can be clearly seen that the last one at 730 has strong wings on the side and a relatively narrow
spectral width, that will prevent a good compression. The spectrum at 970 nm was generated in
the NIR configuration. The spectrum centered at 770 nm was obtained in the intermediate
configuration, with double WLC generation.
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Spectra measured at the output of the NOPA.
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Figure A.4 shows the energy output of the NOPAs. One sees that there is a large scatter in
the energy output. This is due to slight differences in alignment of the NOPA. The energy output
is particularly sensitive to the parametric amplification in the first stage. However, as only a few
microjoules are necessary for the experiments, one usually prefers to favor a nice spectral shape,
which is sometimes to the detriment of the energy.
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Figure A.4: Energy output of the NOPAs.

A.2.2 Pulse duration and compression

The pulse durations, measured with the autocorrelator after the compressor, show a large
scatter. On average, one obtains a 30 to 40 fs pulse duration. The distance needed for the
compressor is shown on Figure A.6. It can be fitted accurately with a second order equation. In
practice, it is usually preferable to take a value approximately one centimeter below the one
given by the fit. Due to the small chirp present in the NIR region compression of the pulses is
not necessary above 1300 nm because they already have a 40 fs duration. The theoretical
spectral pulse width needed for compression is given in Figure A.7. In the visible, the output
pulses of the NOPA have usually a spectral width that would allow for 20 to 30 fs compression.
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APPENDIX B. SPECTROGRAPH

CALIBRATION

In this appendix, the formulas needed to calibrate the spectrograph will be presented. This
process was realized in two stages. In the first one, knowing the general geometry of the Triax
320 and of the detector, it is possible to calculate for each pixel the wavelength that should be
centered on it. This first calibration step yields only an approximation of the real wavelength
impinging on the pixel. A linear regression proved to be sufficient to correct this error.

B.I Pixel calibration

Figure B.I shows the different configurations of a spectrometer and the important angles for
its calibration.

n normal

Figure B.I: Sketch of a spectrometer functioning as a monochromator (left) or as a
spectrograph (right).
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134 Spectrograph Calibration

One can calculate the angle a and |3 as a function of the spectrograph characteristics and of
the central wavelength Xc and for any other frequency X.n (in nanometers):

a = asm
10 • k • V. Dv

(s ina+ sin(3Xn) • 10

/HB).n'
\ LH

(B.I)

(B.2)

(B.3)

(B.4)

With the following parameters:

Dv = 28.93°; y = 12.5° , angles depending on the geometry of the Triax.

LH = F cos y, where F = 320 mm, which is the focal length.

k: groove density of the grating, in our case either 300 or 1200 grooves per mm.

HB is the distance of interest on the diode array as shown on Figure B .2

JU

Figure B.2: Sketch of the important parameters needed to correlate the pixel number
with the wavelength.



Ultrafast Dynamics of Electron Injection 135

Thus, HB^C = F sin y and:

(B.5)

~2Where P w = 2.5-10~2 mm is the pixel width,

,thPc = 515 is the central pixel number and Pn the number of the n pixel varying from 1 to
1024.

These formulas are extracted from: "The optics of spectroscopy" by Jobin-Yvon. They are
integrated in a Labview program to calculate directly for any given central wavelength, the
wavelength arriving on each pixel.

B.2 Wavelength calibration

The theoretical derivation described above gives only a rough approximation of the pixel
number, an experimental correction has to be added to these formulas. Using the fundamental
wavelength of the CPA (778.4 nm) as a reference, one can calculate for many central
wavelengths the theoretical pixel number corresponding to this wavelength (Pth) and the
measured pixel, where the maximum of the peak lies

1000 -

800 —

600 —

400 —

200 —

_ 1 I 1 I A

PTh= 26.97 + 1.057PM j \S

f i

200 400 600 800

Figure B3: Theoretical pixel versus measured pixel for central wavelengths varying
from 880 to 660 nm, when measuring a 778.4 nm beam.

The linear regression obtained is added to the Labview program to improve its accuracy. This
calibration depends strongly of the position of the DDA detector. If it has to be displace, this
regression has to be measured again, as well as the central pixel number. With this calibration
an error of less than one nanometer is obtained for all three gratings.
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