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Abstract 

Our generation must face the scarcity of natural resources and the threat of climate 

change. A drastic turn should be made in our models of energy production and 

consumption. Photovoltaic power generation can be one of the ways to solve these issues; 

thus, the development of inexpensive and efficient solar cells is a key objective of 

photovoltaic research. At the heart of this thesis is the understanding of the mechanisms 

governing the operation of solid-state hybrid organic-inorganic solar cells. These cells, 

built using a mesoporous TiO2 electron-extracting layer, covered with a light absorber 

such as a dye or an organic-inorganic perovskite semiconductor, and impregnated with an 

organic hole transport material, are based on the principle of separation of light 

absorption and charge transport. The whole system works due to the kinetic competition 

between the various processes of charge separation and charge recombination. The 

knowledge on the timescales of these processes is then of fundamental importance and 

accessible by time-resolved spectroscopic techniques such as transient absorption 

spectroscopy.  

In the first chapter, some fundamental aspects of photochemistry are presented, together 

with a review of the main working principles of dye-sensitized solar cells and 

perovskite-based cells. Chapter 2 describes the experimental optical techniques used to 

study these systems. The main achievements of this thesis are presented in Chapter 3 to 6. 

Chapter 3 introduces the concept of hole injection in solid-state dye-sensitized solar cells 

(ssDSCs) and reports the multiexponential dynamics spanning from the picosecond to the 

nanosecond for the regeneration of the oxidized dye by the hole transport material (HTM) 

spiro-MeOTAD. We show that accurate information is obtained by probing the oxidized 

state of the dye in the near-infrared, as this gives direct information on the fraction of dye 

regenerated by the HTM. The effect of the pore filling fraction of HTM on the dye 

regeneration is also discussed. Chapter 4 deals with post-treatment of mesoporous TiO2 

films using TiCl4 solutions, which is commonly applied during the fabrication of ssDSCs to 

improve their performance. The effect of this post-treatment upon the charge carrier 

dynamics is scrutinized; kinetic studies show that hole injection in spiro-MeOTAD and 

charge recombination are markedly slower in TiCl4-treated films. These findings are 

rationalized by a model describing the interaction at the interface between TiO2, the dye 
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and spiro-MeOTAD, which emphasizes the importance of controlling the contact between 

the HTM and the sensitized semiconducting oxide network. 

Chapter 5 presents the photophysics of a new and very promising light absorber, the 

perovskite CH3NH3PbI3. The main spectroscopic signatures of this material deposited on 

a mesoporous framework of Al2O3, as obtained by transient absorption spectroscopy, are 

introduced and analysed. The photophysical processes are uncovered, enabling the study 

of interfacial processes in Chapter 6, where perovskite is interfaced either with an electron 

extraction layer such as TiO2, or deposited on an inert scaffold to resolve the electron 

injection step. Hole injection dynamics are also monitored by interfacing the perovskite 

material with the hole extracting layer spiro-MeOTAD. By using a combination of 

techniques, including femtosecond and nanosecond transient absorption, terahertz 

spectroscopy and time-resolved photoconductance measurements, both processes are 

revealed. We provide a timescale as well as a mechanistic pathway for all reactions in the 

system. 

 

KEYWORDS: solid-state dye-sensitized solar cell, TiO2, Al2O3, perovskite, CH3NH3PbI3, 

hole transport material, spiro-MeOTAD, charge transfer, femtosecond transient 

absorption, nanosecond transient absorption 
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Résumé 

Notre génération doit faire face à l’épuisement des réserves naturelles ainsi qu’à la menace 

du changement climatique. La conversion quantique de l’énergie solaire se présente 

comme l’une des solutions possibles à ces problèmes, et de ce fait, le développement de 

cellules solaires peu coûteuses et efficaces est l’un des objectifs majeurs de la recherche 

photovoltaïque. Cette thèse a pour but la compréhension des mécanismes qui régissent le 

fonctionnement des cellules solaires solides, de type hybride organique-inorganique. Ces 

cellules sont basées sur un réseau de TiO2 mésoporeux servant de couche transportant les 

électrons. L’oxyde nanocristallin est recouvert par un absorbeur de lumière, tel que un 

colorant sensibilisateur ou un semi-conducteur hybride organique-inorganique comme la 

perovskite CH3NH3PbI3, et imprégné avec un transporteur de trou organique. Le principe 

fondamental consiste en la séparation des processus d’absorption de la lumière et de 

transport de charges. Le fonctionnement du système est basé sur la compétition cinétique 

entre les réactions de séparation de charge et de recombinaison, ce qui rend nécessaire la 

connaissance des échelles de temps pour ces processus. Cette information est accessible à 

travers des études spectroscopiques résolues en temps impliquant des techniques telles que 

l’absorption transitoire.  

Dans le premier chapitre, certains aspects fondamentaux de la photochimie sont présentés, 

ainsi qu’une revue des spécificités des cellules solaires à colorant sensibilisateur et des 

cellules basées sur les perovskites. Le chapitre 2 décrit les techniques expérimentales 

utilisées pour étudier ces systèmes. Les résultats majeurs de cette thèse sont présentés dans 

les chapitres 3 à 6.  

Le chapitre 3 introduit le concept d’injection de trou dans les cellules solaires solides à 

colorant sensibilisateur (ssDSCs) et rapporte une dynamique multiexponentielle, allant de 

la picoseconde à la nanoseconde, pour la régénération de l’état oxydé du colorant par le 

transporteur de trou organique (HTM) spiro-MeOTAD. Il est montré qu’une information 

précise est obtenue en sondant l’état oxydé du colorant dans le proche infrarouge; celui-ci 

donnant un accès direct à la fraction de colorant régénérée par le transporteur de trou. 

L’effet de la fraction de remplissage du TiO2 mésoporeux par le HTM sur la régénération 

du colorant est discuté. Le chapitre 4 considère le post-traitement du film de TiO2 par des 

solutions de TiCl4. Ce post-traitement est communément appliqué dans les ssDSCs pour 

augmenter leurs performances. L’effet de ce traitement sur la dynamique des charges dans 
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les ssDSCs est examiné; les études cinétiques montrent que l’injection du trou dans le 

HTM, ainsi que la recombinaison, sont retardées lors de ce traitement. Les résultats sont 

expliqués dans le cadre d’un modèle décrivant les interactions entre le TiO2, le colorant et 

le spiro-MeOTAD, et qui souligne l’importance de contrôler le contact entre le HTM et le 

réseau d’oxyde semi-conducteur sensibilisé.  

Le chapitre 5 présente la photophysique d’un nouvel absorbeur de lumière très 

prometteur, la perovskite CH3NH3PbI3. Les caractéristiques spectroscopiques de ce 

matériau déposé sur une matrice mésoporeuse inerte d’Al2O3, obtenues par absorption 

transitoire, sont introduites et analysées. Les processus photophysiques sont mis en 

évidence, permettant ainsi l’étude des processus aux interfaces dans le chapitre 6, où la 

perovskite est mise en contact soit avec une couche extractrice d’électrons comme le TiO2, 

soit déposé sur une matrice inerte afin de résoudre l’étape d’injection d’électron. 

L’injection de trou est également analysée en mettant la perovskite en contact avec une 

couche extractrice de trous composée de spiro-MeOTAD. En utilisant une combinaison de 

techniques expérimentales, dont l’absorption transitoire femtoseconde et nanoseconde, la 

spectroscopie terahertz et des mesures de photoconductance résolue en temps, ces deux 

processus sont mis en évidence. Une échelle de temps ainsi qu’un mécanisme sont 

proposés pour toutes les réactions ayant lieu dans le système.  

 

MOTS-CLÉS: cellule solaire solide à colorant sensibilisateur, TiO2, Al2O3, CH3NH3PbI3, 

perovskite, transporteur de trou, spiro-MeOTAD, transfert de charge, absorption 

transitoire femtoseconde, absorption transitoire nanoseconde.  
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CHAPTER 1  

Introduction 

In the first part of this chapter, a brief overview of photochemistry is presented, including 

some fundamental aspects of the interaction of light and matter both in molecular systems 

and in semiconductors. Then, the two systems studied throughout this thesis, both the 

solid-state dye-sensitized solar cell and the perovskite-based cell, will be described together 

with a review of the literature to constitute the state-of-the-art in this field. 
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1.1 Light absorption and charge transfer 

The quest for renewable energies is one of the most urging challenges of the 21st century. 

The International Agency for Energy reported a global power consumption of 17 TW in 

2011, and this value is expected to increase to 30 TW by 2040 with a population of 

9 billions individuals.1  

Sunlight can be considered as a infinite source of energy: one hour of sunlight on Earth 

would be sufficient to supply enough energy for an entire year, and indeed a surface of 

land covered with 850 000 km2 of photovoltaic panels working at 10% efficiency and with 

a capacity factor of 20% would meet all the present world’s energy demand.2  

The sun is a fantastic source of energy, and not only for photovoltaic applications. Light-

driven processes are omnipresent in our everyday life: from the mechanism of vision to the 

synthesis of vitamin D, not forgetting the indispensable photosynthesis in which glucose is 

created from CO2 and water. All of these arise from the interaction of light and matter, 

which we are going to explore in more detail.  

1.1.1 Light and matter 

Visible light belongs to the spectrum of electromagnetic radiation, together with 

low-energy IR light, microwaves, radio waves, and high-energy X-rays and gamma rays 

for example. Electromagnetic radiation is represented as the combination of an oscillating 

electric field and of an oscillating magnetic field, which are perpendicular between each 

other and perpendicular to the direction of propagation. This is the so-called classical 

wave picture of light, but in certain cases it can be convenient to describe it as a stream of 

particles, referred to as photons. When the electromagnetic wave interacts with a charged 

particle, its electric field induces an oscillation of this charge. Conversely, an oscillating 

charge radiates, in all directions except in the axis of the oscillation. The fact that static 

charges do not radiate is an important property that should be kept in mind.  

Matter, on the other side, is constituted of atoms that contain charged particles such as 

negative electrons orbiting around positively charged nuclei. The position of the electrons 

around the nuclei cannot be described by classical mechanics laws, and must be accounted 

for by quantum mechanics. In this picture, the electron positions can be described by the 

distribution of their probability to be found at a certain position around the nucleus, which 

is mathematically described by a wavefunction ϕ . The spatial symmetry of their 
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probability of distribution is an atomic orbital. The simplest orbital is the s orbital with 

spherical shape, then the p orbital that has one symmetry axis and then more complex 

orbitals such as d, f, etc.  

Molecules are formed by the combination of these orbitals in order to share their electrons 

between different atoms and to create a stable closed shell configuration. These shared 

orbitals are called molecular orbitals (MOs). Indeed, two hydrogen atoms will share their 

unique electron in order to “see” two electrons. The molecular orbitals created from two s 

atomic orbitals are then of two types: a first σ orbital where the electrons are shared 

between the two nuclei and screen the two repulsing nuclei (bonding). The second orbital 

is called σ∗ and is a higher energy configuration. Here, the electrons are distributed at the 

opposite and the repulsion between the nuclei is greater (antibonding). For the π molecular 

orbitals, originating from p atomic orbitals and which are off-axis, the screening of the 

nuclei is less effective, thus the π and π∗ orbitals are respectively more energetic and less 

energetic than the σ and σ∗ orbitals. The n orbitals correspond to the lonely pairs, which 

are non-bonding electron pairs. When light is exciting a molecule, a transition between 

these orbitals can happen that changes the electronic configuration of the molecule. More 

specifically, visible light absorption deals with electronic transitions, where an electron is 

promoted from a low-energy orbital to higher energy orbitals. When the electron is 

promoted from one orbital to another, its distance r  from the nucleus changes, and an 

instantaneous dipole moment u = q ⋅r  is created. 

The MOs can be found as singlet states (where the spins, i. e. the rotational precession of 

the electrons on themselves are opposite and 180° out-of-phase), or triplet states (where the 

electrons on two degenerate orbitals have the same precession, or opposite in-phase 

precession). The electronic energy levels are then called S0, S1, S2 etc., and T1, T2, etc. In a 

molecule, two MOs are of special interest: the highest occupied MO, called HOMO and 

the lowest unoccupied MO, called LUMO, between which the first transition can take 

place.  
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1.1.2 Absorption, emission and scattering 

Since energy levels for atoms and molecules are quantized and not continuous, light 

absorption occurs when there is an allowed transition from a discrete energy level to a 

higher one. For this, the exact amount of energy corresponding to the transition must be 

provided. The fact that a transition is allowed or forbidden follows certain rules that will 

be described later in the text. An excited state M *  is formed by the absorption of a photon 

in the ground state M : 

 M + hυ→ M *   (1.1) 

Then the atom or molecule can return this energy radiatively, so that the excited state 

decay back to the ground state, in the process of emission: 

 M * → M + hυ   (1.2) 

Non-radiative deactivation, where the energy is lost as heat and not as light, is also a 

possible decay pathway. Among the radiative pathways, stimulated emission (SE) is the other 

process to consider. In this case, it is a photon that triggers the decay of an excited state, 

resulting in the emission of two photons: 

 M * + hυ→ M + 2hυ   (1.3) 

These reactions can be written in kinetic terms similarly to first- and second-order 

chemical reactions, with I  being a photon concentration: 

 Absorption
d M *⎡⎣ ⎤⎦
dt

= B12I M[ ]   (1.4) 

 Emission
d M *⎡⎣ ⎤⎦
dt

= −A21 M *⎡⎣ ⎤⎦   (1.5) 

where B12  and A21  represent the Einstein coefficients respectively for absorption and for 

emission. The Einstein coefficients give the probability for each type of transition. 

For the case of stimulated emission, the change of concentration of an excited state with 

time is then proportional to the concentration of photons and of excited states, multiplied 

by the Einstein coefficient for SE, B21 :  
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 Stimulated Emission
d M *⎡⎣ ⎤⎦
dt

= −B21I M *⎡⎣ ⎤⎦   (1.6) 

In the case when the impinging light does not have the required amount of energy for the 

transition, elastic scattering occurs; the electromagnetic radiation provokes an oscillation of 

the matter’s charges, and their oscillation will immediately return a photon of the same 

frequency. 

1.1.3 Potential energy diagrams 

Molecules can be modelled as oscillators where the atoms are connected through springs. 

Like in the classical oscillator case, potential energy is a function of the distance that makes 

the atoms come closer, and then repel each other. An associative state has an energy 

minimum that corresponds to the most stable geometry. The most stable associative state 

is generally the ground state S0, the first excited state is then S1. Each molecular orbital 

can be described by a potential curve as a function of the nuclear configuration (i.e. the 

nuclear coordinate, which is the distance between the nuclei for the simple case of a 

diatomic molecule), as shown in Figure 1.1. 

 

 
Figure 1.1 Potential energy diagram 

The potential curve thus describes an electronic energy level. On top of these electronic 

levels, there are several sub-levels that correspond to the vibrational energy levels of a 

molecule (shown on Figure 1.1), and each vibrational energy level, mainly in the gas 

phase, has closely spaced rotation energy level that nearly form a continuum. Usually at 

room temperature only the first vibration levels are populated. All of these states can be 
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characterized by a specific wavefunction that contains a nuclear, electronic, vibrational 

(and rotational) part: 

 ϕtot =ϕnucleiϕelectrons =ϕnucleiϕelϕvibϕrot   (1.7) 

In the frame on the Born-Oppenheimer approximation, the nuclear motion can be 

separated from the electronic motion, as the nuclei are practically immobile in the 

timescale of motion of the electrons.  

1.1.4 Transitions and Jablonski diagrams 

Allowed and forbidden transitions are dependent on the overlap of the overall 

wavefunctions between the initial state ϕi  and the final state ϕ f , which in the case of light 

absorption are respectively the ground state and excited state. The overall wavefunction is 

considered here as the product the electronic, vibrational and rotational wavenfunctions. 

The oscillatory strength describes to which extent a transition is allowed (f =1) or 

forbidden (f=0) and is related to the Einstein coefficients defined in section 1.1.2. The 

oscillatory strength factorizes several “overlap factors”: 

 f = fspin fspatial fsym fvib   (1.8) 

The spin overlap factor fspin is 1 for a transition with same multiplicity (S-S or T-T), while 

transitions between different multiplicities are forbidden (fspin =0). 

The spatial overlap fspatial concerns the spatial overlap of the orbitals; indeed if they are too 

distant the transition will not take place. 

fsym is a symmetry factor, as transition between different types of orbitals (that implies a 

change in the angular momentum of the electron) will be hindered.  

fvib is the vibrational overlap factor, best known as Franck-Condon factor, which is related 

to the overlap of the vibrational wavefunctions in the ground and excited state.  

For a transition to be possible, none of these factors should be zero.   

Jablonski diagrams are a schematic view of all the possible transitions that can take place 

in a molecular system. They also provide the timescales for each of them. Radiative and 

non-radiative transitions are shown on Figure 1.2 and detailed below.  
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Figure 1.2 Jablonski diagram 
A transition between state S0 and S1 occurs upon light absorption to a vibrationally excited state of S1 (abs, 
10-16 s). Vibrational relaxation (vr, 10-12 s) releases the excess energy, and internal conversion (ic, 10-9 -10-6 s) 
can occur between the excited state and the ground state. Fluorescence can take place from the lowest 
vibrational level (f, 10-9 s). Intersystem crossing (isc, 10-9 - 10-6 s) is a conversion process from a singlet state to 
a triplet state T1. From the triplet state, the possible radiative deactivation pathway is the spin-forbidden 
transition phosphorescence (p, 10-3 - 103 s).  

Radiative transitions 

Absorption 

The electronic ground state S0 is the only available level at room temperature. Populating 

excited states at higher temperature would usually lead to the destruction of the molecules. 

Upward transitions are then all radiative transitions that depend on the Einstein coefficient

B12 . Absorption of light occurs usually very fast, in the order of a few hundreds of 

attoseconds (10-16 s). A very important property of light absorption is stated by the Franck-

Condon principle. Within the Born-Oppenheimer approximation, a transition between 

two distinct electronic states S0  and S1  can take place only “vertically”, i.e. at a common 

nuclear geometry. Thus, there must be an overlap of the vibrational wavefunction in order 

to obtain an allowed transition. Vibrational decay can then occur in the ps timescale 

(10-12): The vibrationally excited states are rapidly cooled down by releasing heat to the 

lowest vibrational level of the electronically excited state.  

 

Fluorescence 

Fluorescence is a direct radiative transition between states of same multiplicity. According 

to the Kasha’s rule, the transition always takes place from the lowest vibrational level of 

the lowest electronically excited state, to the various vibrational levels of the electronic 

ground state. There are many known exceptions to the Kasha’s rule. Fluorescence usually 

operates in the ns (10-9) timescale. Decay to the lowest vibrational level can form an 

exciton, a tightly bound species formed by an electron and its corresponding hole. 
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Phosphorescence  

Phosphorescence is the spin-forbidden version of the fluorescence, where the radiative 

transition takes place usually from the triplet excited state to the singlet ground state. This 

forbidden process thus is much longer than fluorescence and can occur in the ms up to the 

hours timescale.  

Luminescence kinetics 

The lifetime of all these radiative processes all depends on the probability for the transition 

and thus on the Einstein coefficient for spontaneous emission B21 . The probability for the 

transition is the same for molecules of the same species, thus the decrease of the number of 

excited molecules in time is given by: 

 
d M *⎡⎣ ⎤⎦
dt

= −kr M *⎡⎣ ⎤⎦   (1.9) 

which integrates to: 

 M * = M 0
* e(−krt ) = M 0

* e
(− t

τ r
)
  (1.10) 

This is a first-order reaction where M 0
*  is the initial number of excited state molecules, kr 

is the rate constant or alternatively one can consider the time constant τr = 1/ kr. 

Sometimes a more practical quantity can be used:  the half time t1/2, where half of the 

population has already decayed. In the case of a monoexponential process, the time 

constant and the half time are related by the relationship: 

 t1/2 = τ r ln(2)   (1.11) 

In practice, it is never possible to obtain the “pure” luminescence lifetime of a molecule as 

it competes with other non-radiative pathways of decay. These can be internal conversion, 

intersystem crossing or intermolecular/intramolecular quenching (charge transfer or 

energy transfer). The quantum yield for fluorescence is given by: 

 Φ f =
k f

k f + kisc + kic + kq Q[ ]   (1.12) 
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Where k f  is the rate constant for fluorescence, kisc  is the rate constant for inter-system 

crossing to a triplet state, kic the rate constant for internal conversion and kq Q[ ]  the 

product of the rate constant for the intermolecular/intramolecular quenching and of the 

concentration of quencher.  

1.1.5 Non-radiative transitions 

These are non-radiative transitions that dissipate their energy through heat. The 

controlling factor of the deactivation is the overlap between the wavefunctions of the initial 

and final state, ϕi  and ϕ f , just as for radiative transitions. In this case though, the 

transition is also governed by the separation in energy between the two states.  In a more 

schematic picture, there should be a point of isoenergetic crossing in the two potential 

energy curves. The general expression of the rate constant kNR  of a non-radiative 

transition is given by the Fermi’s golden rule:  

 kNR =
2π
h
H 2 ⋅ ρ(Ef )   (1.13) 

H  represents the electronic coupling matrix element between the initial and final states 

(in other words, the coupling of the electronic wavefunctions at the isoenergetic crossing), 

and ρ(Ef )  is the Frank-Condon weighted density of states. This last term is the density of 

vibrational levels of the final state, at the energy of the initial state. Since higher vibrational 

levels are increasingly spread out in energy space, the vibrational levels of the final state 

are less likely to overlap with the ones of the initial state and the rate constant will first 

increase to a maximum and then decrease with increasing energy difference between the 

initial and final state.  

Internal conversion and intersystem crossing 

Internal conversion refers to a case where the energy dissipation through heat implies two 

states with the same spin multiplicity. In the case of intersystem crossing though, there is a 

change in spin multiplicity. The conservation rules imply that only the total angular 

momentum should be conserved, thus a change in spin multiplicity also requires a change 

in angular momentum (e.g. a change between a singlet nπ∗state to a triplet ππ∗ state). 

Intersystem crossing requires a strong spin-orbit coupling able to degenerate spin states. 
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Quenching of excited states by energy or charge transfer 

Quenching occurs when the excess energy of an excited state (M*) is transferred to an 

external molecule (Q). This process can be obtained in two ways: either energy or charge 

transfer. 

Energy transfer is possible if the quencher molecule has an excited state lower in energy 

than M*. In this case, M* can transfer its energy via several different mechanisms. One is 

the electron exchange mechanism (Dexter) where a high-energy electron of M* is 

exchanged for a low-energy electron of Q. The other one is called the Förster mechanism, 

where the excited electrons that decays to a lower orbital in M* will induce a dipole-dipole 

interaction in Q, thus moving one electron. The rate of this process is dependent on the 

inverse cube of the distance, as the dipoles should be closely coupled. 

On the other hand, charge transfer is the most important mechanism for photochemistry, 

as it can lead to new species. An electron or a hole from the excited molecule can be 

transferred to a neighbouring ground state molecule, provided proper alignment of the 

energy levels. This incredibly rich field of photochemistry is the one we will be focusing on 

in this thesis, and in particular because of its implications in solar cells. 

1.1.6 Light absorption in semiconductors 

A very short description of the solid-state physics and light absorption in semiconductors 

will be provided, mainly in order to define the framework for the discussion on the 

perovskite systems presented in Chapters 5 and 6. 

Band structure in semiconductors 

In semiconductors, by analogy with molecular orbitals, each atomic orbital will add 

together and because of the splitting, the large number of energy levels will superimpose to 

form a continuum of energy levels.  These dense and broad levels give rise to the lowest 

unoccupied band, namely the conduction band (CB) and the highest occupied band, 

namely the valence band (VB), separated by a forbidden region, i.e. the band gap. 

Photoexcitation with photon energy greater than the energy of the band gap will promote 

an electron in the CB and leave a hole behind in the VB.  At absolute zero temperature, 

an intrinsic semiconductor will not be able to conduct electricity due to the fact that all of 

its electrons are involved in bonding, in the valence band. With increasing temperature, 
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and if the band gap is small enough (< 3 kT) the electrons will gain kinetic energy and 

some of them will be promoted to the conduction band. Electron motion can then occur, 

either by motion of electrons in the conduction band, or by motion of holes (electron 

vacancies) in the valence band. Doping of the semiconductor can greatly increase its 

conduction. In this case, electrons (n-doping) or holes (p-doping) are added in the CB and 

in the VB respectively through the use of an atom with different number of valence 

electrons, and the increase in the number of carriers will increase the conductivity in the 

material. The mathematical treatment of the band structure of a semiconductor is given 

by the Bloch’s equation, in which the wavefunction of an electron free space is multiplied 

by a periodic function corresponding to the periodicity of the lattice of the semiconductor 

crystal. Thus the Bloch wavefunction has the form of the product of a plane wave eik⋅r , 

with k  being the wavevector (the change in spectral phase per unit length) and a periodic 

uik (r)  part, depending on the distance r : 

 ϕ(k,r) = uik (r)e
ik⋅r   (1.14) 

The map of energies E against wavevector k , E(k) , is better known as the crystal band 

structure and gives the position of the band gap as well as the Brillouin zones, where E(k)  

reaches a maximum or a minimum. 

An important characteristic of the electrons and holes in semiconductors is their effective 

mass.  Because of the different forces experienced by an electron/hole in a crystal lattice, 

the carriers will no longer have the same rest mass as the one of a free carrier m0 in 

vacuum, but rather an effective mass m* . The effective mass describes how the crystal 

momentum of a carrier,  p = m
*v = k , where v  is the velocity, responds to an applied 

force F . 

 F = dp
dt

= m* dv
dt

  (1.15) 

Since the velocity is also expressed by v = ∇kE(k) , for the specific case of an electron in 

the conduction band, mC
*

 is given by: 

 
 
mc
* = 2 d 2Ec(k)

dk2
⎛
⎝⎜

⎞
⎠⎟

−1

  (1.16) 
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For example, mC
*  can be larger or smaller than m0 : large values of mC

*  are indicative of 

conduction band electrons being strongly influenced by the atomic potentials. The same is 

true for holes in valence band. The effective masses of electron and holes are generally 

different due to the different curvature of the CB and VB, thus changing the forces 

experienced by each of the carriers.  

Direct and indirect band gaps 

When the minimum of the CB and the maximum of the VB occur for the same k , the 

semiconductor is said to have a direct band gap and a photon of energy equivalent to the 

band gap (Eg ) is sufficient to create an electron-hole pair through a vertical transition 

(Figure 1.3a). On the other hand, when the minimum of the CB and the maximum of the 

VB are not vertical (i.e. are found at different values of k ), the material is said to have an 

indirect band gap (Figure 1.3b). The consequence of this is that an optical transition is not 

possible only with a photon of energy equal to the band gap, since the crystal momentum 

 p = k  is not conserved. Extra momentum has to be supplied by a vibration of the lattice, 

which is a phonon. It is also possible to observe an indirect transition by emission of a 

phonon. As a general result, optical absorption is generally weaker in indirect band gap 

materials (transitions are less probable) and it will be strongly dependent on the 

temperature.   

 

 
Figure 1.3 Absorption in a direct and indirect band structure  
a) In a direct band structure, a photon with energy Eg is sufficient to promote an electron in the conduction 
band. b) For an indirect transition, a photon with hν must be coupled to a phonon with energy Ep and 
hν = Eg -Ep. A transition can also occur by absorption of a photon of energy hν = Eg +Ep, thus resulting in 
emission of a photon of energy Ep. 

VB

CB

Eg

a) b)
E E

k k

Eg

VB

CB

hν

Ep

Ep



Introduction 
 

 21 

It is useful to define here the absorption coefficient α  of a material, which is a description of 

the attenuation of the light intensity I(x)  through a material of thickness dx : 

 
dI
dx

= −α I   (1.17) 

(1.17) integrates to the Lambert’s law, with I0  being the incoming light intensity: 

 I(x) = I0 exp(−α x)   (1.18) 

For a direct band gap material, it can be shown that the absorption coefficient is related to 

the energy of the incoming photon E :  

 α dir (E) = A '(E − Eg )
1/2   (1.19) 

with A '  being a constant dependent on the material. 

In an indirect band gap material, this relation will be different and has to take into account 

the probability for the absorption or the emission of a phonon of energy Ep . The number 

of phonons Np  depends on the temperature T  and is given by the Bose-Einstein statistics, 

with kB  being the Boltzmann constant: 

 Np (T ) =
1

exp(
Ep

kBT
)−1

  (1.20) 

Then the absorption coefficient for an indirect transition, where A"  is a constant 

dependent on the material, is given by: 

 α ind (E) =
A"(E − Eg + Ep )

2

exp(
Ep

kBT
)−1

  (1.21) 

From these equations, one can determine the type of transition in a semiconductor by 

plotting the absorption coefficient as a function of the energy. In the case of a direct 

transition, α dir
2 = f (E)  will give a straight line, and the intercept of the abscissa will give 

an estimation of the band gap Eg . The absorption of an exciton, i.e. an electron-hole pair 

bound together by Coulombic interaction, can be detected in this representations as a 

peak or shoulder in the graph of α dir
2 = f (E) . For an indirect transition, the function 
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α ind
−1/2 = f (E)  should show two distinct linear parts (dependent on the temperature), 

corresponding to the absorption of a phonon for energies below Eg  and to the absorption 

and/or emission of phonons for energies above Eg . 

Electronic energy levels in the dark and under illumination 

When electrons have no kinetic energy (at absolute zero temperature), they will fill all the 

lowest available levels up to the Fermi energy level EF . In the case of the semiconductor, 

this means that all the states in the VB are occupied and all the states in the CB are empty.   

In an intrinsic (undoped) semiconductor, EF  lies in the middle of the bandgap, and 

corresponds to a level that would have a probability of occupation of ½, if it was not 

forbidden. At higher temperatures, and for band gaps Eg ≤ 3kT , the electrons will gain 

kinetic energy and some of them will be promoted in the CB. Thus the probability of 

finding an electron in a state of energy E  will be given by the Fermi-Dirac statistics and 

will depend on the temperature T : 

 f (E,T ) = 1

exp E − EF

kBT
⎛
⎝⎜

⎞
⎠⎟
+1

  (1.22) 

It is useful to see the Fermi level as the chemical potential of the electron in the 

semiconductor. For n-doped semiconductors, the Fermi level will be shifted towards 

higher energies, while in p-doped semiconductors, the Fermi level will be shifted towards 

lower energies. It can be shown from (1.22) that the Fermi levels at equilibrium in the 

dark, respectively for a n-doped and a p-doped semiconductor, are given by relationships 

resembling Nernst equation: 

 

EF , n = EC + kT ln(
Nn

Nc

)

EF , p = EV − kT ln(
Np

NV

)
  (1.23) 

With EC , EV  being the position of the conduction and the valence band, NC , NV  the 

effective conduction and valence band densities of states and Nn , Np  the densities of 

electrons and holes in the system.  
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These relationships will not hold anymore under illumination: the photogeneration of 

carriers will change the concentrations of electrons in the CB and holes in the VB, thus 

effectively shifting their Fermi levels. A local thermal equilibrium will be reached, with a 

different chemical potential, called the quasi Fermi level. The quasi Fermi levels, respectively 

for electrons and holes are defined as:  

 

 

EF , n
* = EC + kT ln(

Nn + n
*

Nc

)  EC

EF , p
* = EV − kT ln(

Np + p
*

NV

)  EV

  (1.24) 

where n*  and p*  are the densities of photogenerated electrons and holes. An interesting 

consequence is that the quasi Fermi levels of electrons and holes are very close respectively 

to the conduction band and valence band.  

1.2 Dye-sensitized solar cell 

The dye-sensitized solar cell (DSC) has undergone a long historical development that can 

be traced back in the 19th century, when the first sensitization of semiconductor was 

discovered by Moser.3 It is only in the 1960s though that the understanding of the 

mechanism of charge injection from photoexcited dye molecules into n-type 

semiconductor became clearer.4 Indeed, it appeared that a dye excited by light absorption 

could “inject” an electron in the conduction band of a semiconductor metal oxide such as 

ZnO or TiO2, thereby marking the first step of the development of photoelectrochemical 

cells. This pioneering work showed that it is possible to harvest light from the visible part 

of the spectrum and use a semiconductor metal oxide (which in the case of TiO2 only 

absorbs in the UV) as a conducting film for separating the charges.  The electron injected 

in the semiconductor can then be extracted in an external electrical circuit, through a 

conductive glass, provided that a way to regenerate the dye is found. Usually, a redox 

mediator (liquid, solid, or gel electrolyte) and a counter electrode are used to reduce the 

oxidized dye and close the electric circuit.  This resulted in 1985 in the dye-sensitized cell, 

also known as the Grätzel cell.5 A schematic presentation of the operating principles of the 

DSC is given in Figure 1.4.  
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Figure 1.4 Operation principle and energy level scheme of a DSC 
Upon light absorption in the sensitizer (SS*), an electron is injected in the conduction band (CB) of TiO2. 
The electron can then be extracted through a conductive glass (usually fluorine doped tin oxide, FTO) 
through an external circuit. A redox mediator is employed to regenerate the oxidized dye, while the redox 
mediator is regenerated at the counter electrode by electrons passed through the load, thus closing the 
circuit. The open-circuit voltage of the solar cell (red arrow, Vmax) corresponds to the difference between the 
redox potential of the mediator and the Fermi level (EF) of the TiO2. 

The main advantage of this photoelectrochemical cell, which belongs to the molecular 

photovoltaic systems, is to separate the function of light absorption and carrier transport.  

This principle is different from conventional p-n junctions, where the semiconductor 

assumes these two roles simultaneously, thus rendering the system very sensitive to the 

purity of the starting material. The breakthrough introduced by Grätzel and co-workers 

consisted in increasing the effective surface area to ensure efficient harvesting of the 

light.5,6 Instead of using flat surfaces to deposit the dye, mesoporous oxides are employed 

to maximize the surface where the dye can be loaded. Twenty year of successive works 

have brought many more improvements, which will be summarized in the next sections. 

The dyes have been refined to harvest larger parts of the visible spectrum, up to the near 

infrared, TiO2 conductivity has been improved through the addition of doping and 

specific treatments to insure a better necking (i.e. contact) of the particles. The electrolyte 

can be tuned to have a better match with the energy levels of the oxidized state. Usually 

triiodide/iodide couples are used but recently electrolytes based on cobalt have proven to 

be very efficient. Another fundamental turn was taken in 1998, with the introduction of a 

solid hole transport material, spiro-MeOTAD.7 The replacement of the liquid electrolyte 

by an organic film has many critical implications: indeed, it avoids the spilling or 
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evaporation of electrolyte from the sealing of the cell and at the same time avoids 

corrosion of the metal electrode.  

1.2.1 TiO2 

The semiconductor metal oxide of choice to function as an acceptor and electron 

transporting material is anatase TiO2, although some works have evidenced the possibility 

of using other oxides such as ZnO, SnO2 and Nb2O5.8 The common property of these 

metal oxides is to have a wide bandgap (usually more than 3V), thus they do not absorb 

visible light. The preferential use of TiO2 in DSCs is mainly related to the fact that this 

material is fairly cheap, abundant and most importantly, non-toxic.  

From a practical point of view, in order to make a mesoporous framework on which to 

anchor the sensitizer, nanoparticles of TiO2 from a colloidal solution are deposited on a 

conductive glass, either by doctor blading or screen-printing. The following step is then to 

fire in air the films at high temperatures in order to calcinate any organic residues as well 

as sintering the particles to create a continuous conductive network. The resulting film 

thickness can vary between 2 and 20 µm, with 10 to 30 nm diameter particles and porosity 

between 50 and 70%. While the most thermodynamically stable form of TiO2 at room 

temperature is rutile for the macroscopic crystals, the DSCs employ the anatase form, 

which is more stable for nanocrystals smaller than 20 nm.9  

The valence band is mainly constituted by the occupied 2p orbitals of the O2- ions, while 

the conduction band is formed by the empty 3d orbitals of the Ti4+ ions. Surface TiIV sites 

are Lewis acids, thus offering a convenient way to attach dye molecules with electron-rich 

anchoring groups such as carboxylates (Figure 1.5). 

 

 
Figure 1.5 Chemical structure of TiO2 surface grafted with carboxylated groups 

Regardless to the preparation route, TiO2 is usually slightly oxygen-deficient. This lack of 

oxygen, which can also be considered as the presence of Ti3+ impurities, is at the origin of 
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the n-doping of this semiconductor, which can be used as the photoanode of the 

electrochemical cell.  

The determination of the unoccupied acceptor states, i.e the density of states (DOS) in 

TiO2 is not trivial and many different results can be found in the literature.10,11 The 

presence of a broad distribution of trap states below the conduction band is generally 

accepted and is also known to be largely influenced by the local environment. It has been 

suggested that rather than a definite flat-band position, the nanocrystalline TiO2 possesses 

an exponential tailing of the DOS, which can be tuned by addition of ions and dipolar 

molecules. This is achieved by the additives commonly introduced in the electrolyte or 

with the HTM. The additives can influence the surface charge and thus the position of the 

conduction band edge. In the case of the HTM, this will be explained in Chapter 3.  

1.2.2 Dye  

An ideal sensitizer should fulfil many specific requirements. At first, a sensitizer should 

absorb as much as possible from the visible spectrum, and have a sufficient molar 

extinction coefficient ε (usually ε in the range of 104 M cm-1 are considered good for a 

dye-sensitizer characterized by a broad absorption spectrum). Then, its excited energy 

level should be as close as possible to the lower edge of the conduction band of TiO2 in 

order to efficiently inject while minimizing the energy losses by thermalisation of the 

carriers in the semiconductor oxide. Its redox potential should be well matched so that it 

can be regenerated via electron donation from the redox electrolyte. Last and not least, in 

order to successfully implement the DSC technology in our everyday’s life, the sensitizer 

should be stable enough to sustain about 20 years of exposure to natural sunlight, which 

corresponds approximately to 108 turnover cycles. 

In practice, the sensitizer is grafted onto the TiO2 surface through suitable anchoring 

groups, e.g. carboxylate or phosphonate groups (Figure 1.6a). Deposition on the TiO2 

films is made from solution. The dye is beforehand dissolved in an appropriate solvent, 

usually a mixture of tert-butanol (tBuOH) and acetonitrile (MeCN). The mesoporous oxide 

film is heated to 500°C prior dipping into the dye solution in order to remove any residual 

water. The desired chemisorption of the dye consists in a perfect monolayer of dye; 

however it has been observed that high solution concentration as well as short dipping 

times can lead to aggregation problems, and thus more than a monolayer of dye at the 

surface of TiO2.12 
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Molecular engineering of sensitizers has been a constant driving force in the field of DSCs 

since the first seminal paper in 1991.6 The best photovoltaic performances are achieved 

with ruthenium polypyridil complexes, such as N3, N719, Z90713,14 however the last years 

have seen a large development of porphyrin dyes15 and organic dyes,16 with a push-pull 

donor-π-acceptor (D-π-A) structure such as in Y123.17,18 

With ruthenium-based dyes, the optical transition has metal-to-ligand charge transfer 

character (MLCT). Upon light absorption in the dye, an electron is transferred from the 

metal ion Ru(II) d-orbital to the π* orbitals of the ligand. The HOMO is mainly 

constituted by the 4d orbitals of the ruthenium and 3p orbitals from the sulphur on the 

thiocyanate group, while the LUMO is concentrated on the π* structure of the bipyridyl 

ligands, shared with the carboxylate groups.19 The electronic coupling between the dye 

and the Ti(3d) conduction band manifold will be determinant for the efficiency of 

injection, this is why a good anchoring of the dye at the surface of the oxide is necessary 

(Figure 1.6a).  

In the case of the organics D-π-A dyes, the optical transition occurs between the donor 

(electron-rich HOMO) moiety and the acceptor (electron-poor LUMO) moiety, which is 

directly attached to the TiO2 surface (Figure 1.6b). The HOMO is then far away from the 

interface, rendering the back reaction of the electron more difficult.  

 

 
Figure 1.6 Dye|TiO2 interface 
a) Schematic view of a ruthenium dye (N3) attached to the TiO2 surface via its carboxylate groups. b) 
Schematic view of a D-π-A dye attached to the TiO2 surface. The arrows indicate the electron transfer steps 
after light absorption.  

1.2.3  Liquid redox mediators 

Liquid redox mediators will only be succinctly described, as this is not the main focus of 

the present work. A redox mediator must regenerate the dye: its redox potential should 

thus be more negative than the redox potential of the ground state dye. However, in order 

to keep a high open circuit voltage, the dye regeneration overpotential (Figure 1.4) should 
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be minimised while still keeping enough thermodynamic force for dye regeneration.  So 

far, the couple triiodide/iodide was the best redox mediator in conjunction with 

ruthenium-based dyes. The triiodide/iodide redox couple (I3–/I–) has a suitable redox 

potential allowing for efficient dye regeneration. In order to increase the available 

concentration of iodide for the regeneration reactions, electrolytes with high iodide 

concentrations can be prepared using a pure iodide ionic liquid of the dialkyl imidazolium 

family, or by dissolving the latter in an appropriate solvent. The reduction of the triiodide 

species by photoinjected electrons on the surface of TiO2 is very slow and therefore limits 

the cathodic dark current. However, the (I3/I–) mixture absorbs slightly in the visible 

region. Another drawback consists in the slow regeneration reaction (Figure 1.4) obtained 

with this electrolyte, due to the complex chemistry of its particular redox reaction, 

involving the presence of two iodide anions for the exchange of one electron with an 

oxidized sensitizer.20 More recently, different electrolytes, based on one-electron redox 

couples, such as in particular [Co(bpy-pz)2]3+/2+, have been shown to allow for improved 

conversion efficiencies.15,17 However, careful engineering of the dye must be made in 

order to account for the faster charge recombination at the TiO2 | electrolyte interface.  

1.2.4 The solid-state solar cell 

Besides the conventional liquid DSCs, substantial research efforts have been concentrated 

on gel and solid-state electrolyte, which could be deposited on the mesoporous framework 

by easy techniques such as spin-coating or dip-coating. This solid alternative is a way to 

circumvent the problems related to the leakage of the electrolyte and corrosion of the 

electrode. Early work by Tennakone et al.21 showed that a solid-state device based on CuI 

could deliver 4.7% power conversion efficiency. However, CuI proved to be unstable. 

Organic molecular and polymer semiconductors represent another class of materials 

potentially useful as hole conductors. They are solution processable, cheap and versatile, 

although their mobility is generally lower than in inorganic-based compounds. Following 

the pioneer work of Bach et al., in 1998,7 that featured a solid-state DSC based on the hole 

transport material (HTM) spiro-MeOTAD with a solar-to-electric power conversion 

efficiencies of 0.74%, the conjunct efforts of many research groups allowed reaching 

efficiencies close to 8% for a dye-sensitized film impregnated with spiro-MeOTAD.22 

Many other types of organic HTM have been tested, but so far spiro-MeOTAD remains 

unsurpassed.23-25 Throughout this thesis, we thus used spiro-MeOTAD as the standard for 
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our measurements. The chemical structure is shown in Figure 1.7, where the spiro center 

linking the two fluorene moieties of the molecule is evident.  

The main issues associated to the solid-state system, which are the poor charge mobility in 

the HTM, as well as its partial or incomplete pore filling of the mesoscopic structure, will 

be discussed in detail in Chapter 3.  

 

 
Figure 1.7 Chemical structure of 2,2',7,7'-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9'-
spirobifluorene, (spiro-MeOTAD) 

1.3 Dynamics of charge transfer processes 

As already mentioned, the efficient photovoltaic function of these cells is based upon the 

light-induced charge separation at the dye | TiO2 interface. Indeed, due to the small size 

on the TiO2 nanoparticles (< 30 nm diameter), it is not possible to use the properties of a 

built-in electric field to separate the charges. The crucial parameter that governs this type 

of cell is then the control of the dynamics at the various interfaces. Efficient sensitization 

requires that the rate for interfacial electron injection has to be larger than the decay of the 

excited state to the ground state by luminescence or non-radiative processes.  In the same 

way, regeneration of the oxidized state by the electrolyte or HTM has to be faster than the 

recombination with injected electrons. Another process that must be avoided is the 

recombination of electrons in TiO2 to the oxidized electrolyte or HTM.  

Hence, the main challenge in these systems is the kinetic competition within all these 

reactions, and how to selectively tune the timescale of the different processes in order to 

increase the efficiency of the cell. It is then of paramount importance to study the 
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timescales of all these different reactions. We will briefly review the literature for all of 

these specific pathways.  

 
Figure 1.8 Schematic view of charge separation and charge recombination processes 
(1) Light absorption by the sensitizer S (10-16 - 10-15 s). (2) Electron injection into the semiconductor oxide 
(10-15 s - 10-11 s). (3) Thermalisation in the conduction band of TiO2 (10-12 s). (4, 5) Radiative and 
non-radiative deactivation processes of the dye sensitizer (10-9 s). (6) Regeneration of the oxidized sensitizer 
S+ by a redox mediator (i.e. interception of the oxidized state, 10-9 s - 10-6 s). (7) Back electron transfer from 
the TiO2 conduction band to the oxidized sensitizer S+ (10-6 s - 10-3 s). (8) Back electron transfer from the 
TiO2 conduction band to the oxidized redox mediator (10-6 s - 10-3 s when using HTM, 10-2 s – 100 s when 
using the (I3–/I–) couple).  

Electron injection  

Electron injection from dye sensitizers grafted on the TiO2 surface (process (2) in Figure 

1.8) has been widely studied in the solar cell community in the past decades, both 

theoretically and with experimental spectroscopic techniques. Theoretical studies have 

suggested that the rate for electron transfer can be extremely fast (from ps to fs) in the case 

where a good energetic overlap is achieved between the dye excited state and the 

conduction band of TiO2.26-29 Following the first studies of Tachibana et al. in 1996, 

many spectroscopists have measured experimentally the rate of electron injection into 

TiO2 and reported multiphasic kinetics with an ultrafast component (10-100 fs) as well as a 

slower exponential in the picosecond timescale (10-100 ps).30-34 A recent study by Bräm et 

al. suggests that electron injection from the singlet state of ruthenium sensitizers can be 

even faster than 10 fs.35 The origin of the slower component can be ascribed to many 

different factors that depend on the preparation conditions, such as the pH of the surface, 

the electrolyte composition, the nature of the TiO2, the adsorption on the dye at the 

surface, as well as the excitation wavelength.12,36-39 A detailed description of the results of 
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these studies is beyond the scope of this introduction but it can be highlighted that all of 

them agree on the presence of a varying fraction of ultrafast component.  

Electron injection is in kinetic competition with deactivation of the excited state (to the 

ground state by fluorescence and internal conversion, and to some extent by intersystem 

crossing to the triplet state). Internal conversion and vibrational relaxation have recently 

been estimated to occur on a timescale of less than 10 fs, which is similar to what observed 

for electron injection. 40 The electron injection efficiency can be defined as: 

 ηinj =
kinj

kinj + kdeact∑   (1.25) 

where kinj  is the rate constant for electron injection and kdeact∑  is the sum of the rate 

constant for radiative and non-radiative deactivation processes (processes (4) and (5) in 

Figure 1.8). The lifetime of the dye excited state should be large enough to allow electron 

injection: usually the deactivation pathways of the sensitizer occur in the nanosecond 

timescale, thus leaving enough time for the electron injection to take place. Such 

deactivation process can be a loss pathway when loosely bound dye aggregates are present 

in the system, where the injection does not take place efficiently.  

Back electron transfer to the oxidized sensitizer  

Back electron transfer, or recombination from the TiO2 CB to the oxidized sensitizer 

(process (7) in Figure 1.8) can be up to 10 orders of magnitude slower than electron 

injection.41 It usually ranges from the µs to ms and is a process largely determined by the 

nature of the dye. Such a difference between the rate of electron injection and the one for 

back electron transfer can be ascribed to the back electron transfer lying in the inverted 

Marcus region, while the electron injection is activationless. It is also to ascribe, for the 

electron injection, to the presence of a continuum of acceptor levels in the TiO2 that can 

easily accept an electron, and where a process of trapping of the electron can take place in 

addition. On the opposite, back electron transfer occurring from the continuum of energy 

levels such as in a semiconductor to a discrete electronic state of the dye molecule will be 

less probable, and will require detrapping of the electron. Position of the HOMO far away 

from the interface, while the LUMO is directly attached to the TiO2 surface has also to be 

taken into account (cf. section 1.2.2).  
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The efficiency of a DSC will be directly related to the kinetic competition between the 

back electron transfer to the oxidized sensitizer and the interception of the oxidized state 

by the electrolyte. The dye regeneration yield is given by:  

 ηr =
kr

kr + kb
  (1.26) 

where kr  is the rate constant for dye regeneration and kb  is the rate constant for 

recombination. Ideally, kr  should be as larger than kb  as possible, in order to have the 

regeneration yield as close to 1 as possible.   

Back reaction kinetics was found to be strongly dependent upon electron concentration 

(and thus light intensity), electrolyte composition (in particular the presence of potential 

determining ions such as Li+), and the application of an electrical bias to the TiO2 

film.42,43 Many different strategies have been implemented in order to retard 

recombination in DSCs. For example, blocking layers on the surface of TiO2 can be 

applied in order to retard the recombination, such as for example TiCl4 treatments (cf. 

chapter 4). Al2O3 layers deposited by atomic layer deposition have also shown to be 

efficient.44 Another strategy currently employed is the use of D-π-A dyes (cf. section 1.2.2), 

where the HOMO is spatially far away from the surface. 

Interception of the oxidized state 

While some tentative have been made to regenerate the dye oxidized form by 

intramolecular electron transfer, for example by using a dyad design where the hole is 

translated away from the TiO2 surface,45 the most effective and widely used way to 

regenerate the RuIII center is by intermolecular regeneration with a liquid redox mediator 

such as the couple triiodide/iodide described in section 1.2.3. This process is described by 

the blue arrow in Figure 1.8 (process 6). As it is shown from equation (1.26), a good 

electrolyte must be engineered in order to be as fast as possible with respect to the 

recombination reactions. Thus the ideal timescale for regeneration is between the ns and 

the µs timescale. (I3–/I–) suffer from one fundamental drawback as described in section 

1.2.3: they imply a two-atoms reaction that can only be slower than a one-electron 

regeneration reaction. The use of cobalt complexes as electrolytes is a way to circumvent 

this two-step reaction, but still not all dyes can function with this very bulky electrolyte.  

In solid-state DSCs, the situation is slightly different. The interception of the oxidized 
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dye state can occur very rapidly (ps to ns timescale),46 since it originates from a one-step 

regeneration reaction. This process is rather referred to as “hole injection” into the HTM 

and will be the object of chapter 3.  

Back reaction with the oxidized electrolyte or oxidized HTM  

The back reaction with the oxidized redox mediator is shown as process (8) in Figure 1.8, 

and is generally referred to as the electron lifetime. While the back reaction of electrons 

with the oxidized electrolyte is rather slow (ms timescale), for the same reasons than for the 

forward regeneration reaction, the back reaction of electrons with oxidized HTM is also 

much faster (µs timescale). In order for the surface of TiO2 not to come into contact of 

HTM molecules, specific strategies such as molecular engineering of the dye are possible, 

e.g. the long chains of the Z907 dye. The chains will then block the access to the surface of 

TiO2. This subject will be addressed in detail in Chapter 3. Blocking barriers are also an 

option, and in this thesis, we will address in Chapter 4 the special case of how TiCl4 

treatment can be applied to decrease the charge recombination with oxidized 

spiro-MeOTAD.  

1.4 Perovskite-based solar cells 

1.4.1 Perovskites: structure and properties 

The latest, most exciting development in the field of solid-state solar cells is constituted by 

a new unique material from the class of perovskites. Initially thought as light absorbers, we 

will show that they have many other interesting properties. Perovskites originate from the 

discovery of CaTiO3 by the Russian mineralogist Lev Perovski. Later, many materials 

with the same crystal structure were discovered and more generally perovskite represent 

AMX3 crystals, where A is a cation, M a metal cation, X an oxide or a halide anion. 

Perovskites extend as a three-dimensional network formed by an MX6 corner-sharing 

octahedron. Perovskites have cubic geometry but in reality the lattice is never ideal and 

can present distortions that will affect physical and optical properties of the crystal. 

Additionally, the size of cation and metal ion will influence the lattice structure and will be 

crucial parameter to modulate the optical and electronic properties of the material.47,48 

Organic-inorganic perovskites, where A is an organic cation, are of special interest in the 
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perovskite family due to their unique structure, where sheets of organic and inorganic 

components alternately stack on the molecular scale. The organic group usually consists of 

an alkyl chain or a single-ring aromatic group. These organic-inorganic hybrids are 

particularly promising because of their unique optical and electronic properties, where the 

organic layers help to define the degree of interaction between and the electronic 

properties arising in the inorganic layers. In addition to that, these materials can be easily 

prepared by wet-chemical synthetic routes, which offer potentially lower-cost and lower-

temperature processes �for materials preparation. 

Herein, we shall focus mainly on the family of lead halide perovskites CH3NH3PbX3, 

where X = I, Cl, Br, and more specifically on CH3NH3PbI3 (crystal structure shown on 

Figure 1.9) but perovskites based on tin instead of lead could also be considered. One 

peculiarity of the perovskite containing small organic cations is that the CH3NH3+ is free 

to rotate in the lattice.49,50 

 

 
Figure 1.9 Crystal structure of CH3NH3PbI3 

Optical properties 

Hybrid organic-inorganic perovskites are interesting optical properties mainly because of 

their direct band gap that can be tuned either by changing the alkyl group, the metal atom 

or the halide.51-54  

For the CH3NH3PbI3, a direct band gap has been determined in the study by Kim et al.55 

Optical band gap (Eg) was determined based on diffuse reflectance spectroscopy, and the 

position of the valence band maximum was determined by ultraviolet photoelectron 

spectroscopy (UPS) measurements. A value of Eg = 1.5 eV was reported for CH3NH3PbI3 

deposited on mesoporous TiO2, and the position of the valence band energy (EV) was 

estimated to -5.43 eV below vacuum level, which has been confirmed by Schulz et al.56 

A = CH3NH3
+

M = Pb2+

X = I-
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Thus, from the optical band gap, the position of the conduction band can be estimated at 

EC=-3.93eV vs. vacuum. 

Perovskites usually exhibit sharp resonances in their room-temperature optical absorption 

spectra,57,58 which arise from an exciton state associated with the inorganic 

semiconducting layers. This feature is of particular interest and will be discussed in this 

thesis in Chapters 5 and 6. Relatively low binding energies of approximately 50 meV are 

reported for excitons in CH3NH3PbI3, due to their large Bohr radius (22 Å) and thus their 

reduced Coulomb interaction.59,60  

Electronic properties 

Perovskites based on tin have long been known to exhibit high values of conductivity.61,62 

Mitzi et al. reported in 1994 that layered tin-based perovskite, where tin iodide sheets were 

intercalated between organic layers, showed a transition from semiconducting to metallic 

behavior with increasing number of layers.63 In a their comprehensive study, Stoumpos et 

al. report the mobilities for many different lead and tin perovskites, as determined through 

Hall effect and resistivity measurements. They find electron mobilities of 2320 cm-2 V-1s-1 

for CH3NH3SnI3 and 66 cm-2 V-1s-1 for CH3NH3PbI3. These values are remarkably high 

and comparable to those of classical semiconductors like Si (1400 cm-2 V-1s-1). The authors 

also point out the fact that the very low carrier concentrations measured is indicative of a 

nearly intrinsic semiconductors. Effective diffusion lengths for CH3NH3PbI3 as measured 

in solar cell architecture are discussed more extensively in section 1.4.3. 

Due to the presence of a CH3NH3+ cation and a PbX3-, CH3NH3PbI3 can be considered 

as an ionic compound with a permanent electric dipole moment; for this reason, its 

dielectric constant is relatively high and initially estimated to 6.5,64 but recent reports  

given even higher values, up to 30.65 The high dielectric constant also explains the low 

binding energies of the exciton, since the photoinduced charges can be effectively screened 

by the dipoles of the lattice.   

1.4.2 Perovskite in photovoltaic devices 

The first report of perovskite materials used in devices for light energy conversion was 

made by Miyasaka and coworkers in 2009.66 This work employed CH3NH3PbX3 

(X = Br, I) perovskite nanocrystals to replace the conventional dye sensitizer, in liquid 

electrolyte-based DSCs. They measured a relatively low power conversion efficiency (PCE) 
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of 3.8% and 3.1 % in CH3NH3PbI3- and CH3NH3PbBr3-based cells, respectively. 

Interestingly, a very high photovoltage was reported, up to 0.96 V, achieved with the lead 

bromide-based cell, which is an impressive value. Soon after, the PCE was raised to 6.5%, 

as reported in the work by Im et al.67 However, these cells suffered from a major 

drawback, as they were decomposing very rapidly, typically 80% degradation after 10 min 

of illumination, due to the dissolution of the perovskite in the liquid electrolyte. 

 The interest in the perovskite system has soared with its introduction in the solid-state 

counterpart of the DSC, using spiro-MeOTAD. Record efficiencies of 9.7% were obtained 

for CH3NH3PbI3 deposited on TiO2 mesoporous framework,55 while in the same period 

Lee et al. reported PCE of 10.9% for a supposedly mixed halide CH3NH3PbI2Cl 

deposited on Al2O3 framework,68 where no extraction of the charges in the mesoporous 

oxide is possible. Due to the high short-circuit currents and photovoltages (respectively 

close to 20 mA cm-2 and 1 V), these two works have attracted the attention of a very large 

scientific community and triggered the development of many studies using these 

perovskites in various photovoltaic architectures.53,69-72  

The classic preparation route for perovskite-based devices consisted in deposition from a 

precursor solution containing CH3NH3I and PbI2 in γ-butyrolactone. It was initially 

thought that in this way perovskite was deposited as quantum dots. The most recent 

literature seems to agree on the fact that this is not the case, in particular with the new 

processing methods. Indeed recently, a breakthrough in PCE was achieved by using a 

modified perovskite processing method, called the sequential deposition method, where 

PbI2 is first spin-coated form a dimethylformamide solution on the TiO2 film and then 

successively converted to perovskite by dipping into a CH3NH3I solution in isopropanol. 

This new method has led to a PCE of 15% and a certified value of 14.1% with high 

reproducibility.73 The last record to date on mesoporous TiO2 has been certified for a 

device by a group at the Korean Research Institute of Chemical Technology 

(PCE=16.2%) and efficiencies above 17% are reported for research devices at the 

laboratory scale.74 Perovskite layers on flexible substrates have also been reported, paving 

the route for numerous types of applications of these photovoltaic devices.75-78 

1.4.3 Perovskite, what is your function? 

Naturally, the question of the exact role of the perovskite material arose with the work 

presented by Snaith and co-workers, reporting 10% cells on Al2O3 framework.68 The 
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authors observed that the open-circuit voltage (VOC) obtained with these insulating 

Al2O3-based devices was 200 mV higher than with a TiO2-based device, mainly because 

no energy losses associated to electron injection in the mesoporous oxide could take place.  

Furthermore, the hypothesis of a large diffusion length in the perovskite was formulated. 

The perovskite, initially thought as the analogous of a dye, seemed to be a material slightly 

more complicated than a common sensitizer: both its light harvesting properties and 

charge transport properties have to be considered.  

Meanwhile, Etgar et al.,79 demonstrated cells made of CH3NH3PbI3 deposited on TiO2, 

where the perovskite material functions itself as the hole transport material. Such devices 

recently reached 8% efficiency.80 The ambipolar character of this material thus became 

quite clear. Recently, Snaith and co-workers also reported that perovskite-based devices 

employing perovskite as a thin evaporated film can work with power conversion 

efficiencies as high as 15% without the need for a complex mesoporous architecture,78 

thus also demonstrating that this material can work as a p-i-n junction, with n being a 

thin compact layer of TiO2, p being an overlayer of spiro-MeOTAD and i corresponding 

to the perovskite evaporated layer. This has been recently confirmed in a recent study 

employing scanning electron microscopy techniques, which also suggests that this p-i-n 

operation mode is also valid for the mesoporous configuration, and for the 

CH3NH3PbI3-xClx perovskite.81  

The determination of the diffusion length of the carriers has been the object of many 

efforts. Both electrons and holes diffusion lengths appear to be very similar according to 

several reports.82,83 On the other hand, Edri et al. provide data supporting the holes being 

more efficiently extracted than the electrons for CH3NH3PbI3.84 It is also very likely to 

depend on the crystallinity of the material, and thus on the preparation conditions. A 

recent theoretical work supports the ampibolar character of CH3NH3PbI3.85 The authors 

report the effective masses for photogenerated electrons and holes, including the effect of 

spin-orbit coupling, and find very similar values for both carriers (mC
* = 0.23m0  and 

mV
*

 = 0.29 m0 , thus being an indication of a reduced interaction with the atomic 

potentials). These values are comparable to those of silicon, thus explaining the long-range 

photocarrier transport. In another theoretical work, first-principles calculations using 

Density Functional Theory have shown that defects in CH3NH3PbI3 are shallow: since 

non-radiative recombination is mainly associated with deeper levels, the presence of these 

shallow levels could explain the long electron and hole diffusion lengths reported above.86 
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The authors also point out that the conductivity might be tuned from p-type to n-type by 

appropriate control of growth conditions. 

It is important to mention that some important differences between the pure iodide-based 

perovskite and the mixed halide CH3NH3PbI3-xClx have been noticed. Diffusion lengths of 

100 nm for electrons and holes were reported for CH3NH3PbI3,83 while electrons and 

holes diffusion lengths in CH3NH3PbI3-xClx were found to be one order of magnitude 

higher, exceeding 1 µm.81,82 Other works support the finding that a small amount of Cl 

doping dramatically improves the charge transport properties without altering its optical 

properties.87  

As an additional interesting characteristic to note in this system, the high dielectric 

constant mentioned in the section above has implications in the capacitance properties of 

the perovskite: indeed, impedance spectroscopy studies have shown that CH3NH3PbI3 can 

work as a capacitor and accumulate charges.88 This capacitor-like behavior can be 

rationalized by a reorientation of the methylamonium cation in order to mask the charge 

from the inorganic framework PbI3-. 

 

With their spectacular evolution within only a few years, perovskite-based devices thus 

appear as the holy grail of photovoltaic devices. The only main concern that remains up to 

now is the presence of lead. Some attempts to replace lead by tin have been made but 

remain unsuccessful because of the lower stability of tin-based perovskites. However, a 

recent review put this in perspective: indeed, for a production capacity of 1 TW per year, 

less than 10,000 tons of lead would be needed. As a comparison, 4 million tons per year of 

lead are used for lead-acid batteries.89 Therefore, it seems that lead should not be such a 

concern.  

In this thesis, we shall focus on the photophysical and photochemical properties of solid-

state systems based on CH3NH3PbI3. The main questions that arise with this material are 

first of all the photophysics upon light absorption, but also the consecutive charge transfer 

processes. The photophysics of CH3NH3PbI3 will be discussed in Chapter 5. Charge 

separation processes at the heterojunction are studied in this thesis in detail and are the 

object of Chapter 6. Charge recombination, within the material and at the various 

interfaces will also be followed by spectroscopic techniques. This thesis thus reports for the 

first time the dynamics of charge transfer processes in a perovskite-based solar cell. 
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2.1 Flash Photolysis  

2.1.1 Fundamentals of the technique 

Flash Photolysis (also known as nanosecond transient absorption) is the simplest form of 

pump-probe technique and was developed shortly before the first lasers. Eigen, Norrish 

and Porter won the 1967 Nobel Prize in Chemistry for the invention of this technique and 

its application on the study of fast chemical reactions “effected by disturbing the equilibrium by 

means of very short pulses of energy".1 

The basic principle relies on short laser pump pulses exciting a sample, while a continuous 

light source such as a Xenon lamp probes the response of the sample to the excitation 

event (Figure 2.1). It is then possible to determine the difference in absorbance between 

the species that are created following the laser pulse and the ground state species. The 

difference in absorbance, termed ΔA, is given by: 

 ΔA = Apump − Ano pump = − log( IT *
I0
)+ log( IT

I0
) = − log( IT *

IT
)   (2.1) 

Where Apump corresponds to the absorbance when the pump illuminates the sample, while 

Ano pump corresponds to the absorbance without any pump. IT* and IT are respectively the 

fraction of probe light transmitted through an excited and a non-excited sample, while I0 is 

the probe light that illuminates the sample. Another simple way to express (2.1) is: 

 ΔA = Apump − Ano pump = − log(ΔI + IT
IT

)   (2.2) 

With ΔI being the transient perturbation in the transmitted intensity caused by the pump.  

 
Figure 2.1 Schematic view of a pump-probe experiment 
The incoming probe light I0 on the sample can be partially absorbed by the sample, resulting in the 
transmitted component through the sample IT. The incoming pump will excite the sample, generating 
species with different absorption spectra than the ground state.  
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Thus, a positive ΔA indicates a transient species with an absorbance greater than the 

ground state species, while a negative ΔA is often the sign of depletion of the ground state, 

referred to as ground state bleaching (GSB). In femtosecond experiments, a negative ΔA 

could also correspond to a stimulated emission process. In this case the stimulation occurs 

through the interaction of the laser probe beam with the excited states of the sample. The 

stimulated emission beam is coherent with the probe beam.  

2.1.2 Excitation source 

The excitation source is provided by a nanosecond Nd-YAG Q-switched laser 

(Continuum Powerlite-7030) with a frequency-tripled output (355 nm) and 20 Hz 

repetition rate. The UV output beam is used to pump a broadband optical parametric 

oscillator (OPO, GWU-355).  

An OPO uses the concept of laser resonator, but where the optical gain is based on optical 

parametric amplification rather than on stimulated emission. Optical parametric 

amplification is obtained when a non-linear crystal is pumped by a high intensity laser 

beam. The nonlinear crystal can then split one incoming photon into two photons (signal 

and idler), and the sum of the signal and the idler energies equals the one of the original 

photon.2 A schematic view is presented in Figure 2.2. In the oscillator, the signal beam is 

oscillating in a cavity with resonator mirrors, passing many times through the pumped 

non-linear crystal and thus further amplifying the signal output. The idler is usually ejected 

by one of the resonator mirrors. For parametric amplification to occur, phase matching 

conditions must be fulfilled. This means that the interacting waves, pump, signal and idler, 

must be in a constructive phase relationship, and is practically achieved by tuning the 

angle of the crystal and the distance between the waves. 
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Figure 2.2 Schematic view of an optical parametric oscillator 
The pump beam is injected through a dichroic mirror. The signal beam is resonant in the cavity, whereas 
the idler is usually ejected by at least of the resonator mirrors. 

The OPO allows tuning the excitation pulse to the desired wavelength, which is chosen by 

rotation of the crystal and selection of the appropriate cavity mirrors. The laser beam is 

then usually attenuated to a fluence smaller than 80 µJ/cm2 by the use of neutral density 

filters. The sample is set at a 60° angle to the excitation laser beam to avoid light scattering 

of the pump beam into optics for the detection. A scheme of the whole setup is presented 

in Figure 2.3. 

2.1.3 Detection 

The continuous wave (CW) probe light from a Xe arc lamp is passed through various 

filters to select the wavelength, the sample, and a monochromator before being detected 

(Figure 2.3). Detection in the visible (400-750 nm) is performed with a fast photomultiplier 

tube (R9910, Hamamatsu) connected to a high voltage source (750 V) allowing conversion 

of photons into electrons. The obtained current is thus monitored by an oscilloscope (DPO 

7204, Tektronix). Temporal resolutions up to 1 µs can be achieved with 1 MΩ load on the 

oscilloscope, while much faster signals (down to 50 ns) can be monitored with 50 Ω  load 

on the oscilloscope. Similarly, detection in the IR (800-1800 nm) is provided by an InGaAs 

photodiode with 1 kΩ load  (SM05PD5A, Thorlabs). The temporal resolution is limited by 

the diode response, which is 1.2 µs. Averaging over at least 2,000 laser shots is usually 

necessary to obtain a satisfactory signal-to-noise ratio. Unless important fluctuations of the 

incoming probe beam were observed, measurements were operated in direct current (DC) 

mode.  

 

Pump beam

Resonant signal beam

Nonlinear
crystal
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Figure 2.3 Nanosecond laser flash photolysis setup  
A Nd:YAG laser pumps an Optical Parametric Oscillator (OPO) to obtain the desired wavelength. The 
beam is filtered by neutral density (ND) filters and used as the pump of the experiment. The probe light 
produced by a Xe arc lamp passes through various filters to select the desired probe wavelength. The probe 
beam is focused on the sample with a first plano-convex lens L1 on the sample, and then collimated by a 
second plano-convex lens L2 to the slit of the monochromator in order to be detected by the PMT or the 
diode connected to an oscilloscope. The oscilloscope is triggered synchronously to the pulsed laser by a fast 
photodiode. 

2.2 Femtosecond transient absorption spectroscopy 

2.2.1 Fundamentals of the technique 

Femtosecond transient absorption spectroscopy is the ultrafast version of the flash 

photolysis technique. As signals faster than the nanosecond are difficult to resolve 

electronically, like with an oscilloscope in the previous case, a different scheme must be 

implemented. This is based on the properties of optical delays, where the time scale is set 

by the physical delay between a pump and a probe pulse travelling different distances. 

Indeed, since the light in air travels 1 meter in 3.33 ns, the desired time interval can be 

selected by adjusting the travelling distance with mirrors on a moving translation stage. 

2.2.2 Laser 

The femtosecond setup was mainly built during S. Pellet’s thesis3 but has undergone many 

modifications since.4,5 The laser source is provided by a CPA-2001 from Clark-MXR. 
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The laser is based on a Ti:Sa medium pumped with the frequency-doubled output of a 

Nd-YAG laser (532 nm). The Nd-YAG is pumped with an arc lamp. The Ti:Sa seed is 

provided by a frequency-doubled Er-doped fiber laser (775 nm). The Er-doped fiber is 

itself diode-pumped and constitutes the oscillator of the system, which produces very short 

pulses.  

The system relies on the technique of Chirped Pulse Amplification (CPA), where the seed 

pulse is first stretched in the time (and frequency) domain with a pair of dispersing 

diffraction grating to decrease the peak power.6 After successful amplification in the Ti:Sa 

laser cavity, the pulse is then compressed back with diffraction gratings to obtain a short 

amplified pulse. The 775 nm pulses are extracted from the cavity with a frequency of 

1 kHz and a duration of approximately 150 fs. The average energy per pulse is 950 µJ.  

2.2.3 NOPA 

Transient absorption spectroscopy requires wavelength tunabilty. This is in practice 

achieved by the use of a Non-Linear Optical Parametric Amplifier (NOPA). The model 

used in our setup is based on a scheme developed by the group of Prof. Riedle.7 A part of 

the output of the CPA laser (150 to 200 µJ) is sent to each of the NOPAs.  A NOPA is 

divided in two stages in order to get a satisfactory output power. In the first stage, a very 

small fraction of the beam is used to generate a White Light Continuum (WLC) through a 

sapphire plate. 

White Light Generation is one among the many non-linear effects. Indeed, a strong laser 

pulse focused on a non-linear medium, such as a sapphire plate, will change the refractive 

index of the medium, which will oscillate with time. Moreover, since the different 

wavelengths of a broad short pulse travel at different speeds in the dispersive medium, and 

in this case the refractive index is changing in time, this will lead to a broadening of the 

different wavelengths generating what can be observed as a superbroad continuum. This 

effect is also known as self-phase modulation.2,8 

The remaining beam is frequency-doubled on a non-linear beta-baryum borate (BBO) 

crystal (387 nm), and then part of this beam as well as the WLC are then focused on 

another non-linear BBO crystal, where the desired wavelength can be obtained by tuning 

the angle of the crystal and the relative distance between the pump beam and the WLC 

seed in order to obtain the phase-matching conditions. This configuration gives the 

possibility to obtain wavelengths in the 450 to 1500 nm range. The region between 700 
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and 900 nm cannot be covered in this simple configuration because of the instability 

around the fundamental wavelength.  

The output beam from the first stage can then further be amplified (typically 6 times) in a 

second BBO crystal, together with the remaining 387 nm beam. The energy of the 

outcoming pulses is then in the range of 6 to 12 µJ depending on the wavelength. The 

wavelength is monitored with a dual-channel spectrometer (S2000, Ocean Optics) coupled 

with an optical fiber. 

In order to cover the range between 700 and 900 nm, an additional WLC generation 

stage can be inserted. In the first stage, one has to generate an IR wavelength between 

1000 to 1100 nm, and then use this output to generate a WLC through a sapphire plate 

that is now far away from the fundamental wavelength. The resulting continuum can then 

be used in the second stage to generate the desired wavelength. In this work, 840 nm 

output wavelength was usually obtained with typical energies from 1 to 2 µJ.  

In some experiments, an automatized TOPAS (Travelling Wave Optical Parametric 

Amplification of Superfluorescence, Light Conversion) was used to generate IR 

wavelengths with higher power.9  

2.2.4 Pulse compression 

Output pulses from the NOPA are slightly stretched, up to 200 fs. This phenomenon of 

group velocity dispersion (GVD) is due to the fact that the different frequencies 

components of a pulse will travel at different velocities.2 Thus, compression is needed to 

increase the temporal resolution of the pulse. This is achieved using a pair of SF10 glass 

prisms, where the GVD can be corrected, as shown in Figure 2.4. A first prism is used to 

refract the different wavelength components to different angles. Then a second prism is 

placed at a distance that will determine the compression and this will refract all 

components again. The second prism should be oriented in the reverse direction but with 

its axis parallel to the one of the first prism. The components will propagate in parallel 

directions in that prism, and because of the different path lengths, red wavelengths will 

travel more glass material and be slowed down with respect to blue ones. Then a second 

path after reflection on a mirror will allow compensating for the spatial dispersion and 

recollimate the beam. The angle of the incident beam on the prisms should be adjusted to 

the Brewster angle to minimize the reflection of the p-polarized laser beam.  
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Figure 2.4 Scheme of prism alignment  
The incoming beam is refracted at different angles with the first prism. A second prism refracts again the 
components, which will propagate in parallel directions in that prism. Because of the different path lengths, 
red wavelengths will travel more glass material and will be slowed down with respect to blue ones. A mirror 
is used to create a second path in the prisms and allows compensation for spatial dispersion of the beams.  

The desired pulse compression is obtained by varying the distance between the prisms and 

measuring the pulse width with a portable autocorrelator (pulseCheck, APE). A typical 

output pulse length is in the order of 50 fs. 

The autocorrelation technique consists in splitting the beam in two copies with a beam 

splitter, making part of the beam travel a tunable distance and then having the two parts 

recombining in a non-linear medium, where sum-frequency generation occurs and the 

corresponding sum-frequency wavelength can be detected.  

2.2.5 Probe schemes 

Two different probe schemes were mainly used in this thesis, both being in transmission 

mode. The first one is based on a monochromatic probe; the second employed a WLC 

probe. In both cases, the sample is traversed by the probe beam focalized on the sample 

with a parabolic mirror, in order to avoid further temporal stretching of the probe beam. 

The excitation beam is adjusted with a small angle with respect to the probe beam and the 

polarization is set at the magic angle (54.7°) with respect to the polarization of the probe 

light by use of a λ/2 waveplate. This ensures an isotropic excitation of the sample. Either 

the pump or the probe beam in the case of monochromatic pump-probe can be delayed 

by the use of a motorized translation stage (M531 PD, Physik Instrument) equipped with a 

retro-reflector (49-668, Edmund Optics). In both cases, a chopper on the pump beam at 

500 Hz enables to distinguish a transient signal (with pump) from a signal without pump, 

as the probe is running at 1 kHz. 

The diameter of the pump beam is monitored with a beam profiler (BC 106-Vis, 

Thorlabs) and the energy is measured with an energy meter (Vega, Ophir) and regulated 

with neutral density filters. 
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2.2.6 Monochromatic Pump-probe 

 
Figure 2.5 Schematic view of the monochromatic pump-probe detection 
The pump beam is delayed by a retroreflector mounted on a motorized translation stage. The beam is then 
chopped by a rotating wheel at 500 Hz and directed on the sample. The polarization of the beam is adjusted 
to the magic angle with respect to the polarization of the probe beam with a half-wave plate. The probe 
beam (1 kHz) is focused on the sample using a parabolic mirror with a 20 cm focal length (PM). After 
transmission through the sample the probe beam is collimated through a lens (L1) and sent to the detector. 
The diode is connected to a lock-in amplifier referenced to the chopper. 

Monochromatic pump-probe experiments were conducted in this work to measure in the 

840-860 nm region before the WLC probe could be extended to the IR region.  The 

schematic view of this type of detection is presented in Figure 2.5. One NOPA is used to 

generate the pump while a second, symmetrical NOPA is used for the probe. Both beams 

are compressed through a prism. Either the pump or the probe beam could be delayed by 

the use of a motorized translation stage. The detection is done using a diode (Nirvana, 

New Focus, model 2007 and 2017 respectively for visible and NIR) connected to a lock-in 

amplifier (SR-830, Stanford Research) referenced to the chopper (500 Hz).  

The technique of lock-in amplification gives an easy way to extract very small AC signals 

from a noisy background.10 The lock-in can basically look at the signal at one specific 

reference frequency and phase. Noise signals and any other different frequency signals are 

rejected and do not interfere with the measurement. By “locking” on the frequency of our 

experiment (500 Hz), the lock-in extracts two quantities, X and Y, X being the “in-phase” 

signal, while Y gives the “out of phase” component. Y is usually set to zero by adjusting 

the phase so that X is directly proportional to the photovoltage (+/- sign). For determining 

the change in absorbance, it is also necessary to know the transmission through the sample 

without any excitation, and this is obtained by measuring the photovoltage when the 

pump is blocked and with the lock-in referenced to 1 kHz. The sign (positive or negative) 

of the absorbance can be difficult to obtain especially if the phases are changed between 

the two measurements. The safest way is then to measure a known sample to determine 
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Diodeλ/2

Lock-inTranslation
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the sense of the signal.  Thus, by taking the equation (2.2), the change in absorbance can 

be written:  

 ΔA = − log(ΔI + IT
IT

) = − log(X 500Hz+X 1000Hz

X 1000Hz

)   (2.3) 

Where X500Hz  is photovoltage associated to the amplitude of the perturbation signal and 

X1000Hz  corresponds to the photovoltage associated to the intensity transmitted through the 

non-excited sample.  

The time resolution, or instrument response function (IRF) of the setup is measured by 

estimating the cross-correlation of the pump and probe pulses at the sample position by 

the Kerr gating technique.  

The Kerr effect is based on the transient anisotropy that can be created in a material upon 

the action of an electric field, i.e, when a strong laser pulse impinges in a material, it can 

create an electric field in the direction of its polarization, thus rendering the material 

anisotropic in that specific direction. The probe and pulse beams have a polarization set at 

45° with respect to each other in order to maximise the non-linear Kerr effect, and are 

focused onto a Kerr medium, which is either a SF10 window or a glass microscopic slide 

for measurements on solid state samples, alternatively a 1 mm cuvette filled with solvent 

for studies in solution. The probe is then blocked by a Glan-Thompson polarizer. When 

both pulses are temporally overlapped, the birefringence induced by the pump in the 

medium rotates the polarization of the probe, which is able to go through the polarizer in 

the detector. 

Data obtained from monochromatic pump-probe experiments are fitted with an analytical 

convolution of a Gaussian instrument response function and n exponentials (decay or rises) 

as described in the thesis of J. Teuscher.5  

2.2.7 White-light continuum (WLC) probe 

A one-stage WLC setup has been built in collaboration with N. Banerji and 

J. Risse-De Jonghe to provide an alternative to the two-stages WLC NOPA built in the 

thesis of J. Teuscher.5 The initial goal of this operation was to obtain a more stable WL, 

even though less intense. The generation of the one-stage WLC was further improved by 

changing the sapphire plate for a CaF2 crystal that gives a broader spectral range, with 

extended UV and IR part, as well as an increase in stability. The basic principle of WLC 
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generation has been introduced in section 2.2.3 but a more detailed description can be 

found elsewhere.8 

WLC generation 

 

 
Figure 2.6 Scheme of WLC generation 
Part of the 775 nm beam from the laser (20 µJ) is collimated by a first lens L1 on a CaF2 crystal continuously 
moved by a function generator. The intensity of the incoming beam is controlled by an iris and a neutral 
density filter (ND). The WLC output is collected through a second lens L2. The WLC beam traverses several 
optical elements depending on the spectral region (visible or IR) and is collected by a parabolic mirror.  Part 
of the beam is sent to the reference CCD camera, while the rest is focused onto the sample and then 
collected by the signal CCD camera. The beam is collimated in the respective cameras using two lenses L3 
and L4, mounted on a three-axis translation stage.   

A schematic picture of WLC generation is provided in Figure 2.6. From the main laser 

source, about 450 µJ at 775 nm are used to pump the two-stages white-light NOPA. The 

incoming energy needed for the one-stage white-light NOPA is around 20 µJ. The beam 

passes through an iris and a variable ND filter and is directed onto a 5 mm CaF2 crystal 

via a 5 cm focal length lens. The crystal is mounted on a 2-axis translation stage, thus 

allowing for fine-tuning of its position with respect to the beam (x and y direction). The 

CaF2 is continuously moved on the z-direction by a vibration generator (B2-2185.00, djb 

microtech ltd) controlled by a function generator (A2-2502.50, djb microtech ltd) as its 

damage threshold is lower than for a sapphire plate. The typical spectrum of the generated 

WLC is shown in Figure 2.7. 
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Figure 2.7 Typical spectrum for the WLC generated by a CaF2 crystal 
The intensity is given in arbitrary units and only the visible part (400-750 nm) is shown here; oscillations are 
more pronounced close to the fundamental (775 nm). 

The energy control of the incident beam by the ND filter and the iris enables a stable and 

broad WLC spectrum, which is collimated by a 5 cm focal length lens. The beam passes 

through a wire grid polarizer to discard any unwanted polarization residuals and is 

directed to a parabolic mirror. The beam is directed to the detection part using the same 

parabolic mirrors as for the monochromatic pump-probe experiment. Half of the WLC is 

then sent to the reference camera path by reflection on a 1 mm OD 0.5 filter (“reference” 

beam), while the transmitted part (“signal” beam) is directed on the sample. Both beams 

are attenuated and directed in their respective charge-coupled device (CCD) cameras, 

reference and signal, with a three-axis 5 cm focal length achromatic lens.  

Detection 

The signal and reference beams are detected with two spectrographs (Princeton 

instruments, SpectraPro 2150) equipped with a 512×58 pixels back-thinned CCD 

(Hamamatsu S7030-0906) and assembled by Entwicklungsbüro Stresing, Berlin.  

The spectrographs have two gratings: 500 nm blaze and 800 nm blaze, controlled by the 

software Mono. The first one enables the analysis of 350-800 nm WLC (visible region) and 

requires the implementation of 350-710 nm band-pass filters to discard the excess 

fundamental at 775 nm. The second grating enables the analysis of 800-1200 nm (IR 

region) with the implementation of 750 nm and/or 850 nm long pass filters. The wire-grid 

polarizer is optimized routinely and usually 90° rotation distinguishes visible from infrared 

WLC. Careful calibration of the spectrographs is achieved by placing several interferential 

filters in the common WLC beam and by controlling the position of the gratings. 
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Data acquisition system 

The transmitted probe intensity acquisition is done shot-by-shot. The reference beam 

enables to account for white-light fluctuations. Typically, 3000 shots are averaged in order 

to obtain a good signal-to-noise ratio. We distinguish IT*, the intensity transmitted in the 

signal camera with the pump; IT, the intensity transmitted in the signal camera without the 

pump, IR*, the intensity transmitted in the reference camera with the pump and IR, the 

intensity transmitted in the reference camera without the pump. The absorbance change is 

then calculated via the following equation:  

 ΔA = − log( IT*
IT

IR*
IR
)   (2.4) 

The dark counts on the cameras are acquired before each measurement and subtracted 

from the transmitted light intensity for each camera.  

Cross-correlation by Kerr gating 

The principle is identical to what is described in section 2.2.6 and described in detail in a 

work by Yamaguchi and Hamaguchi.11 The change in polarization of the probe upon 

pump action on a non-linear medium can be obtained, and detected by the CCD camera. 

The WLC has a broad spectral width and therefore presents large group velocity 

dispersion, called chirp. While passing a dispersive medium, longer wavelengths travel in 

front whereas smaller wavelengths are slower. This results in the blue being seen at time 

zero while the red has already travelled for a few picoseconds, as shown in Figure 2.8. This 

configuration of the setup has a typical cross-correlation (corresponding to its instrument 

response function, IRF) of the order of 50 fs for solid state samples, and about 100-200 fs 

for liquid samples. 
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Figure 2.8 Chirp propagation 
a) Graphical view of the temporal propagation of the different wavelengths. The red wavelengths are ahead 
of the blue wavelengths. b) Change in absorbance on the entire wavelength spectrum detected by the Kerr 
gating technique. One can see the propagation of the chirp at different time delays after excitation. Due to 
the chirp of the white light the temporal overlap between pump and probe – or time zero – is wavelength 
dependent. The temporal overlap of a certain component of the continuum with the pump pulse results in a 
coherent artifact. 

Labview integration 

The Labview software (National Instruments) is used for the data acquisition. The 

program was written by F. Gumy, J. Teuscher and N. Banerji. A schematic view of the 

synchronization of the laser trigger, the pump chopper and the record of the CCD 

cameras is shown in Figure 2.9. The laser trigger (Trig Laser In) running at 1 kHz is 

amplified and converted in a square signal (Trig Laser Out). The chopper is set to 500 Hz. 

A home-built chopper plate with a transmittive photomicrosensor has been designed. The 

transmittive photomicrosensor determines the on/off position by detecting when the pump 

beam is or is not on the photomicrosensor. The slight shift between the aperture for the 

sensor and the aperture for the laser beam is able to account for the jitter.  At first, the 

Labview software starts a measurement (Trig Enable) and controls the synchronization of 

the camera with the laser trigger (Readout Camera synchronizes with Trig Laser Out). As 

soon as this is done, two on/off events (4 ms) are taken. The last event determines the 

order “on” or “off” of the events; this allows determining then if the event must be labeled 
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with “pump” or “no pump”. Each event is constituted by 512 pixels, which are then 

averaged at the end of the acquisition time. Typically 3000 shots, meaning 1500 on/off 

events are taken during a measurement. 

The Labview software enables the real-time lecture of the raw WLC spectrum in both 

signal and reference cameras, as well as the calculated transient spectra averaged over a 

defined number of shots. The linear dependence between pixel and wavelength on the 

grating is manually calibrated with the use of interferential filters. A background spectrum 

is acquired before each measurement in order to account for the dark counts. The 

chopper wheel position is routinely checked, as it is possible to distinguish between on and 

off events in the signal camera.  

 

 
Figure 2.9 Synchronization of laser and cameras 
The laser trigger (laser in) running at 1 kHz is amplified and converted in a square signal (laser out). The 
chopper is set to 500 Hz. The Labview software starts a measurement (trig enable). This allows the camera 
synchronizing with the laser trigger (readout camera). The first acquisitions before the synchronization are 
discarded.  

Data treatment 

A Matlab procedure developed by N. Banerji has been implemented in order to correct 

for the group velocity dispersion and extract the corrected dynamics at different 

wavelengths, as well as the spectral profiles at different time delays. The chirp 

mathematical correction is routinely done for short time scales (typically less than 50 ps).  

The Kerr effect manifests as a transient absorbance change that can be approximated by a 

Gaussian function for each of the different wavelengths. The chirp mathematical 

correction is performed by fitting every wavelength component by a Gaussian function, 
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the width of each Gaussian providing the instrument response for each wavelength. The 

wavefront of all these Gaussian profiles can then be fitted with a monoexponential 

function as a function of time. Thus, the time zero for every wavelength is extracted from 

this function.  

The Matlab routine allows chirp correction but also subtraction of the background spectra 

(i.e. noise) from the data. Typically, 20 to 30 spectra acquired before time zero are 

subtracted from the measurement in order to account for the spectral noise and for the 

pump beam up to a certain extent. Then, the corrected dynamics for different wavelengths 

and the spectral profiles at different time delays can be extracted from their initial matrix 

data file as data columns that are then treated separately in Igor Pro. 

In order to disentangle various photophysical processes occurring on the same time scale, 

a global analysis can be run. For this, a multiexponential fit of the dynamics at different 

wavelengths is performed:  

 ΔA = A1 e
(− t

τ1
)
+ A2 e

(− t
τ 2
)
+ A3 e

(− t
τ 3
)
  (2.5) 

Typically, two or three exponentials are needed to fit correctly the dynamics taken every 

10 nm. This global fit enables to construct an associated spectra displaying the amplitudes, 

A1, A2 and A3 of the transient signal related to each time component τ1, τ2, and τ3, as a 

function of the wavelength.  

2.3 Samples preparation 

Details of sample preparation are given in each chapter. Samples for transient absorption 

spectroscopy have been prepared without any conductive glass or metal electrode in order 

to maximize the transmission through the sample. This configuration is chosen in order to 

be as close as possible to complete solar cells, but still keeping the possibility to measure the 

samples in transmission mode.  

In the case of dye-based cells, TiO2 is directly deposited on microscope glass slides, 

sensitized and then successively impregnated with the hole transport material. In some 

experiments, the samples were sealed with a thin microscopic glass and Surlyn®. In the 

case of perovskite-based cells, TiO2 is also directly deposited on microscope glass slides, 

and then perovskite is deposited either through a single-step deposition method or a 

sequential method (cf. Chapter 5). The sample is finally impregnated with the hole 
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transport material. To avoid contact with ambient air the samples were measured in a 

sealed argon cell, unless otherwise specified.  
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CHAPTER 3  

Hole injection in solid-state 

dye-sensitized solar cells 

This chapter introduces the concept of hole injection in solid state dye-sensitized solar 

cells. A brief review of the literature explaining the main characteristics of this solid-state 

system is presented, together with its current limitations. Initial measurements are 

compared with results reported in the literature and confirm the multiexponential 

dynamics spanning from the picosecond to the nanosecond for the regeneration of the 

oxidized dye by the hole transport material spiro-MeOTAD.  

The spectral signature of the system in the visible is however not ideal as it includes both 

the bleaching of the ground state of the dye as well as the positive absorption from the 

oxidized spiro-MeOTAD. We will show that more accurate information can be obtained 

by probing the oxidized state of the dye itself in the near-IR, as this gives a direct 

information on the fraction of dye that has been regenerated by the hole transport 

material. Measurements in the near IR are presented and the effect of the pore filling 

fraction of spiro-MeOTAD on the dye regeneration is discussed. 
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3.1 Introduction 

Solid-state dye-sensitized solar cells (ssDSCs) are an interesting alternative to liquid 

electrolytes devices, as they overcome problems related to leakages and corrosion. The first 

solid-state DSC has been reported by Bach and al. in 1998,1 and since then much effort 

has been put into increasing the efficiency of such a system. Nowadays, ssDSCs based on 

molecular dyes reach 7% efficiency,2 which is still half of what is obtained with liquid-

based devices. In order to identify the limitations in solid-state systems, it is crucial to gain 

deeper insight into the study of carrier dynamics, i.e. the kinetics of holes and electrons 

following light excitation. Understanding the dynamics is of fundamental importance as 

the system works on a kinetic competition at the heterojunction between the processes of 

charge separation, such as electron and hole injection, and the processes of charge 

recombination, which are a principal loss pathway for the system.  

 

In Chapter 1, we described the main mechanistic processes of a DSC. Here we will briefly 

review them in the case of a solid-state DSC impregnated with the organic hole transport 

material (HTM) spiro-MeOTAD, as shown on Figure 3.1. Under sunlight, the sensitizer, 

usually a carboxylated ruthenium (II) heteroleptic polypyridyl complex, undergoes several 

consecutive charge transfer processes: absorption of sunlight leads first to a metal-to-ligand 

charge transfer (MLCT) transition. Electron injection occurs then from the electronic 

excited state of the dye (S*) into the conduction band of a wide bandgap oxide 

semiconductor such as TiO2. The electron injection is known to be ultrafast,3-6 occurring 

in the femtosecond timescale (1). Discussion of the possible multiexponential components 

of electron injection is beyond the scope of this chapter and has been reviewed in 

Chapter 1. After injection, the oxidized dye needs to be regenerated, and in solid-state 

DSCs this is practically achieved by the use of spiro-MeOTAD (2). Back reactions are 

indicated as (3) and (4). A schematic view of a solid-state DSC is shown in Figure 3.2. 
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Figure 3.1 Energetic scheme of a ssDSC 
After light absorption, the following reactions can occur: 1) Electron injection in the conduction band of the 
semiconductor, 2) Hole injection from the oxidized sensitizer into the HTM (the arrow is in the direction of 
electron transfer from the HTM to the oxidized sensitizer), 3) Back electron transfer with oxidized sensitizer, 
4) Back electron transfer with oxidized HTM. The proposed mechanism for hole mobility inside the 
spiro-MeOTAD is hopping.  

 
Figure 3.2 Schematic view of solid-state DSC 
Mesoscopic TiO2 covered with dye, and pore filling by spiro-MeOTAD. Electron and hole separation after 
light absorption is shown.  

Oxidized dye in contact with HTM can transfer its hole to the HTM - the hole is then 

transported to the counter electrode where it can recombine with electrons to close the 

circuit. The dynamics of hole injection has reported by Bach et al. and is known to be 

largely multiexponential, spanning from the picosecond to nanosecond regime.7  

The hole injection reaction (2) and extraction is in direct kinetic competition with 

recombination processes. On a microsecond to millisecond timescale, electrons injected in 

TiO2 conduction band can recombine either with remaining oxidized dye (3) or with the 

oxidized HTM (4). The aim is then to have the fastest charge separation and transfer for 

the electron and the hole while slowing down the recombination pathways.  Another 

reaction (not drawn on the scheme) that is likely to happen is reductive quenching; in this 
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case, the hole would be transferred faster to the spiro-MeOTAD than injection of the 

electron in the TiO2. Evidences of hole transfer faster than electron transfer have been 

observed by time-resolved photoluminescence studies,8 but to date, this reaction has been 

poorly studied. Nevertheless, it could reveal a major pathway in ssDSCs with respect to 

liquid DSC, due to the fact that hole injection is a one-electron reaction.  

It is worth noting that the reported hole injection in solid-state systems is much faster than 

for liquid-based DSC, because it involves a one-electron transfer process, whereas the 

iodide based electrolytes work on a more complicated reaction involving three iodide 

molecules.9,10 This could be seen as an advantage as it competes more efficiently with the 

recombination of the electron in CB with the oxidized dye (3), but the drawback lies in the 

fact that the back electron transfer – i.e. the recombination with oxidized hole transporter 

(4) - is then much faster as well. This has been already confirmed by impedance 

spectroscopy measurements, which found a recombination rate almost two orders of 

magnitude larger than for liquid electrolyte DSCs11,12 and identified it as a key limitation 

of the system.12,13  

Many parameters have an influence on the charge transfer at the heterojunction. In 

particular, hole mobility and pore wetting/filling seem to be the most crucial parameters 

that determine the efficiency of the system. As the accumulation of holes at the interface 

would lead to increased recombination and prevent further hole injection from the dye, a 

good hole mobility inside the HTM is needed. Hole mobility is also fundamental to extract 

efficiently the charge at the counter-electrode and decrease the series resistance through 

the cell.  The other main issue is related to the contact between dye and hole transport 

material: in case of inhomogeneous and incomplete interfacial contact, the hole will not be 

efficiently extracted and transported.  

3.1.1 Hole mobility 

In molecular hole transporters, charge transport is in general different than band-like 

transport in inorganic semiconductors. It is likely to be a combination of three effects, 

namely polaron formation and transport, hopping across a Gaussian density-of-states 

energetic landscape, and carrier trapping.14 The first mechanism happens because of the 

strong electron-phonon coupling in organic semiconductor materials. The presence or 

absence of an extra charge couples with a lattice distortion and then the charge transport 

occurs from the displacement of the whole quasi-particle. Trap-controlled transport is a 
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thermally assisted process, where all charges in sites below threshold energy are trapped 

(not mobile), while all the charges in sites above are free to move. The hopping model 

considers the hopping of charge carriers within a lattice of localized states. These localized 

states are subjected to energetic and positional Gaussian disorder. The energetic disorder 

is due to the fluctuations of energy levels, while the positional disorder results from the 

fluctuations of intermolecular distances or the orientation of neighboring molecules. The 

hopping probability is related to electronic wave function overlap factor and Boltzmann 

factor for jumps to higher energy sites. In the case of real organic semiconductors, charge 

transport is likely to be explained by a superposition of these three effects depending on 

the conditions. For example, polaron effects dominate at higher temperatures whereas 

trapping depends on the density of defects and impurities. In the case of spiro-MeOTAD, 

time-of-flight (TOF) experimental results have been interpreted within the Gaussian 

disorder model.15  

In the same study, the authors have shown that the hole mobility in spiro-MeOTAD is 

moderate (2·10-4 cm2 V-1s-1) and that the charge transport is non dispersive, i.e. the 

carriers propagate through the material as Gaussian carrier packets with comparable 

velocities. The non-dispersive character is indicative of a relatively low energetic disorder 

and a small amount of trap states in the material. Further studies by Snaith et al. showed 

that the hole mobility depends on the charge density.16 If the density of states is considered 

as Gaussian, there will be a large amount of states in the center of the Gaussian and the 

spacing between adjacent states will be small. On the other hand, in the tail of the 

Gaussian, the number of available states decreases and the average distance between them 

will increase. If the lower states of the Gaussian are filled with charges, the transport will 

occur in the center of the Gaussian where the mobility increases due to the proximity of 

adjacent states.14 This is schematically shown in Figure 3.3. Thus, the charge density 

dependence is thought to arise from the filling of deep trap sites. This will effectively 

reduce the activation required for charge hopping. 
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Figure 3.3 Schematic representation of DOS in spiro-MeOTAD 
The HOMO is considered as a Gaussian distribution of density of states, and the region in blue indicates the 
energy region in which charge transport occurs easily. Open circles represent the sites occupied by holes and 
thus not available for transport. Occupying them will increase the probability of the transport occurring in 
the blue region.  

In this context of charge-density dependence, the mobility could greatly be helped by 

addition of some dopants, which in the same time would reduce the series resistance 

through the cell,17 particularly important when a thick capping layer of HTM is present 

between the mesoporous film and the counter-electrode. The drawbacks of this approach 

include an increased recombination between electrons in the TiO2 and the oxidized hole 

transporter, and a different morphology of the doped HTM, altering its pore filling 

properties. This was the case with the first solid-state devices that were p-doped with 

antimony and proved to be less efficient than non-doped devices.18 Furthermore, care 

should be taken not to over-oxidise the spiro-MeOTAD to avoid energetic mismatches 

between the TiO2 and the HTM.19 Addition of ionic salts, such as lithium 

bis(trifluoromethylsulfonyl)imide salt (LiTFSI), appeared to be a better way to enhance the 

conductivity in spiro-MeOTAD films. It has been shown that the mobility of 

spiro-MeOTAD infiltrated in TiO2 mesoporous network could be increased of one order of 

magnitude, up to 2 10-3 cm2 V-1s-1, upon addition of LiTFSI salt.18 These initial studies did 

not show evidences of chemical oxidation of the HTM by LITFSI; the significant 

improvement in mobility was not attributed to increased charge density but rather to 

increased disorder into the network, leading to a broadening of the tails of the density of 

states, which gave more available sites for hole transport. However, more recent studies 

have shown the complex interplay between lithium salts, oxygen and spiro-MeOTAD.20,21 

Abate et al. demonstrate and identify a mechanism mechanism by which Li+ p-dopes 

spiro-MeOTAD in the presence of oxygen, and which consumes the lithium salt. Hence, 

increasing the charge density by p-doping without detrimentally altering the morphology 
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appears as an effective way to increase the mobility in organic semiconductors such as 

spiro-MeOTAD. Energy level shifts in spiro-MeOTAD upon LiTFSI addition was 

confirmed by photoelectron spectroscopy, thus supporting the hypothesis of a p-doping.22  

 

However, it has to be born in mind that LiTFSI effect is not limited to the HTM layer. In 

liquid devices, similarly to H+ ions, Li+ small cations can adsorb on the TiO2 surface and 

lower its conduction band position,23 thus increasing current generation but decreasing the 

open-circuit voltage of the cell. However, in ssDSCs it was observed that the open-circuit 

voltage of the cells was monotonically raised with increasing amount of lithium salts.24 

Therefore, the action of LiTFSI might be a complex interplay of many factors.  In 

addition to lithium salts, 4-tert-butyl-pyridine (tBP) is a widely used additive to improve the 

performance of solar cells. tBP is generally considered to adsorb on the TiO2 surface and 

act by suppression of the dark current at the semiconductor electrolyte or HTM junction, 

presumably blocking surface states that are active in the charge transfer.25,26 Furthermore, 

tBP acts as a proton sponge and helps solvating the Li+ ions, to inhibit their adsorption at 

the surface of TiO2.14 Lithium ions and tBP are used in combination to obtain the best 

DSCs efficiencies, but to date still many things remain to learn about the exact nature of 

their synergy in ssDSCs.  

3.1.2 Pore wetting and filling  

The pore infiltration of spiro-MeOTAD into the mesoporous TiO2 network has been 

studied extensively during the last years. Contadictory studies can be found in the 

literature on this topic. While some works have reported a complete pore filling even in 

films thicker than 2 µm,27 many studies point in the direction of a partial or incomplete 

pore filling.26,28-32 It is generally considered that the pore filling remains one of the main 

sources of limitation of the system, especially in regard to liquid-based DSCs where the 

electrolyte evenly distributes in the porous structure.  

The terminology of “pore filling” should be made more explicit there.  Several parameters 

are taken into account when talking about pore filling, the major two being the infiltration 

depth and the pore filling fraction (i.e. the volume fraction of the pores filled by the HTM). 

Other important aspects include the wetting of the pore, which would be an indication of 

the homogeneity of the HTM film (Figure 3.4). Clearly, irregularities in the HTM 

deposition or segregation of the HTM would be detrimental for the hole transport 
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properties. It is still not very clear if spiro-MeOTAD deposits as a thin film or if “packets” 

are formed following solvent evaporation – and this cannot be resolved by electron 

microscopy techniques. 

 

 
Figure 3.4 Schematic view of pore filling 
Left: High pore filling; Right: Low pore filling. 

All these parameters have to be optimized in order to have the best performing device. 

The dye’s oxidized state must have an HTM molecule nearby in order to inject its hole, 

and this relates to the wetting of the surface. Once injected, the hole must be allowed to 

travel by the shortest path. If the HTM only deposits as a thin film, the hole will have 

more chances of recombination at the interface than if the pore is sufficiently filled with 

spiro-MeOTAD so that the charge can be directly extracted. The straightforward evidence 

for this picture is that higher performing cells are obtained when using higher 

concentration of spiro-MeOTAD in solution.26 

	
  

X-ray photoelectron spectroscopy studies showed that the infiltration depth was complete 

up to 5 µm TiO2 thickness and that the concentration of the HTM was constant 

throughout the film.31 Nevertheless, the pore filling fraction decreased as the film thickness 

increases. This issue cannot be solved by further increasing the spiro-MeOTAD 

concentration in solution as there is a kinetic restraint: due to the evaporation of the 

solvent, only a limited amount of HTM can infiltrate into the pore before the excess 

solution is dried, forming an overlayer. This implies that is physically not possible to obtain 

a value of 100% pore filling fraction; in fact, Ding et al. estimated that for state-of-art 

devices with 2.5 µm thickness, the filled volume of the pores is 60-65%.31 For this reason, 

the optimized thickness for the TiO2 film in the ssDSC is commonly accepted as below 

3 µm. Over this value, problems of incomplete filling become dominant and the 

performance of the cells is greatly affected. TiO2 films used for liquid-based DSC are 

usually three times thicker to maximize dye loading and light harvesting. Hence, the solid-

state device must compromise between the pore filling parameter and light absorption. In 
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order to maximize the light absorption properties, one of the proposed solutions is use high 

extinction coefficient organic dyes.33,34 On the other hand, suggestions to overcome the 

pore filling problem include the use of larger pore size,35 but then the lower dye loading 

problem would have to be addressed as well. Other possibilities concern the use of 

different types of TiO2 nanostructures, such as TiO2 fibers or nanowires.36 Alternative 

casting techniques to the spin-coating method currently used could also be considered.29,37 

It is also worth noting that many other hole transport materials have been tested, including 

smaller molecules that were thought to increase the pore filling fraction, but so far none 

have been shown to work better than spiro-MeOTAD.38  

 

Many experimental factors have an influence on the effective pore filling: besides the 

spiro-MeOTAD concentration in solution, the spin coating speed and acceleration are 

likely to influence the infiltration.31 In a study where the pore filling was increased from 

26% to 65%, the authors demonstrated that higher hole injection efficiency can be 

obtained between these two limits, while slowing down the recombination rate because of 

better hole diffusion and therefore reduction of the hole concentration at the interface.39 

The hole injection efficiency was estimated by laser flash photolysis: the relative amount of 

spiro-MeOTAD oxidized state formed after the hole injection from the dye was monitored 

before its decay due to recombination with electrons in TiO2. Higher pore filling resulted 

in higher signal from the HTM oxidized state, indicating clearly that at low pore filling 

fractions, many holes could not be injected because of lack of HTM.  

	
  

Besides being one of the most crucial parameter for ssDSCs efficiency, pore filling is 

probably the most difficult to control. Difficulties in reproducibility of solid-state devices 

are often associated with it and not entirely understood. The HTM penetration is likely to 

be influenced by small changes in the sample preparation; due to the hydrophobic nature 

of the HTM, one of the issues is related with the nature of the dye. The more hydrophobic 

the dye is, the higher the probability of a better wetting of its surface by the dye will be. 

Other factors that are more difficult to control, such as the presence of dye aggregates at 

the surface, or even the presence of water into the pores, can have a detrimental effect on 

the pore filling.  
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3.1.3 Interface engineering 

Other strategies not directly related to hole mobility or improved pore filling have been 

demonstrated to be useful in order to improve ssDSCs; these were mainly related with 

interface engineering that could retard the e-CB — HTM+ recombination (4). Kroeze et al. 

reported longer recombination times by using dyes with long alkyl chains, acting as an 

insulating barrier for electron-hole recombination.40 This is also one of the reasons Z907, 

with its long alkyl chains (C9H19) was subsequently used in our group as the standard for 

the ssDSCs. The long alkyl chains then have a double utility, as they can act as an 

insulating barrier, but are also strongly hydrophobic, thus helping in the wetting of the 

pores by the hydrophobic spiro-MeOTAD. Control of the interface electrostatics was also 

proposed.11,24,41 As an example, a dual-functional HTM is sandwiched between the dyed 

TiO2 films and the normal HMT. This dual-functional HTM consists of a conjugated 

organic semiconductor grafted with ion supporting side chains, in this case tetra-ethylene 

glycol (TEG) chains, each able to coordinate one Li+ ion. The authors explain that this 

strategy removes the need to add tBP in the system to help LiTFSI solvation, as well as 

adding a screening layer of positive ions between the dye and the normal HTM without 

affecting the initial hole transfer yield. In the work by Hirata et al.,11 a polymer with 

higher ionization potential than spiro-MeOTAD is used in between the dyed TiO2 film and 

the spiro-MeOTAD. The polymer works as a spatial separator as well as allows achieving a 

redox cascade from the dye, to the polymer, and finally to the spiro-MeOTAD. 

 

In this chapter, we will mainly show how it is possible to monitor the hole transfer reaction 

by transient absorption spectroscopy, and discuss its efficiency with respect to one of the 

parameters discussed above, i.e. pore filling.  

3.2 Methods 

3.2.1 Samples preparation 

TiO2 films were deposited by screen printing on microscopic glass slides and sintered for 

30 min at 450°C before being dipped overnight into dye solutions of ~0.3 mM 

concentration. Two different dyes were used, either N3 (cis-bis(isothiocyanato)bis(2,2'-

bipyridyl-4,4'-dicarboxylato)-ruthenium(II)) or Z907 (cis-disothiocyanato-(2,2’-bipyridyl-
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4,4’-dicarboxylic acid)-(2,2’-bipyridyl-4,4’-dinonyl) ruthenium(II)); their chemical structure 

is shown in Figure 3.5. Spiro-MeOTAD (Merck KGaA) solutions were prepared in 

glovebox by dissolving the HTM in chlorobenzene at 60°C for 30 min. Unless otherwise 

stated, solution of 180 mg/ml of spiro-MeOTAD were used. In case where additives were 

used, lithium bis(trifluoromethylsulfonyl)imide salt (LiTFSI) dissolved in acetonitrile 

(170 mg/ml) was added to the spiro solution at a ratio of 15 µl LiTFSI solution:72 mg 

spiro-MeOTAD, and 4-tert-butylpyridine (tBP) was added at a ratio of 7 µl TBP:72 mg 

spiro-MeOTAD.  

To obtain different pore filling fractions, the spiro-MeOTAD solution was diluted with 

chlorobenzene to various concentrations, but the ratio of spiro-MeOTAD to LiTFSI and 

tBP remained unchanged.  

50 µl of spiro-MeOTAD solution was deposited onto the dyed cell. After waiting 45 s in 

order to maximize the penetration of the solution prior to spin-coating, the cells were then 

spin-coated at a rate of 2000 rpm for 30 s. The samples were then left overnight either in a 

drybox or in a glovebox to allow full evaporation of the chlorobenzene. Finally, samples 

were sealed with Surlyn® polymer and thin microscopic glass slides in order to avoid 

contact with oxygen and external contaminations.  

3.2.2 Femtosecond transient absorption  

The setup has been described in detail in Chapter 2. The experimental configuration used 

in the work presented in this chapter was two-colors pump-probe experiments where two 

NOPAs allowed tuning two monochromatic beams at the desired wavelength. Since most 

of the measurements needed a probe in the near IR (840 nm) – the white light setup has 

not been used for these studies. Extension of the WLC to the near-IR region came later.  

The outputs of the NOPAs are compressed by a pair of SF10 prisms down to sub 50 fs 

pulses. Measurement of the temporal profile of the pulses was done with an intensity 

autocorrelator (APE PulseCheck 15 Short Pulse). The pump is chopped at half the 

repetition frequency of the pulsed laser source. The change in transmittance of the sample, 

i.e. change in intensity of the probe beam, is measured by a photodiode (Nirvana detector, 

New Focus, model 2007) placed after the sample and protected by cut-off filters to avoid 

any scattering signal from the pump. The low-ampitude signal is extracted by a lock-in 

amplifier (SR-830, Stanford Research) referenced to the chopper. 
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Isotropic excitation of the sample is achieved through pump polarization set at the magic 

angle (54.7°) relative to the probe pulse with a λ/2 waveplate. The typical fluences on the 

sample are low to avoid kinetics depending on the laser intensity (energies were usually 

70 nJ for the pump with 250 µm beam diameter and 30 nJ for the probe with beam 

diameters of 150 µm). A lens allows tuning the size of the pump before the sample to both 

decrease the fluence and allow for complete overlap of the probe. The instrument response 

function is typically of 120 fs. 

3.3 Monitoring of the hole transfer reaction 

This section will present several ways to monitor the hole transfer reaction (3) and 

compare it to previously published data. By the choice of the wavelengths of analysis, it 

will be shown that the data may be used as a direct estimation of the fraction of dye 

directly in contact with HTM. The influence of the pore filling fraction on the hole 

injection efficiency will then be addressed. 

The initial results on the dynamic of hole injection were obtained on devices prepared 

with N3 dye, the first ruthenium sensitizer used in DSCs (Figure 3.5a). For the WLC 

experiments and pore filling studies, Z907 was used instead (Figure 3.5b). The two dyes 

have been extensively studied and their spectroscopic properties are well known. Due to 

their analogous structure, they have similar absorption spectra in their ground and 

oxidized state, which allowed using the same wavelengths for excitation and detection for 

transient absorption measurements. 

  

 
Figure 3.5 N3 dye (a) and Z907 dye (b) 
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3.3.1 Dynamics of hole injection in the visible 

Figure 3.6 shows the initial measurements performed on the setup, that were carried out in 

order to check if the results were in agreement with previously published dynamic data.7 

The excitation wavelength was set to 600 nm where only the ground state of the N3 dye is 

absorbing, while the probe was set to 520 nm where both the ground state of the dye as 

well as the oxidized form of the hole transport material absorb.7 The results shown in 

Figure 3.6a and Figure 3.6b display a very fast initial decay attributed to the bleaching of 

the ground state of the N3 dye.4 The slowest and positive components could be attributed 

to the appearance of the spiro-MeOTAD oxidized signal. The increase of spiro-MeOTAD 

is still visible on the nanosecond timescale (Figure 3.6a). Signal from a dyed sample 

without any HTM and covered with propylene carbonate is shown as a comparison to see 

the long lasting bleaching of the dye when no spiro-MeOTAD is present to extract a hole 

from it. 

 

 
Figure 3.6 Femtosecond transient absorption of N3 | TiO2 
 λpump = 600 nm, λprobe = 520 nm. a) Blue dots: N3 | TiO2 sample with spiro-MeOTAD; red triangles: 
N3 | TiO2 reference (sample without spiro-MeOTAD) covered with propylene carbonate. Blue solid line is a 
fit result from the analytical convolution function of one Gaussian instrument response and four exponentials 
(the fourth exponential being fixed to a very long timescale), red solid line is plotted for illustration. b) Larger 
view of a) (0 – 50 ps). Fluence = 35 µJ/cm2. 

The multiexponential dynamics observed is in agreement with what has been reported by 

Bach et al. (Table 3.1).7 These results are a first indication of an incomplete and 

inhomogeneous contact between the dye and the HTM. A first fraction of the dye 

molecules, well covered by the HTM, are rapidly regenerated, while the plateau indicates 

a region of the sample where the regeneration is slower. This is an indication for a 

distribution of distances between the dye molecules and the HTM molecules. Several 
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studies have also suggested that local variations in the electrostatics of the interface may 

exist.42,43 Haque et al. observed a weak dependence of the hole transfer yield on the 

energetic driving force for the hole injection reaction (ΔGdye-HTM); and explained this by an 

inhomogeneous broadening of the energetic driving force due to local variations of the 

TiO2 | dye | HTM interface. The theoretical work by Bisquert et al. supports these 

experimental findings and stresses the importance of energetic disorder. However, 

energetic disorder and spatial disorder might be two sides of the same coin: indeed, 

specific orientation of the HTM molecule in the pore, coupled with ions distribution, may 

lead to variations in the energetics at the surface.  

 

Table 3.1 Time constants for hole injection in N3+HTM|TiO2, λpump = 600 nm, 
λprobe = 520 nm 

 τ1 τ2 τ3 

Time constant/ps 1 20 600 

 A1 A2 A3 

Relative amplitude (%) 30 44 26 

 

Similar measurements were performed on samples with Z907 dye, used in our group as 

the standard for the ssDSCs (absorption spectra of Z907-dyed samples are shown in 

Chapter 4). The results for the hole injection dynamics are very similar to what is obtained 

with the N3 dye. Figure 3.7 illustrates the hole transfer reaction from another perspective, 

and in a sample with Z907 dye. Transient absorption spectrum with a white-light 

continuum (WLC) probe was recorded at 580 nm excitation. Figure 3.7a shows a 

reference Z907 sample deposited on mesoporous TiO2, covered with propylene carbonate. 

Similarly to the N3 dye, the typical features of a ground state bleaching can be seen in the 

blue region (430-550 nm), while a small positive absorption from the dye’s oxidized state 

after electron injection in the TiO2 can be observed after 600 nm. The situation changes 

drastically with HTM addition: in Figure 3.7b, the negative band from 475 to 550 nm 

gradually becomes positive, thus showing the formation of oxidized spiro-MeOTAD that 

has a characteristic absorption peak in that range.44 
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Figure 3.7 Broadband femtosecond transient absorption of Z907 | TiO2 

λpump = 580 nm, WLC probe. a) Z907|TiO2 reference (sample without spiro-MeOTAD) covered with 
propylene carbonate.  b) Z907|TiO2 sample with spiro-MeOTAD. Color lines correspond to different time 
delays after the pump excitation. Fluence = 70 µJ/cm2. 

3.3.2 Dynamics of hole injection in the near IR 

Similar samples as in section 3.3.1 and sensitized with N3 dye were measured at a different 

probe wavelength, in the near IR. The aim was to observe the dynamics of the oxidized 

dye without any or little contribution from the oxidized state of the spiro-MeOTAD. This 

was achieved by monitoring the hole injection at 840 nm (NCS  Ru(III) MLCT 

transition),45 where the absorption from oxidized spiro-MeOTAD and electrons is low. 

However, their absorption cannot be completely neglected, and for extraction of the exact 

time constants related to the process of hole injection, as well as the contribution to the 

absorption of every species present, a kinetic model is presented in Chapter 4. Thus, in this 

section, the time constants extracted from the fit with the analytical convolution function 

of one Gaussian instrument response and three exponentials are given for qualitative 

discussion on the samples but are not representative of any process in the system. Results 

for a sample of N3 impregnated with spiro-MeOTAD are reported in Figure 3.8. 
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Figure 3.8 Femtosecond transient absorption of N3 | TiO2 
λpump = 600 nm, λprobe = 840 nm. Blue dots: N3 | TiO2 sample with spiro-MeOTAD; red triangles: 
N3 | TiO2 reference (sample without spiro-MeOTAD) covered with propylene carbonate. Signal is mainly 
attributed to the oxidized form of the dye, with little contribution from electrons and the oxidized form of 
spiro-MeOTAD. Blue solid line is a fit result from the convolution of one Gaussian instrument response and 
three exponentials, red solid line is plotted for illustration. Fluence = 35 µJ/cm2. 

Table 3.2 Time constants for hole injection in N3+HTM |TiO2, λpump = 600 nm, 
λprobe = 840 nm 

 τ1 τ2 τ3 

Time constant/ps 1 50 long 

 A1 A2 A3 

Relative amplitude (%) 24 24 52 

 

An analogous multiexponential behavior is observed: half of the dye is regenerated in 

approximately 100 ps, while the other half is still under its oxidized form at 2 ns. The first 

and second time constants are similar to what is extracted from the measurements at a 

probe wavelength of 520 nm – confirming the hypothesis of a very fast hole injection for 

the dye molecules in direct contact with the HTM (Table 3.2).  

The slow part is less straightforward to rationalize. Bach et al. estimated that the 

regeneration should be complete in a few nanoseconds, monitoring the formation of 

oxidized spiro-MeOTAD. It is not unlikely though that the information extracted from 

there is slightly different than what is given by the direct regeneration of the dye. In fact, 

fitting the formation of oxidized spiro-MeOTAD introduces an estimation of its final 

quantity that could be fairly different from the actual value, while the information 

obtained by the oxidized dye decaying dynamic is straightforward and gives a direct 

quantification of the hole injection efficiency. To go further in this direction, probing the 

dynamic of oxidized dye gives a direct measurement of the fraction of the dye that is not 
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regenerated because of non-contact with the HTM. On the other hand, when probing the 

appearance of oxidized spiro-MeOTAD, this information is missing and may 

underestimate the fact that a fraction of the dye molecules is in a segregated zone, not in 

contact with the HTM, and will follow a completely different kinetic. In fact, a model of 

two separate compartments could be hypothesized from these results: regions of dye well 

contacted with HTM that follow picosecond regeneration dynamics, and regions of total 

non-contact, where the dye is only subject to recombination with electrons in TiO2 

(dynamical process that is known to happen on the late microsecond – millisecond 

timescale). This simplified model would underline the important role played by the pore 

filling morphology by the HTM. To further confirm this, an interesting axis of research 

would be to understand if there are really two separate compartments or if some of the 

holes could hop from one dye to another until they reach the next region contacted by 

spiro-MeOTAD. Self-exchange hole transfer for Z907 dye in a liquid electrolyte has been 

evidenced by polarized transient absorption spectroscopy.46 This would be an interesting 

technique to apply to solid-state systems.   

For all the above-mentioned reasons, further measurements in the thesis were conducted 

at a probe wavelength of 840 nm to follow the decrease of the oxidized state of the dye, 

which is a straightforward indication of hole injection. 

3.4 Investigation of the effect of pore filling fraction  

As the pore filling appears to be one of the greatest bottlenecks of the system, a logical 

experiment was to look at the influence of the pore filling fraction on the kinetic of hole 

injection. The regeneration of the oxidized dye was then probed for two samples with 

different HTM concentration in the casting solution (72 mg/ml and 180 mg/ml of 

spiro-MeOTAD in chlorobenzene, corresponding respectively roughly to a calculated pore 

filling fraction of 26% and 65%).31 Figure 3.9 shows their kinetics over the first 20 ps. The 

overall kinetics over 2 ns was fitted with the convolution of one Gaussian and three 

exponential and yielded time constants similar to the ones reported in Section 3.3.2, 

reported for the N3 dye (Table 3.3). Only the first two exponentials are visible in Figure 

3.9. Again, there is a good agreement between the results obtained for the N3 dye and 

Z907.  

The amplitude of the first component (τ1 = 1 ps) is larger in the case of the higher pore 

filling (45% vs. 25%, Table 3.3), thus confirming the importance of the pore filling 
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parameter, in the early dynamic of hole injection. It is worth noting that the extinction 

coefficient of the oxidized form of spiro-MeOTAD is much smaller at this wavelength than 

the one of the dye, as it will be described in Chapter 4.   

These results highlight that the electron transfer from the HTM to the oxidized dye is a 

fast one-electron transfer reaction and its only kinetic limitation comes from the actual 

distance and contact between the two reactants.  

 

 
Figure 3.9 Femtosecond transient absorption of Z907 | TiO2 
λpump = 600 nm, λprobe = 840 nm. Green triangles: 26% pore filling (corresponding to 72 mg/ml of 
spiro-MeOTAD in the casting solution); black circles: 65% pore filling fraction (corresponding to 180 mg/ml 
of spiro-MeOTAD in the casting solution). Signal is mainly attributed to the oxidized form of the dye, with 
little contribution from electrons and the oxidized form of spiro-MeOTAD. Solid lines results from the 
convolution of one Gaussian and three exponentials over a timescale of 2 ns. Only the first 20 ps are shown 
here. Fluence = 35 µJ/cm2. 

Table 3.3 Time constants for hole injection in Z907+HTM|TiO2, λpump = 600 nm, 
λprobe = 840 nm, for different pore filling fractions 

 τ1 τ2 τ3 

Time constant/ps 1 50 long 

Relative amplitude (%) A1 A2 A3 

26% pore filling 25 13 62 

65% pore filling 45 15 40 
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3.5 Conclusion 

In this chapter, the main issues related with solid-state DSCs have been discussed. Hole 

mobility and pore filling appear to be the key factors influencing these devices, which still 

need further understanding in order to obtain better performing devices. Time-resolved 

absorption spectroscopy is presented as a powerful tool to investigate the intricated kinetic 

processes that occur at the heterojunction of such a system. Femtosecond transient 

absorption dynamics in the visible allow following the regeneration of the ground state of 

the dye by oxidized spiro-MeOTAD, which appears to be multiexponential, indicating a 

large distribution of distances in the system. The optical signals in this region contain a 

mixture of the ground state bleaching and the oxidized spiro-MeOTAD, thus rendering 

more difficult the analysis of the dynamics.  We show herein that probing in the near-IR 

gives access to the quenching of the oxidized state of the dye by the hole transport material 

spiro-MeOTAD, which is a direct information of the hole injection yield.  Kinetic decay of 

the oxidized form of the sensitizer in the picosecond regime helps establishing a model for 

the morphology of the nanoporous structure filled with HTM.  It is further shown that the 

pore filling fraction parameter is of crucial importance for the early dynamics of hole 

injection. 
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CHAPTER 4  

Effect of post-treatment of TiO2 

films by TiCl4 in solid-state 

dye-sensitized cells 

This chapter is adapted from the following publication: Effect of post-treatment of titania 

mesoscopic films by TiCl4 in solid-state dye-sensitized solar cells: A time-resolved spectroscopy study, 

Marchioro, A., Dualeh, A., Punzi, A., Grätzel, M., Moser, J.-E., J. Phys. Chem. C, 2012, 

116, 26721-26727. Post-treatment of mesoporous TiO2 films using TiCl4 solutions is 

commonly applied during the fabrication of solid-state dye-sensitized solar cells (ssDSCs), 

as this procedure improves the performance of the photovoltaic device. In this work, the 

effect of TiCl4 treatment upon the charge carrier dynamics was investigated in ssDSCs. 

Kinetic studies, carried out using femtosecond and nanosecond transient absorption 

spectroscopy, showed that a biphasic electron transfer is observed, for both treated and 

non-treated films, whose kinetics is not significantly affected by the surface modification 

step. However, hole injection in the hole transport material (HTM) spiro-MeOTAD and 

charge recombination were found to be markedly slower in TiCl4-treated films. These 

findings are rationalized by a model describing the interaction at the interface between 

TiO2, the dye and spiro-MeOTAD. Results emphasize the importance of controlling the 

contact a between the HTM and the sensitized semiconductor oxide network. 
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4.1 Introduction 

Solid-state dye-sensitized solar cells (ssDSCs), first reported in 1998 by Bach et al.,1 are a 

promising alternative to conventional dye-sensitized cells (DSCs), as they circumvent 

potential problems of spilling and corrosion related to liquid electrolytes. Nowadays, 

systems based on solid organic hole transport materials (HTM) in conjunction with 

molecular dye-sensitizers reach 7.2% power conversion efficiency.2 Compared to 

electrolyte-based DSCs with certified power conversion efficiencies of 12 %,3 there is still 

some room for performance improvement. 

The mechanistic processes in ssDSCs have been discussed in Chapter 3 and will be briefly 

reminded here. Following light excitation of the molecular sensitizer, an electron is 

injected in the conduction band (CB) of TiO2 and can be extracted to generate a current 

in an external circuit (Equation (4.1)). Regeneration of the sensitizer is ensured by hole 

injection into the HTM, which has been shown in Chapter 3 to occur on the ps to ns 

timescale (Equation (4.2)). Undesirable back reactions can occur when electrons in the 

conduction band (e–cb) either recombine with some oxidized dye molecules (S+), which did 

not inject holes sufficiently fast because of poor contact with the HTM, or directly with the 

oxidized HTM (Equations (4.3) and (4.4)). These recombination reactions are usually 

slower than forward electron transfer processes and take place in the µs timescale. 

Reductive quenching of the dye’s excited state by the HTM is also a pathway that needs in 

principle to be addressed in these systems (Equation (4.5)).4  

 S*  |TiO2 → S+   | TiO2 + e
–
cb   (4.1) 

 S+   |TiO2 + HTM → S  | TiO2 + HTM
+   (4.2) 

 e–cb   + S
+ → S   (4.3) 

 e–cb   + HTM
+ → HTM   (4.4) 

 S |TiO2 + HTM → S–  |TiO2 + HTM
+   (4.5) 

As the DSC working principle relies on kinetic competition between forward charge 

transfer and recombination processes, the kinetics of hole and electron transfer reactions 

following light excitation must be understood in order to overcome the origin of the 

limitations in ssDSCs.  Despite a large research effort aimed at improving the efficiency of 
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these solid-state devices, up to now only few studies concerning the mechanistic processes 

occurring in the system have been reported.  

 

The hole mobility and the pore wetting/filling appear to be key parameters controlling 

charge separation efficiency and have been reviewed in Chapter 3. As the accumulation of 

holes at the interface would lead to increased recombination and prevent further hole 

injection from the dye, a good hole mobility in the HTM is needed and so far this is 

practically achieved by the use of various dopants.2,5,6 The other main issue is related to 

the contact between adsorbed dye molecules and the hole transport material:7-9 As it has 

been discussed in the previous chapter, when the contact with the HTM is inhomogeneous 

and/or incomplete, the hole will not be efficiently transferred and transported away from 

the interface. These two parameters are interconnected and related to the way the HTM 

has infiltrated the TiO2 mesoporous structure, thus they strongly depend on the 

morphology and thickness of the film. Therefore the way the TiO2 film is prepared must 

be carefully considered. Recently, new TiO2 architectures have been tested to maximize 

the penetration of the HTM and this field is currently under investigation.10 On another 

hand, post-treatment of the surface of mesoporous titania films constituted of sintered 

spherical nanoparticles applied by bath deposition of TiO2 from TiCl4 aqueous solutions is 

routinely done in DSCs fabrication, as it markedly improves their photovoltaic efficiency 

and decreases recombination.11,12 This surface post-treatment of TiO2 nanocrystalline 

anodes is indeed expected to increase the necking between nanoparticles and fill possible 

cracks in the film.13 The main effect observed in liquid DSCs is an enhancement of the 

photocurrent associated with a downward shift of the conduction band edge energy level. 

Sommeling et al. reported a complete work hypothesizing an effect of TiCl4 on electron 

injection after ruling out a possible implication in electron transport and improved dye 

loading.11 At this point, however, no systematic study on the effect of TiCl4 treatment on 

solid-state devices has been performed. As the wetting of the surface with the HTM is 

critical for these devices, it is even more important to understand how surface treatments 

influence the morphology of the semiconductor film and affect the dynamics of electron 

transfer processes at the interface.   

Here we report on the effect of TiCl4 treatment upon the kinetics of charge transfer in 

ssDSCs studied by time-resolved transient absorption spectroscopy (TAS). By monitoring 

transient signals over a wide time range spanning from femtoseconds to milliseconds, TAS 

represents a powerful method to investigate the mechanistic processes occurring in the 
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photovoltaic device. Charge separation and charge recombination pathways in ssDSCs 

were examined in presence or absence of TiCl4 post-treatment. Here, we show that adding 

this specific fabrication step affects the kinetics of processes in solar cells drastically, and 

that these changes are related to one of the bottleneck parameters of ssDSCs, i.e. the 

contact between the dye and the HTM spiro-MeOTAD In a first part, we investigated the 

impact of TiCl4 treatment on electron injection dynamics. Then, the effect on hole 

injection of different TiCl4 treatment procedures was determined systematically. Beside 

the hole injection reaction (Equation 2), the competing back reaction of conduction band 

electrons (e–cb) with the oxidized form of the HTM (Equation 4) in treated and non-treated 

films was investigated in order to provide a complete picture of the kinetic competition in 

the system.  

4.2 Methods  

4.2.1 Samples preparation  

The samples for the measurements presented in this chapter were prepared by Amalie 

Dualeh (LPI, EPFL). Nanocrystalline mesoporous 2.0-2.5 µm-thick TiO2 films were 

prepared by screen-printing an aqueous paste onto glass microscope slides and sintering at 

a temperature of 500°C (average particle size 23 nm, average pore size 32 nm, approx. 

porosity 0.68). The samples treated by TiCl4 were prepared as follows: the TiO2 films were 

immersed in the dark in 20 mM aqueous titanium tetrachloride solution at either 70°C for 

30 min or room temperature (RT) for 6 hours, prior to sintering at 500°C for 30 min. 

These two treatments influenced the morphology of the initially prepared mesoporous 

TiO2 film, although not in a similar way. SEM pictures of TiO2 compact films, which 

were not used for the kinetic studies, are presented in section 4.3.2 and show how 70°C 

treatment formed a conformal layer over the TiO2 sintered nanoparticles, while RT 

treatment formed an additional layer including the nucleation of small islands.  
Z907 complex (cis-bis(isothiocyanato)(2,2’-bipyridyl-4,4’-dicarboxylato)(4,4’-di-nonyl-2’-

bipyridyl)RuII) was used as a dye sensitizer in this study.14 Sensitization of mesoporous 

TiO2 was achieved by immersing the films overnight in a 0.3 mM Z907 solution in a 

mixture (1:1) of tBuOH and MeCN solvents.  Samples infiltrated by spiro-MeOTAD 

HTM were prepared in an argon glovebox following a standard procedure to avoid any 

oxygen or moisture contact. Spiro-MeOTAD (Merck, KGaA) was dissolved in 400 µl 
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chlorobenzene at a concentration of 180 mg/ml by heating for 30 min at 60°C. Lithium 

bis (trifluoromethylsulfonyl)imide (LiTFSI) and 4-tert-butylpyridine (tBP) were added as 

follows: tBP was purified before use and 7 µl of this compound were added to the 

chlorobenzene  solution to yield a concentration of 0.12 M tBP. 17 mg of LiTFSi were 

predissolved in 100 µl acetonitrile and 15 µl of this solution were added to the 

chlorobenzene solution to yield a concentration of 0.02 M LiTFSI. 40 µl of spiro-

MeOTAD solution was deposited onto the sensitized substrates and allowed to infiltrate 

for 30 s in order to maximize the penetration of the HTM prior to spin coating for 30 s at 

2000 rpm. After overnight evaporation of residual chlorobenzene, cells were sealed with 

Surlyn® (DuPont) cast polymer film and cover glass. Reference samples, containing no 

hole transport material, were covered with a solution of propylene carbonate with LiTFSI 

and tBP dissolved at the same concentration as the solution prepared for spiro-MeOTAD-

infiltrated samples.  

4.2.2 Nanosecond flash photolysis  

Transmission-mode TAS experiments were conducted using a frequency-tripled, Q-

switched Nd:YAG laser (Continuum, 20 Hz repetition rate) pumping an optical 

parametric oscillator (OPO-355, GWU). The output wavelength of the OPO was tuned to 

λ = 590 nm (7 ns pulse duration). The sample was set at a 60° angle with respect to the 

excitation laser beam. The fluence of the excitation light beam was attenuated to less than 

40 µJ/cm2 at the sample in order to inject less than 2 electrons/nanoparticle on the 

average per pulse. This ensures that no significant shift in the TiO2 Fermi level occurs as a 

result of a larger injected electrons population. The cw probe light from a Xe arc lamp 

was passed through various optical elements, the sample, and a monochromator 

(λprobe = 1000 nm) before being detected by a fast photodiode. Averaging over at least 

1000 laser shots was necessary to get satisfactory signal/noise ratios. 

4.2.3 Femtosecond transient absorption 

The setup is described in details in Chapter 2. Briefly, a Ti:Sa amplified femtosecond laser 

(CPA-2001, Clark-MXR) was used as a source. Half of the source intensity was used for 

pumping two non-collinear phase-matched optical parametric amplifiers (NOPA’s), 

allowing for the generation of monochromatic pump and probe beams. At 590 nm pump 
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wavelength, typical energies of 8 µJ per pulse were obtained. The probe NOPA allowed 

the generation of a near-IR beam, with λprobe = 840 nm and pulse energies of 1.5 µJ. The 

output pulses of the NOPAs were compressed by pairs of SF10 prisms, down to ca. 50 fs 

duration. The pump beam was chopped at half the repetition frequency of the pulsed laser 

source. The change in transmittance of the sample, i.e. change in intensity of the probe 

beam, was measured by a photodiode (Nirvana detector, New Focus, model 2007) placed 

after the sample and protected by cut-off filters to avoid any scattered light from the pump. 

The low-amplitude signal was extracted by a lock-in amplifier (SR-830, Stanford 

Research) referenced to the chopper placed in the pump beam. To ensure isotropic 

excitation of the sample, the pump polarization was set at magic angle (54.7°) relative to 

the probe pulse with a λ/2 waveplate. The typical fluence of the pump on the sample was 

low (230 µJ/cm2 per pulse, this should correspond, with a transmittance of 0.66 of the 

sample, to approximately 8 injected electrons/TiO2 nanoparticle). A lens allowed tuning 

the size of the pump beam before the sample to both decrease the fluence and allow for 

complete overlap of the probed spot area. Temporal overlap between the pump and probe 

pulses at the sample position was measured with a Kerr gating technique and gave typical 

instrument response function (IRF) of 120 fs.  

4.2.4 Femtosecond transient absorption data treatment 

The procedure for the fitting of the femtosecond TA signals is described herein. Electron 

injection was fitted with a model described elsewhere,15,16 using the convolution of one 

Gaussian with two exponentials, the second exponential being fixed (τ = 10 µs). For hole 

injection, a specific model was derived, allowing a correct description of the TAS signals 

by isolating the contribution of the dye regeneration from the electron injection, as in 

presence of spiro-MeOTAD these two processes occur on a very similar timescale. 

Furthermore, as small differences in the kinetics of electron injection were noticed in the 

TiCl4 treated samples with respect to non-treated samples, this model also accounts for 

this factor. 

The probe wavelength, 840 nm, was chosen in order to observe the oxidized state of the 

dye with little contribution from the excited state.16-18 However this contribution cannot 

be totally neglected and thus the extinction coefficient of the excited state will be discussed 

further on. Past work on the kinetics of hole injection19 probed the rise of the oxidized 

state of the HTM. In this work, we decided to probe the rise and decrease of the oxidized 
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dye, in order to take into account any eventual dye that would not be in contact with the 

HTM and thus, would not inject its hole. This could not be probed by looking at the rise 

of the oxidized state of the HTM, as it has been explained in Chapter 3.  Ideally, no 

contribution for the HTM oxidized state is desired in order to observe the sole 

contribution of the oxidized dye. However, in the spectral region of oxidized dye 

absorption, this requirement could not be fulfilled and the data treatment must take into 

account a minimal contribution by the oxidized state of the HTM. Additionally, the 

absorption of the electrons in the same spectral region has to be addressed as well. The 

current model does not address the issue of reductive quenching of the excited state of the 

dye by the HTM. 

Determination of the extinction coefficients 

The extinction coefficients of all the species present at 840 nm were determined. Z907 

extinction coefficient was extracted by nanosecond flash photolysis experiments of 

Z907 | TiO2 samples, covered with an inert solvent, where the amplitude of the signal 

from oxidized dye at 840 nm was compared to the amplitude of the bleaching signal from 

the ground-state species. In the microsecond timescale of the experiment, no contribution 

from the excited state of the dye was expected and thus the extinction coefficient 

corresponds to species present after electron injection. Using the extinction coefficient of 

the ground state species reported at 526 nm (εS = 1.2·104 M-1 cm-1),20 we could calculate 

an extinction coefficient  value of 6.7·103 M-1 cm-1, corresponding to the extinction 

coefficient of the oxidized species plus the corresponding free electrons in the conduction 

band that have broad absorption spectra in the IR. From the same flash photolysis 

measurements probing at longer wavelengths and based on the literature,21,22 we could 

estimate this value for the electrons as being approximately εe- = 1.3·103 M-1 cm-1, leading 

to a value of εS+ = 5.4·103  M-1 cm-1 for the oxidized species alone. We further assume for 

the purpose of this analysis that the extinction coefficient of the electrons is independent of 

the concentration. This is not the case for strong accumulation conditions,23 but the laser 

intensities used in the femtosecond study should not exceed 8 electrons/TiO2 

nanoparticle.  

The extinction coefficient of the first oxidized form of spiro-MeOTAD, formed by 

regeneration of the oxidized dye, is also weakly absorbing at this wavelength, with an 

extinction coefficient of εD+ = 8.5·102 M-1 cm-1 as determined by NIR absorption of the 
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chemically oxidized form, in agreement with previously measured values.24,25 To the best 

of our knowledge, the extinction coefficient of the excited state of the dye (denoted εS*) was 

not reported clearly in the literature. For the purpose of this quantitative model, we thus 

tried to extract an approximate value for the extinction coefficient of the excited state 

species. From data published in Tachibana’s thesis and previous reports,17,26 the relative 

amplitude of the excited state with respect to the signal of the oxidized species and the 

electrons is 33% of a signal constituted by oxidized state and electrons, i.e. an absorption 

coefficient of roughly εS* =2.2·103 M-1cm-1. Hence, on a total signal of oxidized dye S+, 

excited state S*, electrons e- and oxidized HTM D+ (εtot = 5400 + 2200 + 1300 + 850 

= 9750 M-1 cm-1), we have 55% contribution from the oxidized state, 23 % contribution 

from the excited state, 13% for the electrons and 9% coming from the oxidized HTM. 

These values will allow a correct weighting of the different contributions in the signal.   

Differential model and fitting equation  

As the overall signal contains more than one contribution, it was necessary to separate the 

temporal evolution of each of these contributions. For this purpose, differential equations 

were used to describe the temporal evolution of all species. All the subpicosecond processes 

and the instrument response function were not taken into account in the kinetic model and 

considered as a step function, as the processes of interest were much slower. Furthermore 

the injection efficiency is considered to be 100%.  

After electron injection, the following process is hole injection into the HTM. A 

multiexponential process has been observed and previously described by Bach et al.,19 as 

well as reported in Chapter 3.  This was ascribed to a kinetic inhomogeneity, i.e. different 

types of populations. In our model, we consider a first type of population (A) that 

represents the oxidized dye molecules in close contact with the HTM; the rate constant for 

hole injection will be named kA. A second type of population (B), represents the oxidized 

dye molecules at longer distances from the HTM, thus subjected to hole hopping to 

transfer their hole.27 We made the assumption that statistically these distances will average 

giving rise to a unique rate constant, namely kB. The ground state species, denoted S, can 

give rise after injection to either SA
+  or SB

+ . Considering the following reactions: 

 S* → SA,B
+ + eCB

−   (4.6) 
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 S* k1⎯ →⎯ SA
+ + eCB

−   (4.7) 

 S* k1⎯ →⎯ SB
+ + eCB

−   (4.8) 

Equation (4.6) describes the instantaneous rise within the laser pulse that is completed at 

time t=0 and is described by a step-function as discussed above. Equations (4.7) and (4.8) 

take into account the slower injection part respectively for A and B populations. The time 

constant of this process, k1, can readily be extracted from fitting a reference of Z907|TiO2 

and inert solvent. The time constant k1 remains the same for both A and B populations, 

since the electron injection is not related with the type of dye (in contact or not) with the 

HTM.  

The regeneration of the different types of dye populations by HTM is given by the rate 

constants kA and kB in (4.9) and (4.10): 

 SA
+ + D kA⎯ →⎯ SA

+ + D+   (4.9) 

 SB
+ + D kB⎯ →⎯ SB

+ + D+   (4.10) 

Thus the temporal evolution of the species can then be described by the following 

equations: 

 
dS*

dt
= −2k1S

*   (4.11) 

 
dSA

+

dt
= k1S

* − kASA
+   (4.12) 

 
dSB

+

dt
= k1S

* − kBSB
+   (4.13) 

 
dD+

dt
= kASA

+ + kBSB
+   (4.14) 

with SA
+ (t)  and SB

+ (t)  being the concentrations of the oxidized dye, respectively for 

populations A and B, and D+ (t)  being the concentration of the oxidized HTM. The 

initial conditions are S*(t = 0) = S0
* , SA

+ (t = 0) = SA,0
+ , SB

+ (t = 0) = SB,0
+  and 

D+ (t = 0) = D0
+ = 0 . 
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The temporal evolution of the electrons must also be considered, and once they are 

formed, on the timescale of interest, we can consider that their concentration remains 

constant (recombination processes are much slower).  

 
de−

dt
= − dS

*

dt
= +2k1S

*   (4.15) 

with e0
− = SA,0

+ + SB,0
+ . The system of differential equations (4.11), (4.12), (4.13), (4.14), and 

(4.15) can be solved in Mathematica (v.8.0.4.0). 

Once the temporal evolution of the concentrations is found, the transient absorbance 

signal (the change in absorbance with and without laser pulse) can be described by 

weighting each concentration with the corresponding relative extinction coefficient, 

following the Beer-Lambert law: 

 ΔA = Apump − Ano pump = ε i ⋅ci (t)pump
i
∑ − ε i ⋅ci (t)no pump

i
∑   (4.16) 

As at this wavelength, the ground state species do not absorb, the second term of Equation 

(4.16) is zero and the overall equation is:  

   (4.17) 

where the extinction coefficients are listed above. Equation (4.17) can be used as a fit 

function in Igor (v. 6.00) with the corresponding initial guesses on SA,0
+  and SB,0

+ , and the 

A = e 2k1t
S*S0* + electrons (S0* e 2k1tS0*)+ electrons (SA,0+ + S+

B,0 )

+ 1
(2k1 kA )(2k1 kB )

e 2k1t kAt kBt
D+ ( 2e2k1t+kAtk21S0* 2e2k1t+kBtk21S0*

+4e2k1t+kAt+kBtk21S0* + e2k1t+kAtk1kAS0* + ekAt+kBtk1kAS0* 2e2k1t+kAt+kBtk1kAS0*
+e2k1t+kBtk1kBS0* + ekAt+kBtk1kBS0* 2e2k1t+kAt+kBtk1kBS0* ekAt+kBtkAkBS0*
+e2k1t+kAt+kBtkAkBS0* 4e2k1t+kBtk21SA,0 + 4e2k1t+kAt+kBtk21SA,0 + 2e2k1t+kBtk1kASA,0
2e2k1t+kAt+kBtk1kAS0,A + 2e2k1t+kBtk1kBSA,0 2e2k1t+kAt+kBtk1kBSA,0
e2k1t+kBtkAkBSA,0 + e2k1t+kAt+kBtkAkBSA,0 4e2k1t+kAtk12SB,0 + 4e2k1t+kAt+kBtk12SB,0

+2e2k1t+kAtk1kASB,0 2e2k1t+kAt+kBtk1kASB,0 + 2e2k1t+kAtk1kBSB,0
2e2k1t+kAt+kBtk1kBSB,0 e2k1t+kAtkAkBSB,0 + e2k1t+kAt+kBtkAkBSB,0 )

+ S+ (
e 2k1t kAt ( e2k1t k1S0* + ekAtk1S0* 2e2k1t k1SA,0 + e2k1t kASA,0 )

2k1 kA
e 2k1t kBt ( e2k1t k1S0* + ekBtk1S0* 2e2k1t k1SB,0 + e2k1t kBSB,0 )

2k1 kB
)

+ +

+ + +

+ + + +

+ + +

+ + +

+ +

+ +

+
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relative extinction coefficients as fixed parameters. As previously mentioned, the 

subpicosecond processes and the instrument response function were taken as a step 

function in this analysis, as the processes of interest were much slower, thus the fits start at 

t = 1 ps. S0
*  and k1 were both estimated from the reference of Z907|TiO2 with inert 

solvent and taken as fixed parameters. kB, the slowest exponential, needed to be sometimes 

fixed (usually 3 · 107 s-1). Thus on a total of ten parameters, seven are fixed or constrained. 
 

Estimation of the S0* parameter 

The initial population in the excited state can be extracted from a fitting a reference 

measurement of Z907|TiO2, in absence of spiro-MeOTAD. It is calculated considering 

only the growth after the subpicosecond, ultrarapid injection. The amplitude of this slow 

part, denoted ΔAslow  and shown in Figure 4.1, is given by the following equation: 

 ΔAslow = ΔA
Sf
+ + ΔA

ef
− = ε

S+
Sf
+ + ε

e−
ef
−   (4.18) 

and S0
* = Sf

+ = ef
− , where Sf

+  is the final concentration of oxidized dye and ef
−  the final 

concentration of electrons, corresponding to the species produced in the slow part.  

 

 
Figure 4.1 Scheme showing the amplitude of the slow part ΔAslow 
 

Thus: 

 S0
* = Sf

+ =
ΔA

Sf
+

ε
S+

=
ΔAslow − ΔA

ef
−

ε
S+

=
ΔAslow − εef−eef−

ε
S+

=
ΔAslow − εef−S0

*

ε
S+

  (4.19) 
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 S0
* = ΔAslow
(ε

S+
+ ε

ef
− )

  (4.20) 

In this case, the only species present are S* , S+ and e− . The relative extinction 

coefficients, for the excited state absorption, the oxidized state and the electrons, are 61%, 

24% and 15%. The relative initial excited state concentration becomes: 

 S0
* = ΔAslow
(0.61+ 0.15)

  (4.21) 

This allows an estimation of the initial concentration of excited state from the reference 

and thus can be put as a constrained parameter in the fit equation (4.17). 

4.3 Results 

Fs and ns TAS measurements were performed on samples prepared with and without 

TiCl4 treatment. Z907 dye was used throughout all the study. Dye photoexcitation was 

carried out at 590 nm, and the dye oxidized state’s transient absorption probed at 840 nm, 

as explained in section 4.2.4.  

4.3.1 Absorption spectra 

Absorption spectra of Z907 | TiO2 films and Z907 + spiro-MeOTAD | TiO2 films are 

reported here, together with the absorbance of the corresponding solutions, obtained from 

desorption of the dye in a basic solution. The UV-vis-near IR spectrum was measured 

with a Lambda 950 spectrophotometer (Perkin-Elmer) equipped with a 60 mm integrating 

sphere (LabSphere). A total transmission spectrum (the direct transmission plus the 

scattered transmission) was measured for the films measuring between 2 and 2.5 µm. 

Solutions were measured in normal transmission mode, without the integrating sphere. 

The RT treatment and the 70°C treatment being very similar, only the results for the 

70°C treatment are presented here.  

 



Effect of TiCl4 post-treatment in ssDSCs 
 

 101 

Absorption spectra for Z907 | TiO2  

The absorption spectra derived from the total transmission of Z907 adsorbed on the 70°C 

treatment film and the non-treated film are shown in Figure 4.2. They both show a 

maximum at 525 nm, accordingly to the values reported in the literature.20  

 

 
Figure 4.2 Absorption spectra of Z907 | TiO2 films 
Non-treated film (dashed black line) and 70°C treated film (red plain line). 

Absorption spectra for desorbed Z907 

In order to quantitatively estimate the difference in dye loading on a treated and non-

treated film, dye desorption experiments, as already described by Sommeling et al.11 were 

performed on the same films used for the integrating sphere measurements.  First, the 

average thickness of each film was measured with profilometer (Alpha-Step 500 

profilometer, KLA-Tencor) as shown in Table 4.1. The area of all the films was identical. 

 
Table 4.1 Thickness of the non-treated and 70°C treated TiO2 films before dyeing 

Sample Average thickness (µm) 

No treatment 1.96 

70°C treatment 2.47 

 

Then, after usual dyeing procedure, a solution (1:1) NaOH 0.1 M/H20 was prepared in 

order to desorb the dye from the TiO2 surface. The solutions were then measured with the 

standard detector of the Lambda 950 spectrophotometer. The spectra were slightly blue-

shifted, indicating a partial deprotonation of the dye. To obtain the exact dye loading, the 

absorbance of the desorbed solutions was divided by the average film thickness (Figure 
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4.3). As expected, the difference was small, in the order of 4%, this confirming the values 

reported in Sommeling’s paper.  

 
Figure 4.3 Absorption spectra of solutions of desorbed Z907 
As obtained from the desorption of a non-treated film (dashed black line) and 70°C treated film (red plain 
line). The absorbance was divided by the corresponding film thickness indicated in Table 4.1. 

Absorption spectra of Z907+spiro-MeOTAD | TiO2  

The spectra of the samples of films with spiro-MeOTAD shows the same absorption peak 

for the dye as well as a supplementary feature at 400 nm – indicative of presence of 

unoxidized spiro-MeOTAD (Figure 4.4). A small peak at 1000 nm shows the presence of a 

minimal quantitiy of oxidized spiro-MeOTAD, probably induced by the exposition to 

oxygen.  

  

 
Figure 4.4 Absorption spectra of Z907+spiro-MeOTAD|TiO2 films 
Non-treated film (dashed black line) and 70°C treated film (red plain line). 

4.3.2 SEM pictures 

SEM pictures were taken by Amalie Dualeh (LPI, EPFL). A difference between the TiO2 

underlayers with and without TiCl4 treatment can be observed on the SEM pictures. 

When compared to a non-treated underlayer (Figure 4.5a), the 70°C treatment (Figure 
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4.5b) shows formation of a structured layer over the TiO2 sprayed layer, that appears to be 

conformal. With RT treatment (Figure 4.5c), the formation of an additional layer includes 

the nucleation of small islands (white dots) on the compact TiO2 layer.  In both cases, 

more material is deposited over the substrate, inducing a change in the surface structure 

and properties that, in the case of the mesoporous TiO2 structure will most likely modify 

the contact between TiO2 nanoparticles and the HTM.  

 

 
Figure 4.5 SEM pictures of the TiO2 underlayer with different treatments  
a) Non-treated TiO2 underlayer, b) 70°C treated TiO2 underlayer and c) RT treated TiO2 underlayer 

4.3.3 Electron injection dynamics 

At first, the influence of TiCl4 treatment on electron injection dynamics from Z907 was 

monitored. Films of Z907|TiO2 were prepared as described in the experimental section, 

but no spiro-MeOTAD was deposited. Electron injection has been reported to take place in 

the femtosecond time scale, provided that dye adsorption on the surface is performed 

under certain conditions.28-31 TAS measurements over a time span of 1 or 2 ns were 

conducted on Z907 sensitized TiO2 samples with and without TiCl4 treatment (Figure 

4.6). The samples were covered with propylene carbonate (PC) as an inert solvent. 

Measurements were performed both with neat PC, as well as with a solution of PC 

containing LiTFSI and tBP at the same concentrations as used for the preparation of the 

spiro-MeOTAD solution, and no noticeable difference was observed within the two sets of 

samples. No difference was also observed between different TiCl4 treatments (70°C 

treatment or RT treatment). At 840 nm, the observed signal corresponds mainly to the 

formation of the dye oxidized state (S+) by electron injection in the TiO2 as explained 

before. This dye’s oxidized state, in the absence of a redox mediator, has a lifetime of a few 

hundreds of microseconds. Thus on the timescale of the experiment, only the rise of the S+ 

species signal can be detected, as it can be seen in Figure 4.6. Electron injection on non-

treated films was found to take place predominantly in a sub-50 fs time scale, with a small 
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slower picosecond component (15%, 50 ps) being consistent with previous results.30 A 

similar biphasic behavior was found in the case of the treated films, with a 60 ps 

component accounting for 20% of the total signal. This is also consistent with findings of 

Tiwana et al. who observed by terahertz measurements a biphasic charge injection with 

50-70 ps component and no noticeable difference in charge injection for treated and non-

treated samples.32 Samples were also measured with different fluences in order to ensure 

that the dynamics of electron injection is independent of the pump energy.  

 

 
Figure 4.6 Time course of the transient absorption measured at 840 nm of samples following 
fs pulsed excitation at 590 nm  
Signals mainly reflect the kinetics of appearance of the dye oxidized state S+ and, therefore, of the electron 
injection process. a) Z907 | non-treated TiO2. Black circles: sample measured under an excitation fluence of 
230 µJ/cm2. Black diamonds: different sample measured at half the fluence. b) Z907 | TiCl4-treated TiO2 at 
70°C. Red triangles: sample measured under an excitation fluence of 230 µJ/cm2. Red diamonds: different 
sample measured at half the fluence. Data were fitted with an analytical convolution function of a Gaussian 
instrument response and two exponentials (solid line).  

4.3.4 Hole injection dynamics  

The dye oxidized state S+ signal of samples filled with spiro-MeOTAD HTM was 

monitored by probing its optical absorption at 840 nm as explained in 4.2.4. Typical 

transients are shown in Figure 4.7. The regeneration of the oxidized dye (Equation 2) was 

expected to occur on the ps-ns timescale19 and indeed a decrease in the dye oxidized signal 

can be observed over a range of 2 ns, very similarly to what observed in Chapter 3. At the 

probing wavelength of 840 nm, the observed signal includes contributions of the excited 

state, the oxidized state, the oxidized HTM and of conduction band electrons. Thus, it is 

hardly possible to extract quantitative kinetic information without a precise description of 

the time evolution of each species. A detailed model describing the time-dependence 

contribution of each species, weighted by the corresponding relative extinction coefficient, 

is derived in 4.2.4. As a brief reminder, the model considers two types of population of 
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oxidized dye, SA
+  and SB

+ , corresponding respectively to a dye population, A, where 

molecules are adsorbed in direct contact with the HTM and to a portion, B, of dye 

molecules not in direct contact with the HTM, and for which holes have to be transferred 

by lateral hopping until they reach the HTM.27,33 The fit equation derived with the model 

allowed obtaining quantitative values for the initial volumic concentrations on the probed 

spot and time constants for each species (respectively SA,0
+  and kA , SB,0

+  and kB ) separated 

from the contributions of all the other absorbing species. Figure 4.7b) and c) shows 

transient absorption signals recorded in similar conditions with samples prepared with 

non-treated films. The fast component, with kA = 2.6 · 109 s–1 (τ A  = 380 ps) accounts for 

52% of the total oxidized dye concentration, while the slow component kB  = 2.6 · 107 s–1  

(τ B  = 38 ns) accounts for 48% of the total oxidized dye concentration. Residues for all fits 

are presented in Figure 4.8. 

 

 
Figure 4.7 Hole injection dynamics probed at 840 nm following 590 nm fs pulsed excitation 
of dye-sensitized TiO2 films  
a) Z907 + spiro-MeOTAD | non-treated TiO2. b) Z907 + spiro-MeOTAD | TiCl4-treated TiO2 at 70°C. c) 
Normalized absorbance changes of Figures a) (black dots) and b) (red triangles) are plotted together for direct 
comparison. Data obtained for a sample made of Z907 + spiro-MeOTAD | TiCl4-treated TiO2 at RT are 
also shown (blue crosses). 
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Figure 4.8 Residues of the fits presented in Figure 4.7 
Residues of the fits of hole injection spectra monitored at 840 nm followed by excitation at 590 nm on a) 
Z907 + spiro-MeOTAD | non-treated TiO2 (black dots), b) on Z907 + spiro-MeOTAD | 70°C treated TiO2 
(red triangles) and c) on Z907 + spiro-MeOTAD | RT treated TiO2 (blue crosses). 

4.3.5 Hole injection in TiCl4-treated samples 

Samples with different types of TiCl4 treatment were prepared and hole injection 

dynamics was measured. Decrease of the dye oxidized state signal was observed to be 

slower in the case of both TiCl4 treatments than with non-treated films (Figure 4.7). 

Similar to the previous case, the derived model provided an estimation of the proportion 

of the population A with respect to the population B without any contribution from the 

HTM absorption, the electrons, or the dye excited state. The fit equation derived also 

takes into account the small differences observed in the case of electron injection. 

Consequently it can be unambiguously determined if the observed decrease results from 

slower electron injection or if it is solely related to an effect due to different surface 

morphology. For a sample prepared with a TiCl4-treated film, a fast component is still 

observable kA  = 1.4 · 109 s–1, (τ A  = 710 ps), but this accounts for only 14% of the total 

oxidized dye concentration, while the slow component with kB  = 5 · 107 s–1 accounts for 

86% of the total oxidized dye concentration. This shows that the hole injection is markedly 

delayed when TiCl4 treatment is implemented. 
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4.3.6 Hole injection with different TiCl4 treatments 

Empirical optimization of TiCl4 treatment in our laboratory suggested that varying the 

conditions of the surface treatment leads to a change in the morphology of the film. In 

order to compare the effect of distinct types of TiCl4 treatments and the related 

morphology of the TiO2 films on the hole injection, samples with a different TiCl4 

treatment, done at 25°C for 6h, were tested. Electron injection on a Z907-sensitized TiO2 

film was first measured to extract the parameters needed for the fitting procedure, and it 

was found to be very similar to the previous 70°C TiCl4 treatment. For samples Z907 + 

spiro-MeOTAD/ TiCl4-treated TiO2 at RT, no noticeable difference for hole injection 

(Figure 4.7c) could be observed within the resolution of measurements. Fast components 

with kA = 8.1 · 108 s–1 (τ A = 1.2 ns) and the slower one, kB  = 5 · 107 s–1, accounted for 

11% and 89% of the total oxidized dye concentration, respectively. 

4.3.7 Charge recombination 

 
Figure 4.9 Charge recombination dynamics monitored at 1000 nm, for 590 nm excitation  
Black dots represent Z907 + spiro-MeOTAD | non-treated TiO2, red triangles 
Z907 + spiro-MeOTAD | TiCl4-treated TiO2 at 70°C and blue circles 
Z907 + spiro-MeOTAD | TiCl4-treated TiO2 at RT. Experimental data points were fitted by double 
exponential decays (solid lines).   

Charge recombination of oxidized spiro-MeOTAD with electrons in TiO2 conduction 

band occurs on the µs timescale and can be monitored by flash photolysis technique. 

Measurements were performed on Z907|spiro-MeOTAD samples prepared with and 

without TiCl4 treatment. The dye was excited at 590 nm, and the spiro-MeOTAD 

oxidized state (HTM+) was probed at 1000 nm, where the signal is mainly due to oxidized 

spiro-MeOTAD, with only a small contribution of conduction band electrons.34 This 
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particular wavelength was chosen to exclude the contribution to the signal from possible 

remaining oxidized dye molecules. The decay of the absorption of HTM+ displayed in 

Figure 4.9 reflects the recombination of spiro-MeOTAD oxidized state species with 

injected conduction band electrons as described by Equation (4.4). A simple single 

exponential was not able to fit the decay kinetics. As excitation fluences were carefully 

limited to ensure that less than two electrons are injected per nanoparticle at a time, the 

observed complex kinetics could well indicate a kinetically inhomogeneous recombination 

mechanism. Non-treated films (k1 = 1.5 · 105 s–1 and k2 = 2.6 · 104 s–1) exhibit a faster 

recombination than samples treated according to the two different types of TiCl4 

application procedures (k1 = 2.8 · 104 s–1 and k2 = 4.3 · 103 s–1 for 70°C treatment and 

k1 = 4.2 · 104 s–1 and k2 = 7.8 · 103 s–1 for RT treatment). In order to exclude variation of 

the recombination rate due to a shift of the Fermi level caused by an increased dye loading 

and consequently an increased number of injected electrons per particle, the dye loading 

was determined by dye desorption experiments (refer to section 4.3.1). As already reported 

by Sommeling et al.,11 the measured adsorbed dye surface concentration was found to be 

practically constant (with changes of the order of 4%). The difference observed between 

recombination rates cannot be ascribed, thus, to a different density of injected electrons. 

4.4 Discussion 

On the side of electron injection dynamics, this work confirms what was already observed 

using different techniques.12,32 No marked difference is observable in the kinetics of 

electron injection that could be ascribed to the surface treatment. Furthermore we cannot 

conclude on an effect of the treatment on the DOS of TiO2. Here, the main interest of 

measuring electron injection is to determine a value for the biphasic injection to use as a 

parameter in the model developed for the hole injection. 

Regarding hole injection, femtosecond TAS studies on ssDSCs were reported by 

Bach et al.19 They investigated the process of hole injection by monitoring the bleaching of 

the dye and the appearance of the oxidized state of the spiro-MeOTAD, corresponding to 

the hole injection from the dye to the HTM. As one of the main issues with ssDSC is 

partial pore filling that prevents part of the dye molecules to be in direct contact with the 

HTM, monitoring the signal of oxidized dye, instead of the one from oxidized spiro-

MeOTAD, gives a direct measure of the fraction of the isolated dye molecules not in 

contact with the HTM, thus not being regenerated, at least not as fast as dye molecules in 
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direct contact to the HTM. On the other hand, when probing the appearance of oxidized 

spiro-MeOTAD, this information is missing and may underestimate the fact that part of 

the dye molecules in a segregated zone, not in contact with spiro-MeOTAD, will follow 

completely different kinetics. As discussed above, preliminary studies on hole injection in 

the absence of any TiCl4 treatment showed that the dye oxidized state could be monitored 

at 840 nm with little contribution from the spiro-MeOTAD oxidized state – thus leading to 

the choice of this particular probe wavelength for the reported work. 

In ssDSCs using spiro-MeOTAD, hole injection is a one-electron transfer process, unlike 

the case of liquid DSCs based on the I3–/I– redox couple, where the oxidation of iodide 

implies a two-electron exchange.31 Hole injection in HTM is, thus, expected to be fast and 

indeed, the kinetic of dye regeneration is observed to take place in the ps-ns timescale. The 

experiments showed that 50% of the dye is regenerated in a timescale of a few hundreds of 

picoseconds, while the other half of dye is still present after 2 nanoseconds in its oxidized 

form. From extrapolation, the totality of the dye should be regenerated after a few tens of 

nanoseconds. This observation is in agreement with Bach’s studies in 1999, where the 

appearance of the oxidized state of spiro-MeOTAD was monitored, and it was concluded 

that the multi-exponential kinetics arises from a distribution of separation distances 

between dye and HTM molecules. This is a further indication that with optimized 

conditions of spiro-MeOTAD deposition (spin coating, 180mg/ml, 65% pore filling 

fraction), nearly all dye molecules are able to transfer their hole to spiro-MeOTAD, via 

direct contact or via lateral hole hopping. We illustrate in Chapter 3 the effect of the pore 

filling fraction (PFF) on hole injection, showing that between 25% PFF and 65% PFF, the 

regeneration increases with increasing PFF. This confirms a direct mechanism of hole 

injection for dye directly in contact with spiro-MeOTAD, while some holes have to move 

laterally in order to attain the next spiro-MeOTAD molecule, thus explaining the slower 

part of the signal.  

Having established the mechanism of hole injection in absence of TiCl4 treatment, it was 

then possible to study the effect of TiCl4 treatment on the same hole injection process. As 

pointed out by the results presented in Figure 4.7, hole injection is drastically slowed down 

by TiCl4 treatment. A plausible hypothesis to explain this effect comes from a change in 

the morphology of the film observed as a result of a different necking between the 

particles, changing the pore size and the porosity. SEM pictures of the TiO2 compact 

underlayer following the same type of TiCl4 treatment the mesoporous TiO2 film are 

presented in section 4.3.2 and show indeed that the TiCl4 bath induces a surface 
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modification with deposition of additional material.  In this sense, the penetration and/or 

wetting of the surface with spiro-MeOTAD could be more difficult after modification of the 

TiO2 surface. This hypothesis is further supported by measurements carried out in the µs 

timescale, where recombination of e–cb with oxidized spiro-MeOTAD is monitored. 

Charge recombination between injected electrons and spiro-MeOTAD shows a 10-fold 

decrease of rate constants for treated samples with respect to non-treated ones, both for 

the 70°C treatment and the RT treatment. This global decrease in both the hole injection 

and charge recombination processes rate could be well explained by a different 

penetration of spiro-MeOTAD into the pores and a different wetting of the surface, slowing 

down the two competing reactions. As the overall effect of TiCl4 treatment on complete 

cells is a general increase in their efficiency, it is safe to assume that the decrease in hole 

injection kinetics is not as crucial for the system as the decrease in charge recombination 

kinetics. Increasing the recombination time constant for this unwanted back reaction 

markedly improves the performance of the system, and these measurements confirm that a 

major effort has to be invested in trying to minimize this loss pathway. Recent studies have 

shown evidence for differences in recombination kinetics for different types of TiO2 

facets.35 Looking from a molecular picture, it is then worth noting that if the TiO2 local 

facet and orientation of dye molecules at the surface is a parameter that has to be taken 

into account. This could well explain the difference observed in recombination kinetics 

and hole injection, as the contact with the oxidized hole transport material and the lateral 

hopping between dye molecules is most likely altered.  

When comparing the two different TiCl4 treatments (at 70°C and RT) on ps and µs 

timescales, the following observation can be made: independently of which TiCl4 

treatment has been performed, hole injection is delayed in the same way with respect to a 

non-treated sample. As suggested by previous studies on the influence of PFF on the hole 

injection reported in Chapter 3, a noticeable difference in hole injection kinetics can be 

resolved only if the difference in PFF is greater than 10-20%. For small variations in PFF, 

as is assumed to be the case for samples prepared with the different TiCl4 deposition 

methods, the change in hole injection dynamics must be too small to be observed within 

the sensitivity of our experiment.  

While the effect of TiCl4 treatment appears to be mitigated on the side of electron 

injection and, regarding hole injection, goes in an opposite direction from what is expected 

for a performing cell, charge recombination is slowed down substantially by the TiCl4 

treatment explaining the observed increase in cell performance. Interestingly, the 
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recombination of electrons and spiro-MeOTAD seems to be faster than the recombination 

of the electrons with the dye itself (usually a few hundreds of µs). This could be an 

indication that spiro-MeOTAD contacts directly the surface in some parts of the pore 

leading to a preferential channel for recombination.  

4.5 Conclusion 

In conclusion, this study has focused on the effect of TiCl4 treatment on both mechanisms 

of charge separation and charge recombination. TAS spectra of electron injection, hole 

injection and charge recombination have been recorded and a specific model was 

developed in order to treat the data obtained for hole injection from the oxidized dye to 

the HTM. This model allowed separating the contribution from the electrons, the 

oxidized HTM species and dye molecules that absorb in the same region of the spectrum. 

Our findings show that the kinetics of electron injection does not display a significant 

change upon TiCl4 treatment. On the other hand, hole injection was found to be delayed 

by TiCl4 treatment. This was rationalized by a different penetration/wetting of the pores 

by the HTM when deposited out of solution reducing the direct contact of dye and HTM. 

The most striking effect of this surface treatment was found to be on charge recombination 

being explained by the same rationale as the delayed hole injection. These findings are in 

good agreement with previous studies that already concluded that the effect of TiCl4 

treatment in liquid cells was mostly affecting charge recombination. Charge 

recombination in solid devices being a one-electron process, it is likely to compete 

efficiently with the overall charge separation. Therefore this work underlines the 

importance of controlling charge recombination with the HTM in order to improve 

photovoltaic devices performance. 
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CHAPTER 5  

Photophysical processes 

in CH3NH3PbI3 

This chapter will present the photophysics of a new and very promising light absorber, 

CH3NH3PbI3. The main spectroscopic signatures of this material deposited on a 

mesoporous framework of Al2O3, as obtained by transient absorption spectroscopy, will be 

introduced and analysed. The photophysical processes will be evidenced, enabling the 

study of interfacial processes with both a hole acceptor material and an electron acceptor 

material in Chapter 6. 

 

 

 

  

A = CH3NH3
+

M = Pb2+

X = I-
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5.1 Introduction 

Recent advances in the solid-state dye-sensitized solar cell community have provided a 

major breakthrough for the development of cheap and upscalable hybrid solid-state solar 

cells. As described in Chapter 1, hybrid organic-inorganic all solid-state solar cells based 

on methylammonium lead halide perovskite absorbers have attracted attention because of 

their ease of fabrication and performances rivalling the best thin-film photovoltaic 

devices.1-7 Among the various types of perovskite and morphologies reported to date, 

CH3NH3PbI3 deposited on a mesoporous film of titanium dioxide through a sequential 

deposition method appears to yield the best certified conversion efficiency.8 

 

Optical and electronic properties of the three-dimensional organic-inorganic systems have 

been studied thoroughly in the last decades.9-11 Indeed, lead iodide based perovskites 

exhibit numerous properties that make them good candidates for being used as absorbers 

in solid-state sensitized solar cell, particularly because of their broadband absorption 

across the visible up to 800 nm, and their extinction coefficient one order of magnitude 

higher than the conventional N719 dye and Z907 dyes used in solid-state devices, 

rendering them particularly attractive for thinner cell architectures.12,13 An important 

spectral characteristic is the presence of an excitonic absorption peak at 750 nm for 

CH3NH3PbI3, which translates in a sharp, gaussian-shaped versus wavelength 

photoluminescence with a maximum between 750 and 780 nm, depending on the 

impurities.1,14 Figure 5.1a shows the absorptance spectrum of a sample of 

CH3NH3PbI3 | Al2O3 displaying the characteristic shoulder typical of exciton absorption. 

Excitation of CH3NH3PbI3 might lead to exciton formation after carrier thermalisation. In 

this case, a Wannier-type exciton is formed, where the size of the exciton is larger than the 

respective unit cell and the binding energies reported are in the range of 30 to 50 meV.9-

11,15,16 The photoluminescence occurring from exciton recombination, as observed by 

photoinduced absorption spectroscopy (PIA) , is presented in Figure 5.1b. 
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Figure 5.1 Optical characteristics of CH3NH3PbI3 

a) Absorptance spectrum of CH3NH3PbI3 | Al2O3 deposited on a microscope glass slide. The arrow 
indicates the excitonic shoulder at 750 nm. b) Photoinduced absorption spectrum of a flat film of 
CH3NH3PbI3 deposited on a 10-nm thin layer of Al2O3 on glass. The negative peak represents the 
photoluminescence of the material at 780 nm. The red-shift of the photoluminescence peak from the 
excitonic shoulder depends on the presence of impurities.  

Throughout this thesis, comparison was made between samples containing the perovskite 

material deposited on Al2O3 and TiO2. Due to the mismatch of the energies of the 

conduction bands of CH3NH3PbI3 (-3.93 eV vs. vacuum)5 and Al2O3 

(-1 eV vs. vacuum),17 no electron transfer is expected between these two materials upon 

excitation of the light absorber. The only pathway for energy dissipation will then be 

radiative or non-radiative recombination within the perovskite material. The system on 

Al2O3 offers then the possibility to study the sole optical properties of the perovskite 

absorber while still depositing it on a mesoporous framework, rendering the comparison 

with the actual photovoltaic system based on mesoporous TiO2 more relevant. 

5.2 Methods 

5.2.1 Samples preparation  

Single-step deposition method 

Hui-Seon Kim and Soo-Jin Moon (LPI, EPFL) prepared photoanodes for the transient 

absorption experiments in section 5.3.1 (excitation at 580 nm). A hydroiodic acid solution 

(30 ml, 0.227 mol, 57 wt.% in water, Aldrich) and methylamine (27.8 ml, 0.273 mol, 40% 

in methanol, TCI) were stirred in an ice bath. After stirring at 0°C for 2 h, the resulting 

solution was evaporated at 50°C for 1 h and produced CH3NH3I. The precipitate was 
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washed three times with diethyl ether, dried under vacuum, and used without further 

purification. To prepare (CH3NH3)PbI3, CH3NH3I (0.395 g) and PbI2 (1.157 g, 99% 

Aldrich) were mixed in γ-butyrolactone (2 ml, 99% Aldrich) at 60°C, overnight with 

stirring. Homemade anatase Al2O3 nanoparticles were used.5 Thickness of the Al2O3 films 

was ca. 1 µm. The prepared films were coated with perovskite precursor solution, followed 

by heating at 100°C for 15 min. The composition of the hole transport material (HTM) 

solution was 0.170 M 2,2’,7,7’-tetrakis-(N,N-di-p-methoxyphenyl-

amine)-9,9’-spirobifluorene (spiro-MeOTAD, Merck KGaA), 0.064 M lithium 

bis(trifluoromethane sulfonyl)imide salt (LiTFSI, 99.95%, Aldrich) and 0.198 M 4-tert-

butylpyridine (tBP, 96%, Aldrich) in the mixed solvent of chlorobenzene (99.8%, Aldrich) 

and acetonitrile (99.8%, Aldrich) (chlorobenzene : acetonitrile = 1:0.1 v/v). The 

perovskite | Al2O3 films were spin-coated with HTM solution at 4000 rpm. 

Samples for transient absorption spectroscopy (TAS) measurements in section 5.3.1 

(excitation at 510 nm) were prepared in a single-step deposition method analogous to the 

one employed above. Samples for photoinduced absorption spectroscopy (PIA, section 5.1) 

were prepared as flat films. 10-nm of Al2O3 was deposited on microscope glass slides by 

atomic layer deposition (ALD). The substrates were plasma-cleaned and then directly 

spin-coated with the perovskite solution prepared as described above.  

Sequential deposition method 

Samples for absorptance spectrum and TAS measurements in section 5.3.2 and 5.3.3 were 

deposited by sequential deposition method. A homemade alumina paste with 17 nm 

average nanoparticle diameter, was used diluted 1:3 in weight in EtOH, yielding films with 

32 nm average pore size. 100 µl of the Al2O3 paste was spin-coated on 2 × 2 cm glass 

microscope slides (5000 rpm, 1000 rpm s-1, 30 s). The films were then dried 15 min at 

100°C and sintered for 30 min at 500°C. These conditions yielded an average thickness of 

270 nm for the Al2O3 films, as measured by atomic force microscopy (Asylum Research, 

Cypher). PbI2 (99%, Sigma-Aldrich) was dissolved in DMF at 70°C to yield a 

concentration of 1 M. 100 µl of the PbI2 solution was spin-coated on the mesoporous 

substrates (6500 rpm, 5500 rpm s-1, 30 s). The films were then dried for 15 min at 70°C. 

Methylammonium iodide was synthesized according to the procedure described above 

and a solution of 20 mg ml-1 of CH3NH3I in isopropanol was prepared. PbI2 substrates 

were immersed in this solution for 100 s, leading to a drastic color change of the film from 
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yellow to dark brown. The films were rinsed in isopropanol for 10 s. A solution of 

spiro-MeOTAD (Merck KGaA) was prepared by dissolving 90 mg in 1 ml chlorobenzene 

at 60°C. 8.75 µl of tBP (Sigma-Aldrich) was added to the latter chlorobenzene solution to 

yield a concentration of 0.06 M tBP. 17 mg of LiTFSI (Sigma-Aldrich) was dissolved in 

100 µl of acetonitrile, and 18.75 µl of this solution was added to the same chlorobenzene 

solution to yield a concentration of 0.011 M LiTFSI. 80 µl of this solution was deposited 

onto the perovskite films and allowed to infiltrate for 10 s in order to maximize the 

penetration of the HTM prior to spin-coating (4000 rpm, 770 rpm s-1, 30 s). All 

spin-coating operations were carried out in an argon glovebox. After preparation, samples 

were placed in vacuum for a few minutes and stored in argon until measurement, which 

were performed in a sealed cell under argon.  

5.2.2 Femtosecond transient absorption 

More details about the experimental setup can be found in Chapter 2. Transient 

absorption spectra were recorded using femtosecond pulsed laser pump-probe 

spectroscopy. The pump beam (510 or 580 nm) was generated with a two-stage non-

collinear optical parametric amplifier (NOPA) from the 778 nm output of a Ti:Sa laser 

system with a regenerative amplifier providing 150 fs pulses at a repetition rate of 1 kHz. 

The pump beam was compressed with a pair of SF-10 prisms to sub-50 fs pulses. The 

probe consisted of a white light continuum (WLC) between 400 and 800 nm, generated by 

passing a portion of the 778 nm amplified Ti:Sa output through a 5 mm-thick sapphire 

plate (measurements in section 5.3.1). For measurements of section 5.3.2 and 5.3.3 the 

WLC scheme generation used a CaF2 crystal as described in Chapter 2. The probe 

intensity was always less than the pump intensity and the spot size was much smaller. The 

probe pulses were time-delayed with respect to the pump pulses using a computerized 

translation stage. The probe beam was split before the sample into a signal beam 

(transmitted through the sample and crossed with the pump beam) and a reference beam. 

The signal and reference were detected with a pair of 163 mm spectrographs (Andor 

Technology, SR163) equipped with 512x58 pixels back-thinned cameras (Hamamatsu 

S07030-0906), assembled by Entwicklungsbüro Stresing, Berlin (measurements in section 

5.3.1). For measurements of section 5.3.2 and 5.3.3, the signal and reference beams were 

detected with two spectrographs (Princeton instruments, SpectraPro 2150) equipped with 

the same cameras mentioned above, assembled by Entwicklungsbüro Stresing, Berlin. The 
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pump light was chopped at half the amplifier frequency, and the transmitted signal 

intensity was recorded shot by shot. It was corrected for intensity fluctuations using the 

reference beam. The transient spectra were averaged to the desired signal-to-noise ratio 

(typically 3000 acquisitions). The polarization of the probe pulses was at magic angle 

relative to that of the pump pulses. All spectra were corrected for the chirp of the 

white-light probe pulses. 

5.3 Results 

5.3.1 Overview of spectral signatures in CH3NH3PbI3 

Excitation at 580 nm, WLC probe 

In this section, we provide a time-resolved spectroscopic characterization of 

CH3NH3PbI3 | Al2O3, in order to evidence the main spectral bands associated to the 

excitation of the perovskite. A brief comparison with a sample impregnated with the hole 

transport material spiro-MeOTAD will be made for the purpose of the discussion in section 

5.4, but more details on the interfacial charge transfer processes will be provided in 

Chapter 6.  

 

Figure 5.2a shows the transient absorption spectrum of a mesoscopic Al2O3 film where 

CH3NH3PbI3 is deposited in a single-step deposition method. The perovskite films were 

measured in air, excited at λexc = 580 nm (fluence = 25 µJ/cm2) and probed in the visible 

with a white-light continuum (440-740 nm). Due to the large absorption of probe light by 

the perovskites in the blue region (below 450 nm), it is difficult to obtain a clean transient 

spectrum, unless thin films are used. 

A negative signal peaking at 480 nm is attributed to the bleaching of the perovskite ground 

state, while the positive absorption signal in the 630-700 nm region is ascribed to the 

perovskite excited state absorption. The negative peak starting after 700 nm on both 

samples could contain two contributions, from a stimulated emission and a ground state 

bleaching. From similarities with the results obtained by PIA (cf. section 5.1) and steady-

state emission,5 as well as because of the relative intensity of this peak, it is likely that the 

stimulated emission is playing a major role in this region, especially because the probe light 
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generated with a 775 nm source can still have some residues of fundamental that could 

help stimulating the transition. Other groups observed similar spectral bands for the 

perovskite material using femtosecond transient absorption spectroscopy,18 and some 

similarities were also remarked in nanosecond transient absorption spectra;19 both studies 

attribute the band in the red region to a photobleaching rather than a stimulated emission 

contribution. This discrepancy will be addressed below in this chapter; here we infer that 

the major part of this signal is due to stimulated emission, and in the discussion for the 

model of the perovskite we will further prove by the analysis of various hypothetical cases 

that stimulated emission represents indeed the major part of the negative band in the 

700-nm region. The early stimulated emission (before 1 ps) appears to be red-shifting and 

this effect will be extensively discussed in section 5.3.3.  

 

 

 
Figure 5.2 Transient absorption spectrum of CH3NH3PbI3 | Al2O3, excitation = 580 nm 
a) CH3NH3PbI3 | Al2O3 transient absorbance recorded at various time delays after excitation (color lines). 
The perovskite films were measured in air, excited at λexc = 580 nm (fluence = 25 µJ /cm2) and probed with 
white-light continuum in the visible (440 – 740 nm). a) CH3NH3PbI3 + spiro-MeOTAD | Al2O3 transient 
absorbance recorded at various time delays after excitation (color lines). The perovskite films were measured 
in air, excited at λexc = 580 nm (fluence = 25 µJ /cm2) and probed with white-light continuum in the visible 
(440 – 740 nm). 

Figure 5.2b supports the assignement of the three spectral bands by comparison with a 

sample impregnated with spiro-MeOTAD, where it is expected to observe the hole 

extraction, and thus quenching of the excited state. All spectral bands are decreased within 
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the first picosecond after excitation, indicating regeneration of an initial ground state and 

quenching of an excited state, as well as reflecting the quenching of the stimulated 

emission. 

 

Figure 5.3 shows the dynamics for positive signal and the ground state bleaching (640 and 

480 nm) as fitted by the analytical convolution function of one Gaussian instrument 

response and three exponentials, a rising one and two decaying ones. The rising 

exponential, with a time constant of 0.35 ps will be described later in detail in section 

5.3.3. Time constants for the first decaying exponential are comparable for 640 and 

480 nm, and are respectively τ(480) = 25 ps and τ(640) = 30 ps. This is a further 

confirmation that the species associated with the positive band and the negative band must 

be related. The third exponential is associated with the decay to zero within the first 

nanosecond after excitation (the actual dynamics of the decay is influenced by the fluence 

as it will be shown in section 5.3.2).  

 

 

 
Figure 5.3 Dynamics of CH3NH3PbI3 | Al2O3, excitation = 580 nm 
Dynamics extracted at 480 nm (greeen triangles) and 640 nm (purple circles) for the same sample as 
presented in Figure 5.2a. The solid lines represent fit of the data with an analytical convolution function of 
one Gaussian and three exponentials.  
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Excitation at 510 nm, WLC probe 

 
Figure 5.4 Transient absorption spectrum of CH3NH3PbI3 | Al2O3, excitation = 510 nm 
CH3NH3PbI3 | Al2O3 transient absorbance recorded at various time delays after excitation (color lines). The 
perovskite films were measured in air, excited at λexc = 510 nm (fluence = 50 µJ /cm2) and probed with 
white-light continuum from 530-750 nm. 

A different excitation wavelength (λexc = 510 nm) was used in order to examine whether 

the spectral bands reported for excitation at 580 nm were still observable. The transient 

absorbance spectrum (Figure 5.4) shows identical spectral features as in the case of the 

longer excitation wavelength. A positive absorption band is present from 540 nm to close 

to 700 nm, which was previously ascribed to the perovskite excited state absorption. The 

negative band in the red-region, attributed to stimulated emission, is again red-shifting in 

the initial phase, similarly to the data reported above. A difference can be noticed 

regarding the early stimulated emission (before 1 ps), which is blue shifted with respect to 

the data reported in Figure 5.2a.  

This dependence on the excitation wavelength tends to be indicative of a process involving 

hot states, which are populated differently according to the pump wavelength used. The 

origin of this effect will be made clear in section 5.3.3.  
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5.3.2 Fluence effects 

 
Figure 5.5 Transient dynamics in CH3NH3PbI3 | Al2O3 as a function of the fluence 
a) Dynamics extracted at 675 nm and b) Dynamics extracted at 740 nm for CH3NH3PbI3 | Al2O3 at three 
different fluences (red: 6 µJ /cm2, blue: 12 µJ /cm2 and black: 36 µJ /cm2). 

In this section, results are obtained with a two-step sequential deposition method, as 

converted from an initial 1 M PbI2 solution. This method is believed to yield more 

conformal films.1 The effect of the fluence on the dynamics of the decays of the excited 

state signal has been examined. On an alumina framework, where we only expect 

recombination within the perovskite absorber, a higher fluence should lead to an increased 

non-geminate recombination.  

Figure 5.5 shows the dynamics extracted from the transient absorption spectrum obtained 

on a sample of CH3NH3PbI3 deposited on mesoporous Al2O3 and measured under inert 

conditions (in a sealed cell under argon). Figure 5.5a displays the dynamics in the positive 

absorption band (675 nm), while Figure 5.5b shows the stimulated emission dynamics at 

740 nm. Three different fluences were used (6, 12 and 36 µJ/cm2). As expected, 

recombination kinetics increases with increasing fluence, showing that the recombination 

is affected by non-geminate recombination. However, only the initial dynamics is direct 

recombination of carriers, while in the long timescale (> 1.5 ns), the amount of remaining 

signal is equal for all the fluences, showing that charges can be rapidly delocalised, and 

thus recombine on much longer timescales. 

5.3.3 Global analysis  

In this section, results are obtained with a two-step sequential deposition method, similarly 

to samples in section 5.3.2. The photophysical processes in the perovskite absorber were 

further elucidated by global analysis of the transient absorption spectrum. Global analysis 

-75

-50

-25

0

A 
/ 

10
-3

2000150010005000

Time / ps

740 nm :
  6 J/cm

2

 12 J/cm
2

 36 J/cm
2

10

5

0

A 
/ 

10
-3

2000150010005000

Time / ps

675 nm : 
  6 J/cm

2

 12 J/cm
2

 36 J/cm
2

a) b)



Photophysical processes in CH3NH3PbI3 
 

 125 

is a powerful tool in order to determine which photoinduced processes correspond to 

related species (i.e. processes with an identical time constant), by giving the spectral 

amplitude associated to a given time constant.  

 

Figure 5.6a shows the transient absorption spectrum of a CH3NH3PbI3 sample deposited 

on mesoporous Al2O3 (Figure 5.6a) excited at λexc = 580 nm (fluence = 6 µJ/cm2) and 

probed with white-light continuum between 450 to 750 nm. The dynamics in the first ps 

shows again a negative band from 600 to 700 nm which red-shifts with time. It is worth to 

mention that this band has been observed on all CH3NH3PbI3 samples (cf. previous 

sections). A clearer picture of this process can be seen in Figure 5.6c, in which a view of 

the dynamics as a function of the wavelength can be seen. Figure 5.6c visibly illustrates the 

red-shifting effect occurring on the first ps after photoexcitation.  

The corresponding associated spectrum is obtained by fitting the dynamics with the 

analytical convolution function of a Gaussian instrument response and three exponentials. 

Successive iterations of the global analysis fit give τ1 = 0.35 ps, τ2 = 350 ps and τ3 = 3.6 ns. 

The amplitudes associated to these three time constants are displayed in Figure 5.6b. The 

first, rapid component (0.35 ps) is negative in the blue region (450-550), as well as from 

600 to 740 nm. A third, positive part after 740 nm is also noticeable. The first negative 

part is associated to the bleaching, since the following longer components remain negative. 

The negative part between 600 and 740 nm is responsible for the red-shift of the 

photoluminescence at longer timescales and could be related to hot states whose 

depopulation is stimulated by the probe. The hypothesis of hot states matches well with 

the observation of a positive region after 740 nm, corresponding in the dynamics to a 

build-up of the stimulated emission peak on the first picosecond.  
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Figure 5.6 Transient absorption spectrum of CH3NH3PbI3 | Al2O3 and associated spectra 
a) CH3NH3PbI3 | Al2O3 recorded at various time delays after excitation (color lines). The perovskite films 
were measured under argon, excited at λexc = 580 nm (fluence = 6 µJ /cm2) and probed with white-light 
continuum from 450 – 750 nm. b) Associated spectra resulting from global fit analysis of the data in a). 
Three components can be extracted using the convolution of one Gaussian and three exponentials. Red: 
amplitude spectrum associated to the fastest component (0.35 ps). Green: amplitude spectrum associated to 
the 350 ps component. Blue: amplitude spectrum associated to the 3.6 ns component. c) Dynamics from -0.5 
to 2.5 ps, in the 600-750 nm region. The red-shift from 640 to 710 nm is very clear and is completed within 
the first picosecond after excitation.  

The second and third components (respectively 350 ps and 3.6 ns) are related to the 

deactivation processes in the perovskite. Both still have the signature of the ground state 

bleaching that is recovering (450-500 nm region), while the peak of the stimulated 

emission is clearly visible and shifted to longer wavelengths with respect to the 0.35 ps 

component, thus matching the steady-state photoluminescence. This is indicative of a 

relaxed emission, which occurs from the bottom of the conduction band, from cooled 

electrons, or alternatively from the top of the valence band, from cooled holes. The 

distinction between the two is not straightforward at this point. The processes occurring 

during the first 2.5 picoseconds, shown in the spectral domain in Figure 5.6c, are 

evidenced in the time domain in Figure 5.7. 
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Figure 5.7 Comparison of initial dynamics  
Dynamics extracted at 490 nm (black) and 745 nm (red) for CH3NH3PbI3 | Al2O3 from sample shown in 
Figure 5.6. The solid lines represent convolution of one Gaussian and three exponentials (only the first, 
fastest exponential is visible here, corresponding to τ1 = 0.35 ps).  

Figure 5.7 shows the normalized dynamics extracted at 490 nm (ground state bleaching) 

and 745 nm (stimulated emission) respectively, with the corresponding fits obtained 

through the global analysis. The dynamics are displayed until 2.5 ps in order to consider 

only the initial processes after photoexcitation. It is very clear that the initial bleaching is 

decaying while the stimulated emission is increasing, with a common lifetime of 0.35 ps. 

This confirms the hypothesis that part of the ground state is quickly recovered (by the 

stimulated emission induced by the probe). In the meantime, relaxed states from where the 

luminescence can occur are created, with the same time constant. 

In fact, these three phenomena give the lifetime for the relaxation of the hot states: indeed, 

part of the bleaching is recovered in 0.35 ps. The early stimulated emission in the 

600-740 nm spectral range is a way to probe the population of excited states present after 

photoexcitation. In the same temporal range, the stimulated emission in the red 

(from 740 nm) is increasing and reaches a plateau, indicating that the bottom of the 

conduction band/top of the valence band is reached. The relaxation from hot states is 

further confirmed by the data reported on Figure 5.4, where excitation is carried out at 

510 nm. In this case, the early stimulated emission is blue shifted with respect to the data 

reported for the perovskite excited at 580 nm (Figure 5.1 and Figure 5.6a). 

An identical figure has been reported in a recent publication.18 However, the situation of 

an initial decrease of the blue component while the red component still increases is only 

observed in the case of high-energy pump excitation (400 nm), and not observed for lower 

pump energies (600 nm). This might be an indication sample preparation has an influence 

on the reported photo-dynamics. 
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5.4 Band model for CH3NH3PbI3 

In this section, we will attempt to establish a general model for the photophysics of the 

perovskite. We will start by defining a simple band model to account for all transitions 

observed in the visible femtosecond transient absorption spectrum of the material. We will 

comment this band diagram based on our experimental results and the ones published in a 

recent paper by Xing et al.18 The authors measure the femtosecond transient absorption 

spectrum of 65 nm-flat films of CH3NH3PbI3, and propose a band model with 

approximate energies to match their spectroscopic findings, that corresponds to the left 

part of Figure 5.8.  

Figure 5.8 shows the situation for a hypothetical system with two valence bands VB1, VB2 

and one conduction band CB1 (Figure 5.8, left), and compare it to the reverse hypothetical 

situation with two conduction bands CB1, CB2 and one valence band VB1 (Figure 5.8, 

right). This kind of 3-band models should be able to explain all spectral transitions 

observed experimentally. We will take the case of pump excitation at 600 nm, which is less 

than the energy gap of the negative “blue” band observed in the 450-500 nm region, for 

all samples probed with WLC.  

In Figure 5.8a can be found the situation without any electron or hole extracting layer 

(pure CH3NH3PbI3). On the left, upon pump excitation at 600 nm, which is less than the 

energy gap of the 450-500 nm band, one hole will be found in VB1 and one electron in 

CB1. Since the population in VB1 is depleted, a persistent bleaching will be observed 

upon the probe-induced transition from VB1 to CB1 (that will be referred to as PB2). 

Additionally, since CB1 is populated, the transition from VB2 to CB1 will be hindered as 

well, thus resulting in a persistent bleaching (that will be referred to as PB1). As 

mentionned above, this model with two valence bands and one conduction band is the one 

Xing et al. use to explain their results. PB1 thus corresponds experimentally to the ground 

state bleaching observed in the blue region (450-500 nm). PB2 corresponds to a ground 

state bleaching in the red-region (after 700 nm). However, we mentioned before that this 

negative “red” band could contain both stimulated emission and ground state bleaching. 

We will show trough the analysis of various hypothetical cases that it is not possible to have 

solely a photobleaching in this region and that stimulated emission must be considered 

too. Xing et al. mention the presence of stimulated emission, but they further never take it 

into account in their discussion, thus just speaking about the photobleaching PB2.  
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Reversed scheme can be found on the right side of Figure 5.8a. Upon pump excitation at 

600 nm, one hole will be in VB1 and one electron in CB1. The transition from VB1 to 

CB1 is therefore less probable: again, since the population in VB1 is depleted, a persistent 

bleaching will be observed upon the probe-induced transition from VB1 to CB1 (i.e. PB2). 

In this case CB2, which is not populated by the low energy pump would be available for a 

transition, but since VB1 has been depleted, the probability for transition from VB1 to 

CB2 will be decreased. This situation results again in a persistent bleaching PB1. We make 

the hypothesis that both the depletion of VB1 and the filling of CB1 can be responsible for 

a bleaching (the probe-beam induced transitions will involve electronic states with changed 

population, which could be either electrons or holes).  

These two situations (Figure 5.8a, left and right) are both well suited to describe our 

results, presented earlier in this chapter for CH3NH3PbI3 | Al2O3 (i.e. two bleachings that 

recover slowly, on ns timescale) as well as what is observed experimentally by Xing et al. 

Indeed, using a photoexcitation with lower energy than the transition associated to PB1 

(600 nm excitation), they suggest that the transition at 480 nm (in the blue region) could 

only correspond to a situation where only one of the two energy states involving this 

transition is populated, that could be the higher energy valence band (VB1) or the lowest 

energy conduction band (CB1). 
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Figure 5.8 Schematic band diagram of the perovskite system in two hypothetical cases 
a) Pure perovskite b) Perovskite with an electron acceptor c) Perovskite with a hole acceptor. Left case is a 
hypothetical situation with two conduction bands and one valence band as proposed by Xing et al. in ref.18, 
while right case shows two conduction bands and one valence band. Pump excitation, in black, is taken 
lower than the energy of PB1 (i.e. 600 nm). Red arrows correspond to low-energy probe transitions, while 
blue arrows correspond to higher energy probe transitions. Transitions that are less probable because of state 
filling/depletion are indicated as dashed arrows. 

In order to understand the photophysics of the perovskite, we need to introduce here two 

interfaces that allow charge extraction, i.e. an electron extracting material (Figure 5.8b) 

and a hole extracting material (Figure 5.8c). The experimental evidences of these processes 

will be further shown in detail in Chapter 6.  

 

In this frame, Xing et al. observe that upon presence of an electron quencher (PCBM), 

both bleachings PB1 and PB2 are recovered faster, while upon presence of a hole 

quencher (spiro-MeOTAD), only PB2 is recovered. A faster recovery of the bleaching can 

then be understood as a quenching of the excited state by charge transfer and the terms will 
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be used interchangeably in the discussion. They thus conclude that because PB1 and PB2 

dynamics are both affected by the presence of an electron extraction layer, the probe must 

monitor the electron population in CB1. Additionally, since the hole extracting layer 

affects only the PB2 dynamics, is must be related with the hole population in VB1, and 

PB1, which corresponds to the transition between a lower energy valence band VB2 and 

CB1, must be only related to the electron population in CB1. 

 

Figure 5.8b shows the situation where the electron-extracting layer is added to the 

perovskite system. On the left side, CB1 is depleted because of extraction of electrons, and 

holes remain in VB1. This implies that transition from VB1 to CB1 is hindered (depletion 

of states), while transition from VB2 to CB1 is recovered because additional states are 

available after electron extraction. This translates in a persistent PB2 bleaching, while a 

faster recovery of PB1 is possible. This is the model proposed by Xing et al. to explain 

their results, but does not match the observation they made of a fast recovery of both PB1 

and PB2. On the right side of Figure 5.8b, CB1 is depleted because of extraction of 

electrons, and holes remain in VB1. As in the case above, the transition VB1 – CB1 is 

hindered because of depletion of states in VB1. However, the transition VB1 – CB2 is 

hindered too for the same reason. Thus, two persistent PB1 and PB2 bleachings must be 

observed, and this model is not suited to explain their experimental results observing fast 

recovery of both PB1 and PB2. 

 

Last case shown in Figure 5.8c illustrates the presence of a hole extracting material such as 

spiro-MeOTAD. On the left, the recovery of states in VB1 is possible in presence of 

spiro-MeOTAD. However, since CB1 is now populated, the transitions either from VB1 to 

CB1 or from VB2 to CB1 are less susceptible to occur. This results in two persistent PB1 

and PB2 bleachings. This band model would not explain the quenching of both bleachings 

PB1 and PB2 as it is visible in Figure 5.2b, furthermore this same model proposed by Xing 

et al. would also not explain their observations about the recover of PB2. On the right 

side, quenching of VB1 by the HTM allows recovering the possibility for the transition 

VB1 – CB2, thus effectively recovering the PB1 bleaching, while PB2 remains hindered. 

This condition would explain the quenching of PB1 we observe in Figure 5.2b, but would 

not explain the quenching of PB2. In the case of Xing et al., they do not observe the 

recovery of the PB1 bleaching, but the model is also unable to account for the fastest 

recovery of PB2 they observed, and which is similar to our case. 
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Interestingly, it seems that we need crossed models, more clearly two conduction bands 

and two valence bands to fully explain the results observed. Indeed, in our case, evidences 

of quenching for both blue and red bands for a sample of perovskite deposited on alumina 

and impregnated with spiro-MeOTAD (where the hole can be extracted but not the 

electron) are shown in Figure 5.2b, and will be discussed thoroughly in Chapter 6. Xing et 

al. observe the quenching of the two bleachings PB1 and PB2 by PCBM, while they 

observe only the quenching of PB2 by spiro-MeOTAD. Fast recovery of the two blue and 

red bands while in contact with either with PCBM or with spiro-MeOTAD can be 

explained by a situation where: 

 

1) The band in the red-region contains a part of stimulated emission (SE): by 

quenching with either hole or electron acceptor material this peak will at least 

partially disappear. If this is not true, it would not be possible to explain the 

quenching of PB1 and PB2 by PCBM observed experimentally by Xing et al. and 

attributed to case b) left (it is worth noting that case b) right cannot account for the 

experimental results). Similarly, in the case of HTM, case c) left can account for 

experimental results of Xing et al. only if we take into account SE to explain the 

decrease of the red band. Case c) right, also considering SE, would account for the 

results presented in Figure 5.2b and in Chapter 6, where the blue and red bands 

are both quenched upon the addition of HTM. As additional evidence, if we had a 

significant contribution of photobleaching in this region, we would not observe the 

slow increase in the red region as illustrated by the dynamics presented in Figure 

5.7. The bleaching at 480 nm presented in Figure 5.7 is clearly rapidly 

regenerated, while the 740 nm is still increasing. However, one must say that the 

bleaching contribution is likely to be negligible in amplitude compared to the 

stimulated emission, which would effectively mask it.  

2) We take into account crossed-models. The fast recovery of PB1, observed by Xing 

et al. upon addition of PCBM is explained by case b) left. However, we observe it 

in Figure 5.2b upon addition of spiro-MeOTAD, situation which is explained by 

case c) right. Furthermore, case c) left will not explain the results observed in 

presence of an HTM, but can explain the results in presence of an electron 

acceptor (case b) left). Similarly, case b) right cannot explain the results in presence 

of an electron acceptor, but can explain the features observed in presence of a hole 



Photophysical processes in CH3NH3PbI3 
 

 133 

acceptor (case c) right). Each situation (electron acceptor or hole acceptor) can thus 

be explained by one of the model proposed (left or right) in a crossed fashion. 

 

Figure 5.9 summarizes the conclusions to draw from all these hypothetical cases: only a 

combination of the two models, together with the consideration of the presence of 

stimulated emission, would account for all experimental results. Figure 5.9a explains the 

long lasting blue and red bands always observed when no charge extracting material is 

present. Figure 5.9b explains the faster recovery of blue and red bands observed by Xing 

et al., and finally Figure 5.9c explains the results observed in Figure 5.2b, where both blue 

and red bands are decreased upon addition of HTM. 

It appears difficult to explain why the decrease of PB1 in presence of spiro-MeOTAD is not 

observed in certain cases, as in the paper by Xing et al. A plausible explanation would be 

that the preparation conditions lead to a situation closer to Figure 5.8c left, with long-

lasting blue and ref bands. If then we take into account the stimulated emission, the red 

band only will decrease because of extraction of the carriers. The preparation conditions 

could also explain why in ref.18, the authors observe a rapid cooling at 480 nm for 400 nm 

excitation and not for 600 nm excitation, while in our case the cooling is observed for 

580 nm excitation.  
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Figure 5.9 Schematic band diagram of the perovskite system with two conduction bands and 
two valence bands 
a) Pure perovskite b) Perovskite with an electron acceptor c) Perovskite with a hole acceptor. Pump 
excitation, in black, is taken lower than the energy bandgap of PB1 (i.e. 600 nm vs. 480 nm). Red arrows 
correspond to low-energy transitions, while blue arrows correspond to higher energy transitions. Transitions 
that are less probable because of state filling/depletion are represented with dashed arrows. 

Our band model, with two valence bands and two conduction bands, could also explain 

some of the conflicting results presented in the literature. In this past year, many reports 

have been published concerning the theoretical calculation of the band structure of 

perovskite and up to now, no clear unified model emerges from these studies. The main 

difficulty concerning the theoretical calculations concerns the inclusion of the spin-orbit 

coupling, which plays a major role because of the presence of lead. Mosconi et al. have 

reported the total density of states for CH3NH3PbI3.20 The calculations show two clear 

conduction bands and one valence band. The difference between the two conduction 

bands is interestingly of 1 eV, which corresponds exactly to the difference in energy 
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between the two negative bands observed by femtosecond transient absorption. A similar 

band structure is reported in a paper by Giorgi et al., were we can observe a calculated 

band structure with two distinct conduction bands and several close valence bands.21 Even 

et al. instead favour a model with two distinct valence bands and several close conduction 

bands, together with Yin et al. who report close conduction bands and at least two distinct 

valence bands.22,23  

Experimentally, electronic structure of perovskite studied by hard X-ray photoelectron 

spectroscopy rather indicates the presence of a single, broad valence band.24 An earlier 

report by Umebayashi et al. favoured the presence of two valence bands distanced by 1 eV 

as studied by ultraviolet photoelectron spectroscopy.25 Both theoretically and 

experimentally, it is not trivial to converge on a similar picture of the system, thus 

evidencing the need for further investigations.  

 

Here, a speculative hypothesis on the nature of the excited-state absorption observed 

between 600 and 700 nm can also be made in the frame of the two-band models. 

Knowing that we observe absorption from photoinduced charges in the perovskite at 

1400 nm (cf. Chapter 6), it is not unlikely that a double inter-band absorption of an IR 

photon of both electron and hole would give a transient absorption situated in the 600-

700 nm region. Another speculation could concern the presence of down-conversion 

effects where the incoming photon from the probe beam (600-700 nm) is split into two IR 

photons exciting inter-band transitions.  

5.5 Conclusion 

In this chapter we describe the main spectral signatures obtained by femtosecond transient 

absorption spectroscopy of CH3NH3PbI3 deposited on a mesoporous framework of Al2O3. 

In this way, the only deactivation pathway possible is charge recombination within the 

perovskite itself, and thus the photophysical processes in the material can be evidenced. 

The visible transient absorption spectrum of CH3NH3PbI3 for two different wavelengths of 

excitation (510 and 580 nm) shows three main spectral components: a first negative signal 

peaking at 480 nm (blue band), which is attributed to the bleaching of the ground 

state species of the perovskite. A positive absorption signal between 630 and 700 nm is 

ascribed to the excited state absorption. Then, a negative peak starting after 700 nm (red 

band) on both samples is attributed to stimulated emission. 
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The effect of the fluence on the dynamics is presented and shows increasing recombination 

with increasing fluence in the first nanosecond. The recombination at longer timescales 

(> 1.5 ns) is then similar for all samples, showing fast delocalisation of the carriers. Global 

analysis performed on a CH3NH3PbI3 sample provides additional insight in the origin of 

the spectral features observed. It is inferred that the stimulated emission in the 

700 nm-region is a way to probe the thermalisation of hot states to the bottom of the 

conduction band, or the top of the valence band. This thermalisation process occurs with a 

time constant of 0.35 ps, as shown by the partial recovery of the bleaching in the 

480 nm-region and the increase of the stimulated emission on the same timescale.   

An alternative proposition to the model presented by Xing et al. is given, with emphasis on 

the photophysical processes observed in three different cases: pure perovskite, with an 

electron acceptor and with a hole acceptor. By analysis of two hypothetical situations, with 

in a first case two valence bands and one conduction band, and a second case with two 

conductions bands and one valence band, it is inferred that these separate situations are 

not sufficient to fully explain all the photophysical processes observed. We propose a 

model with two conduction bands and two valence bands as an alternative proposition to 

the model presented by Xing et al., which allows to explain all observed spectral features 

and brings the confirmation that the negative spectral band in the 700-nm region must 

indeed contain a significant contribution from stimulated emission. Unravelling the 

photophysical processes of the perovskite light absorber CH3NH3PbI3 enables us to study 

charge transfers at the interface with both a hole acceptor material and an electron 

acceptor material in Chapter 6. 
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CHAPTER 6  

Photoinduced processes 

at the heterojunction 

 of CH3NH3PbI3 

The results in this chapter were adapted from two publications: Kim, H. et al., Lead Iodide 

Perovskite Sensitized All-Solid-State Submicron Thin Film Mesoscopic Solar Cell with Efficiency 

Exceeding 9%. Sci. Rep. 2, 591; DOI:10.1038/srep00591 (2012)1 and Marchioro, A. et al., 

Unravelling the mechanism of photoinduced charge transfer processes in lead iodide perovskite solar cells, 

Nature Photon., 8, 250-255, DOI:10.1038/NPHOTON.2013.374 (2014).2 In this 

chapter, perovskite samples were contacted either with an electron extraction layer such as 

TiO2, or deposited on an inert scaffold to resolve the electron injection step. Hole injection 

dynamics was also monitored by interfacing the perovskite material with the hole 

extracting layer spiro-MeOTAD. By using a combination of time-resolved techniques, 

including femtosecond and nanosecond transient absorption, terahertz spectroscopy and 

photoconductance measurements, both reactions were evidenced. Our findings allow 

determining a timescale and a mechanistic pathway for these reactions. 
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6.1 Introduction 

As hybrid organic-inorganic lead halide perovskites can cumulate functions of light 

absorption, n-type conduction3 and p-type conduction4 as described in Chapter 1, the 

current picture for the hybrid spiro-MeOTAD | perovskite | TiO2 cell could be seen in the 

following way (Figure 6.1): The perovskite absorbs light and electron-hole pairs are created 

in the material, which can possibly evolve towards the formation of excitons after 

thermalisation of the carriers. Charge separation can then occur through two possible 

primary reactions: injection of photogenerated electrons into TiO2 nanoparticles 

(Equation 1a) and/or injection of holes (Equation 2a) into a hole transport material 

(HTM), such as spiro-MeOTAD. However, which electron or hole injection process occurs 

first and, in the latter case, whether electron injection into and transport within the oxide 

mesoporous film (Equation 2b) is playing any role is so far unclear. The precise role of 

titanium dioxide in efficient perovskite solar cells based on mesoporous films of this 

particular metal oxide has indeed not been clearly established. While evidence has been 

found for electron injection from the mixed halide CH3NH3PbI2Cl into TiO2,3,5 the same 

material was also reported to yield efficient photovoltaic conversion once dispersed on an 

insulating alumina framework, in which electron injection is not energetically feasible and 

where no sensitization of the oxide material can be invoked.3 

 

 

 
Figure 6.1 Schematic diagram of energy levels and electron transfer processes in a 
HTM | perovskite | TiO2 cell 
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Electron injection as the primary charge separation step: 

(e–…h+)perovskite  →  ecb– (TiO2) + h+ (perovskite)    (1a) 

h+ (perovskite)  →  h+ (HTM)      (1b) 

 

Hole injection as the primary charge separation step (the arrow is in the direction of 

electron transfer): 

(e–…h+)perovskite  →  h+ (HTM) + e– (perovskite)    (2a) 

e– (perovskite) →  ecb– (TiO2)       (2b) 

 

Exciton annihilation: 

(e–…h+)perovskite  →  hv’      (3) 

(e–…h+)perovskite  →  ∇       (4) 

 

Back electron transfer at the TiO2 surface: 

ecb– (TiO2) + h+ (perovskite)  →  ∇     (5) 

 

Back charge transfer at the HTM surface: 

h+ (HTM) + e– (perovskite)  →  ∇     (6) 

 

Charge recombination at the TiO2 | HTM interface: 

ecb– (TiO2) + h+ (HTM)  →  ∇     (7) 

 

Undesired reactions such as exciton annihilation, leading to photoluminescence 

(Equation 3) or to non-radiative recombination (Equation 4), as well as recombination of 

the charge carriers at the three interfaces (Equations 5-7) compete with the extraction of 

the photogenerated charges. Kinetics of these processes is thus expected to control to a 

large extent the overall photovoltaic conversion efficiency of the system. In this work, we 

applied time-resolved spectroscopy techniques to assess the individual dynamics of all 

occurring interfacial photoinduced charge transfer processes and to derive the effective 

mechanism for charge separation. This information is of paramount importance for the 

understanding of the functioning of the devices and eventually for the improvement of 

their photovoltaic performances. 
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All the measurements were always done comparatively on samples deposited on an 

electron injecting scaffold (TiO2) and an electron insulating scaffold (Al2O3). Due to the 

mismatch of the energies of the conduction bands of Al2O3 and the perovskite, electron 

injection is not thermodynamically feasible in this oxide. On alumina, and in the absence 

of HTM, the only possible pathway for energy conservation after light absorption is 

electron-hole recombination, either through luminescence or non-radiative processes 

(Equations 3, 4). Comparison with TiO2 samples thus allows evidencing electron injection 

(Equation 1a) and subsequent back charge transfer and recombination processes at the 

TiO2 surface (Equations 5, 7) once the HTM is introduced in the system. A high power 

conversion efficiency of the photovoltaic device must obviously imply that the charge 

recombination processes (Equations 3-7) occur on a much slower timescale compared to 

charge separation and extraction processes (Equations 1, 2). It is therefore crucial to 

determine the kinetics of these reactions for ultimately improving the cell’s performance.  

6.2 Methods 

6.2.1 Samples preparation 

This section describes the two different ways of preparing the perovskite samples for laser 

spectroscopy measurements. The single-step deposition method was used for experiments 

reported in section 6.3 while the sequential deposition method, believed to yield more 

conformal films,6 was used for samples of section 6.4.  

Single-step deposition method 

Photoanodes for the transient absorption experiments in section 6.3 were prepared by 

Hui-Seon Kim and Soo-Jin Moon (LPI, EPFL). A hydroiodic acid (30 ml, 0.227 mol, 

57 wt.% in water, Aldrich) and methylamine (27.8 ml, 0.273 mol, 40% in methanol, TCI) 

were stirred in an ice bath for 2 h. After stirring at 0°C for 2 h, the resulting solution was 

evaporated at 50°C for 1 h and produced (CH3NH3I). The precipitate was washed three 

times with diethyl ether, dried under vacuum, and used without further purification. To 

prepare (CH3NH3)PbI3, readily synthesized CH3NH3I (0.395 g) and PbI2 (1.157 g, 

99% Aldrich) were mixed in γ-butyrolactone (2 ml, 99% Aldrich) at 60°C and left 

overnight with stirring. Home-made anatase TiO2 and Al2O3 nanoparticles were 
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synthesized as previously described.1 Thickness of the TiO2 films was ca. 1 µm.  

Sample preparation for THz experiments consisted in the following steps : a 10 nm TiO2 

layer was deposited on microscopic quartz slides by ALD to ensure adhesion of the 

mesoporous oxide films on quartz. TiO2 and Al2O3 pastes were home made. For both 

oxides, a few drops of the paste were deposited on the ALD-treated quartz and spin-coated 

at 2000 rpm for 20 s.  The TiO2 film had an average thickness of ca. 500 nm. The 

procedure was repeated twice for Al2O3 and yielded films of ca. 200 nm thickness. The 

films were then dried at 125°C for 5 min and subsequently sintered at 500°C for 30 min. 

To prepare CH3NH3PbI3, CH3NH3I (0.1975 g, synthesized according to the procedure 

already reported and described above)1 and PbI2 (0.5785 g, 99% Aldrich) were mixed in 

1 ml γ-butyrolactone at 60° C and left with stirring overnight. The preparation of the hole 

transport material solution was achieved as follows : 218 mg of spiro-MeOTAD (Merck 

KGaA) was dissolved in 1 ml chlorobenzene (99,8%, Aldrich).  30.4 µl of 4-tert 

butylpyridine (tBP) was added. 197 mg of bis(trifluoromethane)sulfonimide lithium salt 

solution (LiTFSI, 99.95%, Aldrich) were predissolved in 1 ml acetonitrile (99.8%, Aldrich). 

100 µl of this solution was added to the spiro-MeOTAD solution. 35 µl of the perovskite 

solution was spin-coated on the substrates (20 s infiltration time, 2000 rpm for 30 s). 

Substrates were then dried for 15 min at 100°C. Samples containing HTM were prepared 

by spin-coating 30 µl of the spiro-MeOTAD solution (15 s infiltration time, 4000 rpm for 

30 s) on top of the perovskite film.  

Sequential deposition method 

Photoanode preparation for microwave conductivity experiments of section 6.4 was 

performed by Thomas Moehl (LPI, EPFL). TiO2 and Al2O3 pastes for the preparation of 

substrate films were chosen as similar as possible with regard to porosity and particle size. 

A commercial TiO2 paste (Dyesol 18 NR-T, 18 nm average nanoparticle diameter) was 

used diluted 1: 3 in weight in EtOH, and yielded mesoporous films with 24 nm average 

pore size. A home-made alumina paste, with 17 nm average nanoparticle diameter, was 

used diluted 1: 3 in weight in EtOH, yielding films with 32 nm average pore size. 

100 µl of the TiO2 and Al2O3 pastes were spin-coated on 2 x 2 cm glass microscope slides 

(5000 rpm, 1000 rpm s-1, 30 s). The films were then dried 15 min at 100°C and sintered 
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for 30 min at 500°C. These conditions yielded an average thickness of 400 nm for the 

TiO2 and 270 nm for the Al2O3 films, as measured by AFM (Asylum Research Chypher). 

PbI2 (99%, Sigma-Aldrich) was dissolved in DMF at 70°C to yield a concentration of 1 M. 

100 ml of the PbI2 solution was spin-coated on the mesoporous substrates (6500 rpm, 

5500 rpm s-1, 30 s). The films were then dried for 15 min at 70°C. Methylammonium 

iodide was synthesized according to a reported procedure7 and a solution of 20 mg/ml of 

CH3NH3I in isopropanol was prepared. PbI2 substrates were immersed in this solution for 

100 s, leading to a drastic color change of the film from yellow to dark brown. The films 

were rinsed in isopropanol for 10 s. 

A solution of spiro-MeOTAD (Merck KGaA) was prepared by dissolving 90 mg in 1 ml 

chlorobenzene at 60°C. 8.75 µl of 4-tert-butylpyridine (tBP, Sigma-Aldrich) was added to 

the latter chlorobenzene solution to yield a concentration of 0.06 M tBP. 17 mg of lithium 

bis(trifluoromethylsulfonyl)imide (LiTFSI) (Sigma-Aldrich) was pre-dissolved in 100 µl of 

acetonitrile, and 18.75 µl of this solution was added to the same chlorobenzene solution to 

yield a concentration of 0.011 M LiTFSI. 80 µL of the spiro-MeOTAD solution with tBP 

and LiTFSI added was deposited onto the perovskite films and allowed to infiltrate for 10 s 

in order to maximize the penetration of the HTM prior to spin-coating (4000 rpm, 

770 rpm s-1, 30 s). All spin-coating operations were carried out in a dry glovebox under Ar 

atmosphere. After preparation, samples were placed under vacuum for a few minutes, 

stored in the glovebox and finally encased in a sealed cell containing Ar to avoid contact 

with air and oxygen during measurements. 

6.2.2 Spectroscopic characterization 

Femtosecond transient absorption with WLC probe 

More details about the experimental setup can be found in Chapter 2. Transient 

absorption spectra were recorded using femtosecond pulsed laser pump-probe 

spectroscopy. The pump beam (580 nm) was generated with a commercial two-stage non-

collinear optical parametric amplifier (NOPA) from the 778 nm output of a Ti:Sa laser 

system with a regenerative amplifier providing 150 fs pulses at a repetition rate of 1 kHz. 

The pump beam was compressed with a pair of SF-10 prisms to sub-50 fs pulses and the 

pump energy at the sample was at 200 nJ with a spot size diameter of 1 mm. The probe 

consisted of a white light continuum (400-800 nm), generated by passing a portion of the 
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778 nm amplified Ti:Sa output through a 5 mm-thick sapphire plate. The probe intensity 

was always less than the pump intensity and the spot size was much smaller. The probe 

pulses were time delayed with respect to the pump pulses using a computerized translation 

stage. The probe beam was split before the sample into a signal beam (transmitted through 

the sample and crossed with the pump beam) and a reference beam. The signal and 

reference were detected with a pair of 163 mm spectrographs (Andor Technology, SR163) 

equipped with 512x58 pixels back-thinned cameras (Hamamatsu S07030-0906), 

assembled by Entwicklungsbüro Stresing, Berlin. The pump light was chopped at half the 

amplifier frequency, and the transmitted signal intensity was recorded shot by shot. It was 

corrected for intensity fluctuations using the reference beam. The transient spectra were 

averaged until the desired signal-to-noise ratio was achieved (typically 3000 acquisitions). 

The polarization of the probe pulses was at magic angle relative to that of the pump 

pulses. All spectra were corrected for the chirp of the white-light probe pulses. 

Optical-pump THz-probe measurements 

Optical-pump THz-probe spectroscopy is a purely optical technique to measure charge 

dynamics on an ultrafast time scale. The experimental setup can briefly be described as 

follows. The initial pulsed laser beam (1 kHz repetition rate, 45 fs pulse duration, 

4.5 mJ/ pulse energy, 800 nm wavelength) provided by an amplified Ti:Sa laser (Coherent 

Libra USP HE) is split into different paths. Approximately 1.4 mJ/ pulse is used to pump 

an OPerA-Solo optical parametric amplifier (Coherent), which is used as an optical pump 

to photo-generate carriers in the sample. A second part of the beam with approximately 

0.9 mJ/ pulse energy is used to generate single cycle THz pulses by optical rectification in 

a 1 mm-thick ZnTe crystal. The THz beam is focused by gold mirrors on the sample and 

used as a probe. The transmitted THz pulses are detected in the time-domain through free 

space electro-optic sampling. A third part of the initial laser beam is used as a gating beam 

and guided over a delay line onto a 0.5 mm-thick ZnTe detector crystal. By varying the 

time delays between the optical pump, the THz probe pulse and the gating, amplitude and 

phase changes of the THz single-cycle pulses can be recorded. Changes of the amplitude 

of the THz pulses upon photo-excitation were measured in this work on a time scale of up 

to 1 ns with sub-ps time resolution. The pump beam was set at 580 nm and the typical 

power at the sample was 0.5 mW for a pump diameter of 2.7 mm corresponding to a 

fluence of ca. 9 µJ/cm2. 
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Monochromatic femtosecond transient absorption  

More details about the experimental setup can be found in chapter 2. Transient 

absorption spectra were recorded using femtosecond pump-probe spectroscopy. The 

pump beam (λexc = 580 nm) was generated by pumping a two-stage non-collinear optical 

parametric amplifier (NOPA) by the 778 nm output of an amplified Ti:Sa laser system 

providing 150 fs duration pulses at a repetition rate of 1 kHz. The pump beam was 

compressed with a pair of SF-10 prisms to sub-50 fs pulses. The probe beam 

(λprobe = 1.4 µm) was generated by a second OPA (Light Conversion, TOPAS model 

4/800) and used without any compression (pulse duration ca. 150 fs). The change in 

transmittance of the sample, i.e. change in intensity of the probe beam, was measured by 

an InGaAs photodiode (New Focus, model Nirvana 2017) protected by cut-off filters to 

avoid any scattered light from the pump. The low-amplitude signal was extracted by a 

lock-in amplifier (SR-830, Stanford Research) referenced to the chopper frequency. The 

pump energy at the sample was 360 nJ/pulse with a spot size diameter of ca. 560 µm. 

Temporal overlap between the pump and probe pulses at the sample position was 

measured with a Kerr gating technique and gave typical instrument response function 

(IRF) of 180 fs. 

Time-resolved microwave conductivity measurements 

Time-resolved microwave conductivity measurements were conducted by Dennis 

Friedrich and Marinus Kunst at the Institute for Solar Fuels in Berlin. Transient 

photoconductance measurements in the microwave frequency range were performed by 

using a Ka-band (28.5 - 40 GHz) apparatus as described previously.8 Samples were excited 

by 10 ns (FWHM) pulses of a frequency-doubled Q-switched Nd:YAG laser at a 

wavelength of 532 nm with a beam diameter of about 1.6 mm. The excitation intensity 

was adjusted by the use of calibrated filters and set to 1.2 mJ/cm2 for samples on 

mesoporous films, while 7 µJ/cm2 where used for samples deposited on glass, that 

contained more perovskite material. 

Nanosecond flash photolysis 

More details about the experimental setup can be found in Chapter 2. Transmission-mode 

transient absorption spectroscopy experiments were conducted using a frequency-tripled, 
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Q-switched Nd:YAG laser (Continuum, 20 Hz repetition rate) pumping an optical 

parametric oscillator (OPO-355, GWU). The output wavelength of the OPO was tuned at 

λexc = 580 nm (7 ns pulse duration) and attenuated to 70 µJ/cm2. The cw probe light from 

a Xe arc lamp was passed through various optical elements, the sample, and a 

monochromator  (λprobe = 1.4 µm) before being detected by an InGaAs photodiode with 

1 kΩ load (SM05PD5A, Thorlabs). Averaging over at least 2,000 laser shots was used. 

Dynamics were recorded over 10,000 points and a 2nd order Savitzky-Golay smoothing 

algorithm on 45 points was applied. 

6.3 Hole injection into spiro-MeOTAD 

6.3.1  Femtosecond transient absorption 

Femtosecond transient absorption studies have been performed in order to elucidate the 

mechanism of charge separation in the device. Four different samples, 

CH3NH3PbI3 | TiO2, with and without spiro-MeOTAD, as well as CH3NH3PbI3 | Al2O3, 

with and without spiro-MeOTAD, have been measured with 580 nm pulsed fs laser 

excitation and white light continuum (WLC) probing between 440 and 740 nm. The 

photophysical properties CH3NH3PbI3 have been extensively discussed in Chapter 5, and 

thus the spectral features will only be briefly reminded here. Figure 6.2a shows results 

obtained for the samples deprived from HTM. Similar spectral signatures can be 

observed : negative signal peaking at 480 nm is attributed to the bleaching of the  ground 

state  species of the perovskite, while the positive absorption signal in the 630-700 nm 

region is ascribed to the excited state absorption. Furthermore, the negative peak starting 

after 700 nm on both samples is attributed to stimulated emission and matched the results 

obtained by steady-state emission.1 The possible contribution of a photobleaching to the 

stimulated emission is discussed in Chapter 5 and will not be referred to here. The spectra 

recorded at 300 fs time-delay shows the progressive shift of the stimulated emission peak 

while the bleaching in the blue region is already present.  

The small differences observed between TiO2 and Al2O3 are not significative enough to 

draw any conclusion regarding the electron injection process ; the recovery of the initial 

state in 1 ns for both samples shows that no electron injection can be evidenced on these 
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samples, thus matching very well the observed stimulated emission, fingerprint of an 

excited state living over 1 ns. 

 

 
Figure 6.2 Femtosecond transient absorbance spectra with white light continuum probe and 
pulsed fs laser excitation at 580 nm  
a) CH3NH3PbI3 | Al2O3 and CH3NH3PbI3 | TiO2, �b) spiro-MeOTAD | CH3NH3PbI3 | Al2O3, and 
spiro-MeOTAD | CH3NH3PbI3 | TiO2, recorded at various time delays after excitation (color lines). 
Bleaching is evident with maximum at 480 nm, while the positive absorption signal in the 630 to 700 nm 
region corresponds to the excited state absorption. Negative feature in the red part of the spectra is 
attributed to stimulated emission. All features are quenched upon addition of the HTM. 

Samples with hole conductor give another interesting insight on the working mechanisms 

of the perovskite-based cell (Figure 6.2b). WLC spectrum of 

spiro-MeOTAD | CH3NH3PbI3 | TiO2 shows the same spectral features of the one 

without spiro-MeOTAD, with the bleaching peak in the blue region being less pronounced 

than in the case of CH3NH3PbI3 | TiO2 sample. This could be either due to a fast 

recovery of the ground state, or absorption of the oxidized spiro-MeOTAD that has 

spectral signatures in the visible region.9 Either ways, the result is that quenching of the 

excited state of the perovskite by the HTM has occured. Moreover, the stimulated 

emission peak appears to be less pronounced than in the aforementionned case, suggesting 

that a quenching of the stimulated emission is occurring.  

In the case of spiro-MeOTAD | CH3NH3PbI3 | Al2O3, the  amplitude of the 480 nm 

bleaching was found to be smaller than on a sample without hole conductor, as discussed 

previously for the spiro-MeOTAD | CH3NH3PbI3 | TiO2 sample. More interestingly, the 
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positive peak in the 630-700 nm region completely disappeared, concomittantly with a net 

decrease of the stimulated emission negative peak. The results indicates a rapid quenching 

of the excited state by the spiro-MeOTAD through hole injection (Equation 2), occurring 

in less than 1 ps. Indeed, Figure 6.3 compares the dynamics obtained for 

CH3NH3PbI3 | Al2O3  and spiro-MeOTAD | CH3NH3PbI3 | Al2O3. The results clearly 

indicates that the quenching occurs very fast, as the amplitude is greatly decreased in the 

laser pulse resolution (< 150 fs), and the sample with HTM shows the competition 

between a positive and a negative signal in the first ps, also denoting the complex spectral 

overlap of the absorption bands of these materials. This reductive quenching by the HTM 

(as described by equation 2a, in absence of an electron acceptor) thus extracts a hole from 

the perovskite and leaves behind an electron, thus effectively decreasing the 

photoluminescence. The kinetics of hole injection in the spiro-MeOTAD can then be 

estimated to be inferior than our current 150 fs temporal resolution. 

 

 
Figure 6.3 Dynamics extracted at 720 nm for CH3NH3PbI3|Al2O3 
Black circles: sample without spiro-MeOTAD; Red triangles: sample with spiro-MeOTAD. The initial 
amplitude is decreased upon addition of HTM and shows a first positive feature that is not visible in the case 
of the sample without HTM, when a large amount of stimulated emission is present.  

The difference in the amplitude of the quenching observed between TiO2 and Al2O3 films 

might be related to the morphology, as for these experiments, the porosity of the films used 

was not the same and a difference in homogeneity of the films could be noticed (perovskite 

film deposited on Al2O3 being always more homogeneous). This difference in morphology 

is likely to be linked to a better pore filling by spiro-MeOTAD in the case of Al2O3, 

explaining thus why the reductive quenching by spiro-MeOTAD (Equation 2a) seems to be 

more efficient in this case. Further studies showed that the amount of quenching is highly 

variable, and indeed, samples prepared according to the same experimental conditions as 

above were found to have the inverse behavior, i.e. quenching was more efficient on a 
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TiO2 sample (data not shown). This indicates that a fundamental parameter governing the 

contact between the perovskite and the HTM is not yet fully understood, at least while 

using the spin-coating deposition method for the perovskite.  

6.3.2 THz spectroscopy 

 
Figure 6.4 Terahertz measurements of the CH3NH3PbI3 deposited on various substrates 
Terahertz transient signal following fs laser pulsed excitation at 580 nm. Signals reflect the time-evolution of 
electrons and holes population in the active layer. Black crosses: CH3NH3PbI3 on TiO2; blue triangles: 
CH3NH3PbI3 on Al2O3; red diamonds: CH3NH3PbI3 and spiro-MeOTAD on TiO2; green circles: 
CH3NH3PbI3 and spiro-MeOTAD on Al2O3. Thick lines are shown as guide to the eye. 

Preliminary THz experiments are shown to support results found by TAS. THz probes 

the photoconductivity of the samples, i.e. the product of the mobility and the 

concentration of charge carriers. The photoconductivity in the active layer arises mainly 

from the charges in the perovskite material and not from electrons injected in TiO2. This 

is inferred from the observation that the observed signal is very similar in amplitude both 

on TiO2 and on Al2O3, where no signal from carriers injected in the metal oxide can 

contribute to the photoconductivity. Figure 6.4 shows normalized transient THz signal for 

TiO2 and Al2O3 mesoporous films, with and without the hole transport material 

spiro-MeOTAD. Thus, following pulsed laser excitation at 580 nm, decay of THz signal 

reflects the time-evolution of the population of mobile charge carriers. Decays were 

acquired over 1 ns and were qualitatively compared, thick lines are shown as a guide to 

the eye. Normalized dynamics for TiO2 with and without HTM as well as Al2O3 sample 

without HTM were found to be in the same range, slightly slower in the case TiO2 without 

HTM. This tends to indicate that charge separation occurs through electron injection 

(Equation 1), but once again the effect is not as striking as in the case of Al2O3 sample 

impregnated with HTM. In this latter case, the dynamics appears to be much slower, thus 
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suggesting that charge separation through hole injection (Equation 2) is taking place at the 

heterojunction, which is less evident in the case of the TiO2 sample with HTM. This result 

matches what is observed in transient absorption data reported above, as the efficiency of 

the quenching by spiro-MeOTAD is more efficient in the case of the Al2O3 sample 

impregnated with HTM. Hence, in the case of THz signal, no clear conclusion on the 

electron injection pathway can be drawn with regard to TiO2 samples, however this might 

be related to the sensitivity of the measurement itself, or as in the case of the section 6.3.1, 

an insufficient contact between TiO2, perovskite, and the HTM. 

 

While revealing the hole injection pathway (Equation 2), these studies do not allow to 

highlight the pathway of electron injection (Equation 1). The next paragraphs will bring 

evidence for this first mechanism, as well as confirming the hole injection pathway already 

observed.  

6.4 Electron injection into TiO2 

The dynamics of the various charge transfer processes were first assessed through probing 

optical transient absorption signals in the near-infrared with CH3NH3PbI3 deposited 

either in mesoporous TiO2 or Al2O3 films in the absence of HTM. Pairs of samples 

prepared on Al2O3 and TiO2 films with spiro-MeOTAD impregnating the mesoporous 

oxides were also measured. To support and complement the mechanistic picture of the 

processes, time-resolved photoconductance measurements in the microwave frequency 

range were also performed. Additional information on the recombination reactions 

(Equations 6 and 7) is then provided by nanosecond transient absorption experiments.  

6.4.1 Ultrafast transient optical absorption spectroscopy 

Femtosecond pump-probe transient absorption experiments were carried out at a probe 

wavelength of 1.4 µm and an excitation wavelength of 580 nm for CH3NH3PbI3 samples 

deposited on TiO2 and on Al2O3 films, with and without HTM. Resulting transient 

absorption was found in all cases to rise within the first ps (Figure 6.5). The decay of the 

signal traces was observed to be multi-exponential for all samples and was fitted with a 

double exponential starting at t = 1 ps. The corresponding fast component developed 

within 40-60 ps for all samples, while a slower component appeared in the 140-270 ps time 
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range. The 1.4 µm probe wavelength was initially selected to probe oxidized 

spiro-MeOTAD, which absorbs in the near-IR.9,10 However, samples deprived of HTM 

yielded an important transient absorption signal originating from the perovskite itself. 

Comparing the signals obtained on the two different metal oxides, it is inferred that they 

reflect the time-evolution of the CH3NH3PbI3 photoexcited states population. These 

excited states correspond to photogenerated electrons and holes, which can either be 

paired in excitons or exist in the form of free or even trapped charge carriers. In systems 

prepared on TiO2 films, a small contribution to the transient absorption signal of 

conduction band electrons injected in TiO2 cannot be excluded. Similarly, for all systems 

containing spiro-MeOTAD HTM, contributions to the transient absorption signal of 

oxidized HTM species cannot be omitted and will be discussed later.  

 

 
Figure 6.5 Time-evolution of electrons and holes population in photoexcited CH3NH3PbI3 
perovskite in various systems 
Transient absorption signals were measured at a probe wavelength of 1.4 µm following fs laser pulsed 
excitation at 580 nm. –– CH3NH3PbI3 on TiO2 ; –– CH3NH3PbI3 on Al2O3 ; –– CH3NH3PbI3 and 
spiro-MeOTAD on TiO2 ; –– CH3NH3PbI3 and spiro-MeOTAD on Al2O3 . Thick solid lines represent bi-
exponential fits of experimental points starting at t = 1 ps. A2 represents the normalized absorbance change 
at 25 ps, used as a metrics to compare the various samples.  

In the case of samples without HTM, a transient signal arising from the perovskite 

deposited on Al2O3 was observed and attributed to the decay of the carriers’ population 

through recombination within the absorber material (blue trace on Figure 6.5) as no 

interfacial reaction can take place in this case. Transient absorbance of a 

perovskite | TiO2 sample shows that the relative signal amplitude of the slower part, 

defined as the normalized absorbance change at 25 ps, is larger than on Al2O3 (Table 6.1, 

24 % and 14 %, respectively). This relative signal amplitude is subsequently used as a 
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metrics to compare the various samples. We will assume in the following discussion that 

charge recombination within the perovskite is similar on TiO2 and on Al2O3 samples. This 

assumption is corroborated by the observation in the transient photoconductance (TPC) 

measurements (Figure 6.6), that the charge decay within the perovskite is not influenced by 

deposition on a mesoporous framework with respect to perovskite deposited as a flat film 

on glass. For reasons that will be discussed later in the text, the contribution to the 

transient absorption signal of electrons injected in TiO2 conduction band is believed to be 

negligible. In this perspective, the larger relative amplitude for the slower part of the decay 

observed for the perovskite in contact with titania indicates that some of the charges have 

already been separated through ultrafast electron injection (Equation 1a). The latter 

process leaves then an excess of holes in the perovskite that take longer to recombine with 

remaining electrons, whose population has been depleted. Accordingly, the presence of a 

minor plateau after 300 ps is then attributed to remaining carriers, in this case holes, that 

have not yet been able to recombine with electrons that have been injected into TiO2. As 

the decay curves for the TiO2 case starts lagging behind that of the Al2O3 case at delay 

times ≥ 3 ps (Figure 6.5, black and blue curves, respectively), it is inferred that charge 

separation must occur at the perovskite | titania junction on a similar or shorter time 

scale. 

Table 6.1 Ratio of the amplitude A2 measured on data displayed in Figure 6.5 

Values taken at t = 25 ps relative to the total normalized amplitude ∆A0 at 1 ps, for CH3NH3PbI3 on TiO2 
and Al2O3, with and without spiro-MeOTAD HTM. 

A2 / ΔA0 without HTM with HTM 

TiO2 0.24 0.34 

Al2O3 0.14 0.26 

 

Pairs of samples prepared on Al2O3 and TiO2 films were also measured with 

spiro-MeOTAD impregnating the mesoporous oxides. Interestingly, for a sample of Al2O3 

with HTM, the relative amount of remaining charges at a delay time of 25 ps is similar to 

what we observed on the previously discussed sample prepared on TiO2 and deprived from 

spiro-MeOTAD (Table 6.1, 26 % relative amplitude). This indicates that hole injection 

into the HTM (Equation 2a) must be completed within a comparable timescale as electron 

injection into TiO2 (Equation 1a). In the case of perovskite in contact with both TiO2 and 

the HTM, the amount of longer-lived charges is higher (Table 6.1, 34 % relative 
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amplitude). This result shows that the most efficient charge separation is obtained when 

using TiO2 and HTM together, and is rationalized by the fact that the recombination of 

the remaining charges in the perovskite must account for charges that are injected at both 

separate junctions (TiO2 | perovskite and perovskite | HTM). Here, contrary to the case 

of the perovskite deposited on alumina and in contact with the HTM, no residual 

absorption is observable on the ns time scale, as every carrier in the perovskite should have 

found an opposite charge to recombine with. It could be argued that the long-lived 

absorption actually results from the contribution of oxidized spiro-MeOTAD molecules –

 h+(HTM) –, as well as that of conduction band electrons in TiO2, as both species absorb 

at 1.4 µm.9-11 However, this statement would not change the conclusion, as it would also 

provide a direct evidence of charges having been separated at the junctions. Yet, we 

believe that these contributions are negligible in our measurements. Indeed, the reactions 

of recombination of ecb– (TiO2) or h+(HTM) with carriers in the perovskite (Equations 5, 6) 

are likely to be slower than a nanosecond (we show hereafter that this second reaction 

actually lies in the microsecond timescale), and thus this would appear as a long-lived 

plateau in the dynamics of the TiO2 + HTM sample, that we do not observe in this case.  

6.4.2 Time-resolved microwave photoconductance measurements 

As a complementary technique, we used time-resolved photoconductance (TPC) 

measurements in the microwave frequency range to monitor directly mobile charge 

carriers’ population within the perovskite material. The effect of electron injection from 

the perovskite into the mesoporous TiO2 and the resulting increase in charge carrier 

lifetime was observed with a 10 ns time-resolution (Figure 6.6). No TPC signal was 

detected for pure TiO2 or Al2O3 films at the light intensities and excitation wavelength 

(532 nm) used in these experiments, showing that the observed photoconductance 

phenomena are induced only by photon absorption in the perovskite. As a result of charge 

separation or exciton splitting, an increase in the lifetime of the separated charge carriers 

can normally be observed. In case that the perovskite is deposited on Al2O3 without any 

HTM present, one can expect an annihilation of the absorbed photon energy by 

luminescence or thermalisation. This can be clearly seen in Figure 6.6, where no 

significant difference between a pure perovskite film on glass and the perovskite deposited 

on Al2O3 can be observed. In the case where the perovskite is deposited on TiO2, an 
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extension of the decay time is observed, evidencing the separation of the electron-hole pair 

and therefore the injection of electrons into titanium dioxide. 

 
Figure 6.6 Transient microwave photoconductance measurements of the perovskite 
material deposited on various substrates  
Black dots: CH3NH3PbI3 on mesoporous TiO2; Blue dots: CH3NH3PbI3 on mesoporous Al2O3; Orange dots: 
CH3NH3PbI3 on flat glass. The build-up rate of the TPC signal is here limited by the excitation laser pulse 
duration (~10 ns). 

6.4.3 Nanosecond transient optical absorption spectroscopy 

 
Figure 6.7 Charge recombination dynamics obtained from ns-laser flash photolysis of the 
various systems 
Transient absorption signals were monitored at λ = 1.4 mm following excitation at 580 nm. a) Samples 
without HTM. — CH3NH3PbI3 on TiO2; — CH3NH3PbI3 on Al2O3; b) Samples with HTM. Signals mainly 
reflect the decay of h+ (HTM) population. — CH3NH3PbI3 and spiro-MeOTAD on TiO2; — CH3NH3PbI3 

and spiro-MeOTAD on Al2O3. Thick lines represent stretched exponential fit of data. 

Flash photolysis experiments were carried out over an extended µs-ms time domain at a 

probe wavelength of 1.4 µm and an excitation wavelength of 580 nm, similarly to 
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femtosecond experiments. The expected transient signal in the microsecond timescale 

results from the absorption of the oxidized form of the spiro-MeOTAD  – h+ (HTM) –. 

Indeed, spectral overlap with charge absorption of the perovskite could be avoided at this 

wavelength, as the decay of these charges should be completed much earlier within the 

nanosecond time span. This is confirmed by transient absorption showing no signal on the 

microsecond domain for CH3NH3PbI3 samples without HTM, both on TiO2 and on 

Al2O3 (Figure 6.7a). Although we expected to observe a transient signal corresponding to 

conduction band electrons in the TiO2 that do absorb at this wavelength, this contribution 

to the signal appears to be below the detection limit of this particular experiment. Time-

evolution of transient absorbance signals at 1.4 µm for CH3NH3PbI3 samples with HTM 

(Figure 6.7b) on TiO2 and on Al2O3 can, therefore, be assigned to the decay of oxidized 

spiro-MeOTAD population through recombination processes. On Al2O3, we observe the 

recombination between h+ (HTM) and e– (perovskite) (Equation 6), while on TiO2 

recombination occurs between h+ (HTM) and ecb– (TiO2) (Equation 7). The signal trace 

decay could be fitted with a stretched exponential (stretching exponent β= 0.5). Excitation 

energy fluence in this particular experiment being rather low (70 µJ/ cm2, corresponding 

to approximately 40 photons/ nanoparticle), the stretched exponential reflects a broad 

distribution of distances between recombining charges. The comparison between the time 

constants for the decay on TiO2 and on Al2O3 is quite evident and shows that 

recombination is slower when TiO2 is used (99 µs vs. 15 µs on Al2O3). This demonstrates 

that process (6) is faster than process (5). It provides therefore additional evidence that 

electron injection has taken place and that recombination occurs via a mechanism that 

involves diffusion of carriers on a larger distance. 

6.5 Discussion 

Intrinsic physical properties of the perovskite material, such as exciton diffusion length, 

carriers’ mobility, nature and density of trap states, and the energetics of the bands, are 

obviously important to explain why this exceptional material appears to be working in a 

variety of configurations. Rather than dealing with the intrinsic properties of the 

perovskite semiconductor, the present work focuses on interfacial charge transfer processes 

occurring at the junctions between the light-absorber and the electron- and/or hole 

conducting materials. A sequence of interfacial electron transfer steps is derived from the 
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kinetics determined experimentally in configurations that have already proved to function 

efficiently in solar cells. We can then take for granted that exciton diffusion length and 

carriers’ mobility within the perovskite are amply sufficient and that all energy levels are 

conveniently aligned.18, 19  

In samples containing the perovskite absorber deposited on the titanium dioxide electron 

acceptor with HTM infiltrated in the pores of the mesoscopic film, non-ideal morphologies 

obtained during the preparation will lead to various punctual situations within the same 

sample, where perovskite domains could be either insulated, contacted with the sole TiO2 

or the sole HTM, or form two junctions with both the TiO2 and the HTM. All the 

different situations are now encountered in solar energy conversion devices of various 

architectures. The interest of the discussion on the charge transfer mechanism taking place 

in TiO2 | perovskite | spiro-MeOTAD solid state solar cell then extends beyond this 

particular example to other types of perovskite-based photovoltaic systems. 

 

Four different cases related to the morphology of the sample could coexist in perovskite-

based devices: 

 

a) All the perovskite is conformally deposited on top of the metal oxide (be the 

insulating Al2O3 or the TiO2 electron acceptor) as a thin light harvesting film, 

which thickness is at most of a few nanometres. 

 

b) Part of the perovskite is not in direct contact with the oxide substrate but is present 

in the form of isolated crystalline domains in the pores and/or of a capping layer 

on top of the mesoporous network. 

 
All perovskite-based devices deposited on a mesoporous structure, regardless of the type of 

preparation, should fit in one of the two categories, (a) or (b). When adding an HTM, both 

cases can be coupled with two additional cases regarding the junction: 

 

c) All the HTM is conformally deposited into the pores forming a continuous 

junction with the perovskite material. 

 

d) Not enough HTM is present in the pores, or the interfacial contact between the 

perovskite and the HTM is only partial due to infiltration problems. 
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We will rationalize for each case what could be observed by time-resolved laser 

spectroscopy, keeping in mind what could be the influence of the contact at the various 

heterojunctions. In case (a), the intimate contact between the two semiconductors allows 

resolving unequivocally the electron injection process by direct comparison between TiO2- 

and Al2O3-based samples. In case (b), a capping layer of perovskite that is not in direct 

contact with the mesoporous oxide can be found and optical features of isolated perovskite 

material could be observed. In the specific case of TiO2, where we expect electron 

injection to take place, the presence of a capping layer would result in strong light 

absorption within this layer and consequently poor quenching by TiO2 due to lacking of a 

good TiO2 | perovskite interface. Consequently, a strong photoluminescence will be 

observed. In the absence of a good intimate contact with TiO2, the device can still work 

with the perovskite playing the role of the electron transporting material, in the same way 

as in the so-called meso-superstructured cells built on an insulating alumina framework.3 

In case (c), a hole is easily extracted at the perovskite | HTM interface, according to 

measurements already discussed in the beginning of this chapter (section 6.3) where the 

spiro-MeOTAD was shown to quench very efficiently perovskite’s photoluminescence 

within a sub-ps time frame, more precisely in the laser resolution (< 150 fs). In case (d), the 

absence of an intimate contact between the light absorber and spiro-MeOTAD is likely to 

end up in a situation where the device resembles a p-type perovskite cell, where the 

CH3NH3PbI3 works as the hole transport material.4 For a perovskite | HTM bilayer, in 

which holes have to diffuse across a 65 nm-thick absorber layer to reach the HTM 

junction, extraction time extends in the ps-ns timescale, much longer than in case (c).12 

Case (d) will often occur in type (b) samples, because a capping layer of perovskite tends to 

prevent a good infiltration of the HTM in the pores. Deposition of spiro-MeOTAD on a 

case (a) sample will on the contrary favour case (c), resulting in an optimum device.6 

Part of the charge recombination observed in TiO2 | perovskite | spiro-MeOTAD samples 

can still occur from electrons in the perovskite (Equation 6), if they have not been 

efficiently injected into the titania. This would be the case if there were insufficient contact 

between TiO2 and perovskite – case (b) –. The time constant measured by flash photolysis 

experiments for a TiO2 + HTM sample thus might include contributions of the 

recombination reactions (Equations 6, 7). 

Time-resolved measurements reported in the present work highlight for the first time some 

of the important processes in CH3NH3PbI3-sensitized samples and corresponding samples 
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built on an Al2O3 scaffold. Probing in the near infrared provided a way to circumvent the 

spectral overlap due to different types of morphological issues – case (a) or (b) – by 

observing only the carriers’ population decay inside the perovskite itself rather than the 

bulk luminescence that constitutes the main spectral feature observed in the visible range. 

In the work presented in section 6.3, electron injection could not be evidenced by 

monitoring the stimulated emission of the perovskite, nor by THz measurements, most 

likely because the observed transient was originating from a capping layer of the material. 

The method consisting in spin-coating a mixed solution of CH3NH3I and PbI2 in 

γ−butyrolactone, originally used to produce the samples, has now been replaced by a 

sequential deposition method yielding more conformal films (cf. the methods in section 

6.2.1). Near-infrared optical probing, which monitors the decay of the population of 

charges remaining in the photoexcited perovskite, is key in evidencing charge separation 

processes taking place through both electron and hole injection.  

Comparable kinetics for the decay of the remaining recombining charges in 

perovskite | TiO2 sample and spiro-MeOTAD  | perovskite | Al2O3 sample reveal that 

both electron and hole injection occur on a similar timescale. Furthermore, it is possible to 

conclude that both charge separation processes happen in the fs-ps timescale as our 

previous study showed that hole injection, observed through stimulated emission 

quenching, has already taken place within the first picosecond following excitation (cf. 

Figure 6.2 and Figure 6.3). Direct monitoring of the dynamics of the primary charge 

separation is beyond the scope of this study.  

The efficiency of charge extraction in a perovskite solar cell depends on the ratio between 

rate constants for charge recombination and charge separation. It is thus important to 

determine the timescale for charge recombination processes in the cell. Results obtained 

by flash photolysis first show that the recombination reaction for electrons and oxidized 

spiro-MeOTAD (Equations 6, 7) is slow, taking place in the microsecond range. This 

warrants at least a factor of 106 between charge separation and recombination rate 

constants at the HTM interface, ensuring a quantitative yield for the sustained charge 

separation.  Additionally, reaction (7) being slower than reaction (6) proves that the use of 

TiO2 as electron acceptor and transporter in conjunction with an organic HTM in contact 

with the perovskite is indeed quite beneficial. 
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6.6 Conclusion 

Results presented in this chapter unravel the mechanisms of photoinduced processes in 

CH3NH3PbI3 solid-state solar cells. Time-resolved techniques were applied to 

CH3NH3PbI3 deposited as a conformal film on TiO2 and Al2O3 samples to study the 

kinetics of interfacial electron transfer processes. The timescales of these processes are 

summarized in Figure 6.8: 

 

 
Figure 6.8 Summary of the timescales for electron transfer processes in CH3NH3PbI3 | TiO2 

From the conclusions obtained in Chapter 5, a double-band model and thermalisation 

processes in 350 fs can be hypothesized. Femtosecond transient absorption spectroscopy in 

the visible range applied to CH3NH3PbI3 films on TiO2 and Al2O3 photoanodes reveals 

characteristic spectral features of this material, with the presence of a bleaching in the blue 

region, an excited state absorption in the 550-650 nm range and a large stimulated 

emission in the 700 nm region that is associated with the steady-state luminescence at 

780 nm. Theses characteristic spectral features were not sufficient to unambiguously 

evidence electron injection through comparison between TiO2 and Al2O3 photoanodes. 

However, quenching of the luminescence for samples impregnated with HTM could be 

correlated with the efficiency of the charge separation, and revealed that hole injection 

process (Equation 2) is happening on a very short timescale (< 150 fs). The apparent 

weaker quenching of the to CH3NH3PbI3 excited state by the HTM in the TiO2 sample 

compared to the Al2O3-based layer might be rationalized by a different morphology 

obtained on the different oxides mesoporous films. In Al2O3 films, a better pore filling by 

the spiro-MeOTAD could offer a better contact between the perovskite and the HTM and 

consequently yield a stronger reductive quenching of the photoexcited state. THz 
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spectroscopy data, that observes transient photoconductivity corresponding to free and 

excitonic charges, support this hypothesis. Transient decay of mobile charges is observed 

on all perovskite samples, either on TiO2 or Al2O3 framework. No major difference in the 

two layers is noticeable for samples that were not impregnated with HTM, as already 

observed in the visible transient absorption measurements. In the case of the HTM 

infiltrated samples, charge decay appears to be markedly slower on the Al2O3 samples. 

This reveals that mobile charges are separated mainly at the spiro-MeOTAD interface, 

while the remaining charges thus recombine more slowly. The difference in the observed 

dynamics for TiO2 and Al2O3 samples is thus mainly attributed to inhomogeneity of 

prepared samples. 

In the second part of this chapter, we were able to evidence the electron injection pathway 

and confirm the hole injection pathway. Using ultrafast spectroscopy in the near infrared, 

we were able to monitor transient absorption by photogenerated charges in the perovskite. 

Results showed that the decay of the charge population is delayed upon infiltration of the 

hole-transporting material spiro-MeOTAD, which is consistent with previous evidences of 

primary hole injection from the photoexcited perovskite into the HTM. Moreover, 

evidence for electron injection from CH3NH3PbI3 into the TiO2 film is presented. The 

latter process appears to lie in a similar timescale as the hole injection. Further evidences 

were brought by transient photoconductance measurements where slower charge decay in 

the presence of TiO2 was monitored by transient photoconductance measurements in the 

microwave frequency range. Additionally, transient absorbance decay of oxidized 

spiro-MeOTAD was monitored in the near infrared. Experimental data showed that 

charge recombination with oxidized HTM species, which occurs in the microsecond 

timescale, is delayed on TiO2 films with respect to Al2O3, thus indicating that the 

mechanism involves recombination of charges separated by a longer distance. Observation 

of charge separation and charge recombination reactions is closely related to the 

morphology, and hence to the preparation method of the samples. Optical signals can be 

largely influenced by the presence of a capping layer of perovskite that is not conformally 

deposited on the mesoporous oxide film. Conformal coating of the TiO2 surface by 

CH3NH3PbI3 facilitates charge separation by ensuring direct electron injection into the 

oxide. These findings highlight the advantage of employing two heterojunctions with 

titanium dioxide and the HTM while using perovskite as a solid-state light absorber. 

  



Chapter 6 
 

 162 

6.7 References 

1. Kim, H.-S. et al. Lead iodide perovskite sensitized all-solid-state submicron thin 

film mesoscopic solar cell with efficiency exceeding 9%. Sci Rep 2, 591 (2012). 

2. Marchioro, A. et al. Unravelling the mechanism of photoinduced charge transfer 

processes in lead iodide perovskite solar cells. Nature Photon. 8, 250–255 (2014). 

3. Lee, M. M., Teuscher, J., Miyasaka, T., Murakami, T. N. & Snaith, H. J. Efficient 

hybrid solar cells based on meso-superstructured organometal halide perovskites. Science 

338, 643–647 (2012). 

4. Etgar, L. et al. Mesoscopic CH3NH3PbI3/TiO2 heterojunction solar cells. J. Am. 

Chem. Soc. 134, 17396–17399 (2012). 

5. Liu, M., Johnston, M. B. & Snaith, H. J. Efficient planar heterojunction perovskite 

solar cells by vapour deposition. Nature 501, 395–398 (2013). 

6. Burschka, J. et al. Sequential deposition as a route to high-performance 

perovskite-sensitized solar cells. Nature 499, 316–319 (2013). 

7. Im, J.-H. H., Lee, C.-R., Lee, J.-W., Park, S.-W. & Park, N.-G. 6.5% efficient 

perovskite quantum-dot-sensitized solar cell. Nanoscale 3, 4088–4093 (2011). 

8. Friedrich, D. & Kunst, M. Analysis of charge carrier kinetics in nanoporous 

systems by time resolved photoconductance measurements. J. Phys. Chem. C 115, 

16657–16663 (2011). 

9. Snaith, H. J. et al. Charge collection and pore filling in solid-state dye-sensitized 

solar cells. Nanotechnology 19, 424003 (2008). 

10. Olson, C., Veldman, D., Bakker, K. & Lenzmann, F. Characterization of the pore 

filling of solid state dye sensitized solar cells with photoinduced absorption spectroscopy. 

Int. J. Photoenergy 2011, 1–11 (2011). 

11. Rothenberger, G. & Fitzmaurice, D. Spectroscopy of conduction band electrons in 

transparent metal oxide semiconductor films: optical determination of the flatband 

potential of colloidal titanium dioxide films. J. Phys. Chem. (1992). 

12. Xing, G. et al. Long-Range Balanced Electron- and Hole-Transport Lengths in 

Organic-Inorganic CH3NH3PbI3. Science 342, 344–347 (2013). 



 

 163 

CHAPTER 7  

Conclusions and 

outlook 

The work conducted in this thesis aimed at uncovering the mechanisms of charge transfer 

processes in solid-state solar cells based on hybrid organic-materials. Chapter 3 and 4 were 

devoted to solid-state dye-sensitized cells, with ruthenium-based sensitizer and the hole 

transport material spiro-MeOTAD. Chapter 5 and 6 were then focused on an 

organic-inorganic semiconductor, CH3NH3PbI3, first considered only as light absorber but 

where recently the peculiar charge transporting properties have started to attract lot of 

attention. As these systems are based on the kinetic competition between charge 

separation and charge recombination, knowledge of the dynamics of heterogeneous 

charge transfer reactions at the surface of semiconductors is critical for the improvement of 

solar energy conversion devices. Experimental data obtained by time-resolved 

spectroscopic techniques proved to be powerful tools in order to give an insight on the 

parameters governing these charge transfer reactions. 
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Chapter 3 introduced the concept of hole injection in solid-state dye-sensitized solar cells. 

The main issues related with solid-state DSCs were discussed: hole mobility and pore 

filling appears to be the key factors influencing these devices, which still need further 

understanding in order to obtain better power conversion efficiencies. Time-resolved 

absorption spectroscopy allowed investigating the intricated kinetic processes that occur at 

the interfaces of such a system. Femtosecond transient absorption measurements with 

probe in the visible confirmed the multiexponential dynamics spanning from the 

picosecond to the nanosecond for the regeneration of the oxidized dye by the hole 

transport material spiro-MeOTAD already reported in the literature, thus indicating a 

large distribution of distances in the system. The optical signals in this region contain a 

mixture of the ground state bleaching and the oxidized spiro-MeOTAD, thus rendering 

more difficult the analysis of the dynamics. We showed herein that probing in the near-

infrared gives access to the quenching of the oxidized state of the dye by the HTM 

spiro-MeOTAD, which is a direct information of the hole injection yield. Kinetic decay of 

the oxidized form of the sensitizer in the picosecond regime helped establishing a model 

for the morphology of the nanoporous structure filled with HTM. It was further shown 

that the pore filling fraction parameter is of crucial importance for the dynamics of hole 

injection in the first picoseconds after photoexcitation. 

 

Chapter 4 focused on the effect of TiCl4 treatment on both mechanisms of charge 

separation and charge recombination. Transient absorption spectra of electron injection, 

hole injection and charge recombination were recorded and a specific model was 

developed in order to treat the data obtained for hole injection from the oxidized dye to 

the HTM. This model allowed separating the contribution from the electrons, the 

oxidized HTM species and dye molecules that absorb in the same region of the spectrum. 

We showed that the kinetics of electron injection does not display a significant change 

upon TiCl4 treatment, while hole injection is delayed. This was rationalized by a different 

penetration/wetting of the pores by the HTM when deposited out of solution, thus 

reducing the direct contact of dye and HTM. Interestingly, the largest effect of this surface 

treatment appears to be on charge recombination. This delayed charge recombination 

between electron injected in TiO2 and oxidized spiro-MeOTAD can be explained by the 

same rationale as for the hole injection. These findings are in good agreement with 

previous studies showing that the effect of TiCl4 treatment in liquid cells was mostly 

affecting charge recombination. Charge recombination in solid devices being a one-step 
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process, contrarily to recombination with liquid redox mediators based on iodide, it is 

likely to compete efficiently with the overall charge separation. Therefore this work 

underlines the importance of controlling charge recombination with the HTM in order to 

improve photovoltaic devices performance. 

Future work should target a better controlling of the hole injection process through the 

monitoring of the pore wetting/filling. As it was shown, the amount of hole injection in the 

first picoseconds is crucially dependent on the pore filling fraction. Thus, a question that 

naturally arises is if the hole can be efficiently laterally transferred to the closest HTM 

molecule through lateral hole transfer. This process has been evidenced in liquid-based 

cells, and an interesting axis of research would then be to determine what is the minimal 

covering of the pore to still have efficient hole injection. This issue could be addressed 

through polarized transient absorption. Indeed, this polarization-sensitive technique would 

look at the oxidized state of the dye and how the initial polarized excitation would change 

orientation with time: this would be a direct measurement of the hole transfer between 

dyes, and subsequently their injection into spiro-MeOTAD. 

 

In Chapter 5, we described the main spectral signatures obtained by femtosecond transient 

absorption spectroscopy of CH3NH3PbI3 deposited on a mesoporous framework of Al2O3. 

In this way, the only deactivation pathway possible is charge recombination within the 

perovskite itself, thus evidencing the photophysical processes in the material. The visible 

transient absorption spectrum of CH3NH3PbI3 for two different wavelengths of excitation 

(510 and 580 nm) showed three main spectral components: a first negative signal peaking 

at 480 nm (blue band), which was attributed to the bleaching of the ground state species of 

the perovskite. A positive absorption signal between 630 and 700 nm was ascribed to the 

excited state absorption. Then, a negative peak starting after 700 nm (red band) on both 

samples was attributed mainly to stimulated emission. The effect of the fluence on the 

dynamics was presented and showed increasing recombination with increasing fluence in 

the first nanosecond. The recombination at longer timescales (> 1.5 ns) is then similar for 

all samples, showing fast delocalisation of the carriers. Global analysis performed on a 

CH3NH3PbI3 sample provided additional insight in the origin of the spectral features 

observed. It was inferred that the stimulated emission in the 700 nm-region is a way to 

probe the thermalisation of hot states to the bottom of the conduction band, or to the top 

of the valence band. This thermalisation process occurs with a time constant of 0.35 ps, as 

shown by the partial recovery of the bleaching in the 480 nm-region and the increase of 
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the stimulated emission on the same timescale.  A model for the photophysical processes in 

CH3NH3PbI3 was proposed and differs from what can be found in the literature. This 

model, by analysis of two hypothetical situations, with in a first case two valence bands and 

one conduction band, and a second case with two conductions bands and one valence 

band, showed that neither case is adapted to describe the spectral signatures observed in 

the transient absorption spectra. Thus, we suggested a model with two valence bands and 

two conduction bands. This model could also reconcile the many different results found 

theoretically and experimentally in these last months.  

 

Results presented in Chapter 6 unravelled the mechanisms of photoinduced processes in 

CH3NH3PbI3 solid-state solar cells. Time-resolved techniques were applied to 

CH3NH3PbI3 deposited as a conformal film on TiO2 and Al2O3 samples to study the 

kinetics of interfacial electron transfer processes. Femtosecond transient absorption 

spectroscopy in the visible range applied to CH3NH3PbI3 films on TiO2 and Al2O3 

photoanodes was not sufficient to unambiguously point out electron injection through 

comparison between TiO2 and Al2O3 photoanodes. However, quenching of the 

luminescence for samples impregnated with HTM could be correlated with the efficiency 

of the charge separation, and revealed that hole injection process is happening on a very 

short timescale (< 150 fs). Similar results could be obtained by THz spectroscopy. The 

apparent weaker quenching of the to CH3NH3PbI3 excited state by the HTM in the TiO2 

sample compared to the Al2O3-based layer might be rationalized by a different 

morphology obtained on the different oxides mesoporous films. In Al2O3 films, a better 

pore filling by the spiro-MeOTAD could offer a better contact between the perovskite and 

the HTM and consequently yield a stronger reductive quenching of the photoexcited state. 

In the second part of this chapter, we were able to evidence the electron injection pathway 

and confirm the hole injection pathway. Using ultrafast spectroscopy in the near infrared, 

we monitored transient absorption by photogenerated charges in the perovskite. Results 

showed that the decay of the charge population is delayed upon infiltration of 

spiro-MeOTAD, which is consistent with previous evidences of primary hole injection from 

the photoexcited perovskite into the HTM. Moreover, evidence for electron injection from 

CH3NH3PbI3 into the TiO2 film was presented. The latter process appears to lie in a 

similar timescale as the hole injection. Additionally, transient absorbance decay of 

oxidized spiro-MeOTAD was monitored in the near infrared. Experimental data showed 
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that charge recombination with oxidized HTM species, which occurs in the microsecond 

timescale, is delayed on TiO2 films with respect to Al2O3, thus indicating that the 

mechanism involves recombination of charges separated by a longer distance. Observation 

of charge separation and charge recombination reactions is closely related to the 

preparation method of the samples. Optical signals can be largely influenced by the 

presence of a capping layer of perovskite that is not conformally deposited on the 

mesoporous oxide film. Conformal coating of the TiO2 surface by CH3NH3PbI3 facilitates 

charge separation by ensuring direct electron injection into the oxide. These findings 

highlight for the first time the advantage of employing two heterojunctions with titanium 

dioxide and the HTM while using perovskite as a solid-state light absorber. 

 

The perovskite adventure is now only at its beginnings. In a few years, we have been the 

witnesses of the spectacular evolution from a perovskite-based liquid cell, which was 

dissolving in a few minutes under illumination, to power conversion efficiencies higher 

than 17%. These sensational achievements must be complemented with fundamental 

studies in order to fully master all the potential this new material has to offer. 

 

Indeed, many questions remain to be answered: the band structure of perovskite and the 

corresponding optical transitions are still not clear and might be varying according to the 

preparation procedure. Additionally, why are the chlorine impurities tremendously 

affecting the carriers’ mobilities? Does this have an influence on the main spectroscopic 

signatures?  

Is reductive quenching of the perovskite from the HTM a process susceptible to affect the 

electron injection step? Are the photogenerated charges free or is it possible to have 

exciton formation and diffusion to an interface? In other words, what would be the 

proportion of geminate to non-geminate recombination? The lifetime of electron-hole 

pairs and the formation of mobile charges are information that could be obtained by 

terahertz spectroscopy and complemented with time-resolved microwave 

photoconductivity. These techniques would also help to confirm the hypothesized 

double-band model. Additional knowledge on the spontaneous photoluminescence 

processes (as opposed to the stimulated processes) could be obtained by fluorescence up-

conversion techniques. 

Other questions that still remain unanswered concern the presence of ionic additives. 

What is the effect of the additives commonly added to the hole-transporting matrix, such 
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as lithium salts and tert-butylpyridine? Nanosecond transient absorption is useful to access 

the lifetime of oxidized spiro-MeOTAD and then determine the conditions in which the 

back recombination is the most delayed. Femtosecond transient absorption could 

determine if the hole injection into the HTM or electron injection into the TiO2 is 

hindered or facilitated in presence of these additives.  

Nonetheless, it has to be borne in mind that the role of these additives in the crystalline 

matrix of perovskite can be much more complex than in molecular systems based on dyes. 

Ionic additives are susceptible to engender substitution in the perovksite lattice and thus 

change both its optical and electronic properties.  

Furthermore, the involvement of charge transfer states, where charges separated at an 

interface, but still coulombically correlated would be a hypothesis to consider: in this case, 

an electron in TiO2 correlated with a hole in the perovskite or alternatively, an electron in 

the perovskite correlated with a hole in the spiro-MeOTAD. The extent of this correlation 

would be dependent on the respective dielectric constants and here, the presence of ionic 

additives should further play a major role. As an example, femtosecond transient 

absorption monitoring the oxidized state of spiro-MeOTAD, complemented by terahertz 

spectroscopy to follow mobile charges in the perovskite would give an insight on a 

hypothetical charge transfer state.  

The research pathways opened by the application of this incredible material in solar 

energy conversion devices are numerous, and many of these questions can be addressed by 

combining various types of time-resolved spectroscopic techniques, to access excited states 

absorption as well as carriers’ mobilities. 
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