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Introduction

With the disaster of Fukushima and the resulting multiplication of programs
aiming at decreasing the role of nuclear energy, the global energy problems have
brutally been brought back to the front stage. In a context of global warming,
for which energy production holds a large share of responsibility with more than
a fourth of global greenhouse gases yearly emissions [1, p. 105], switching back
to burning fossil fuels is not an option. Just as unrealistic would be a decrease
in the energy demand while the majority of the world’s population is still living
in regions in great need for development1.

In this context, the development of clean renewable energies is an abso-
lute necessity. In this regard, the current situation leaves a lot of room for
improvement: in 2008 renewable energies represent less than 20 % of global
electricity supply (see figure 1). On the other hand, renewable sources have a
potential for energy production far exceeding the current and forecasted needs
of mankind [2, p. 10]. It is thus only a matter of political will to improve the
situation. The current evolution of electricity production shows that such a
will does exist. Indeed, according to the Intergovernmental Panel on Climate
Change (IPCC) [2, p. 9]:

“Of the approximate 300 GW of new electricity generating capacity
added globally over the two-year period from 2008 to 2009, 140 GW
came from [renewable energies] additions.”

Among the different sources of renewable energies however, not all have
the same potential and cleanliness. Hydropower currently supplies the biggest
part of renewable electricity but is already used close to its full potential in
many developed countries. On the other hand biomass is developing quickly
and represent a solution for the coming shortage of fossil fuels, but still involves
CO2 emissions, not to mention the pressure that the production of biofuels is
putting on global food resources and prices, and on the environment.

In contrast, solar energy is both abundant [2, p. 341] and produces very
little greenhouse gases [2, p. 370]. In just one hour, the solar energy intercepted
by the Earth exceeds the world’s energy consumption for the entire year [2,
p. 340]. Considering only the proportion of this energy that can actually be
collected, estimations of the technical potential for photovoltaic (PV) electricity
production vary from 1338 to 14778 EJ/yr [2, p. 341], depending mainly of the
proportion of land considered as able to be dedicated to the energy collection.2

11.4 billion people do not have access to electricity in 2009 [2, p. 721]
2As an example a potential of 1,689 EJ was obtained considering that the suitable land

area for PV deployment averages 1.67 % of total land area [2, p. 341]
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Figure 1: Share of primary energy sources in world electricity generation in 2008.
Adapted from IPCC 2011 [2, p. 175]; data sources: IEA ( [3] for renewable energies
and [4] for fossil and nuclear).

Those numbers have to be related to the annual electricity demand which was
in 2008 of 61 EJ [2, p. 184].

Moreover, from an economic point of view, the PV industry has already
proven its ability to be a driving force for the economy and the semiconductors
industry as the demand from the PV market led in 2008 to a massive increase of
the polysilicon production capacity [2, p. 364]. Solar PV generation has grown
by a factor of more than 51 between 2000 and 2011 [5, p. 41]. In 2010 only,
the overall PV electricity production capacity nearly doubled with an increase
of 91 % of the global capacity [5, p. 43]. Those performances are especially
remarkable as they were reached in a context of global economical crisis.

The main drawback of PV electricity is its comparatively high price (see fig-
ure 2 (a)), in spite of a continuous decrease in the past decades (see figure 2 (c)).
This results in a worldwide distribution of PV capabilities being function of the
subsidies rather than the insolation potential as shown by the contrast between
the yearly insolation and the actual production capacities of Spain, the United
States and Germany on figure 2 (b).

To overcome their dependency on governmental help, the actors of PV are
trying to decrease the cost of this energy. One of the answers to that has been the
upscaling of manufacturing units [2, p. 364]. Another answer is the development
of different technologies. A great number of PV technologies is available or in
development, the laboratory performances of which are summarized in figure 3.

Among the emerging technologies, organic solar cells have undergone over the
past 10 years, one of the quickest performance improvement. Besides, organic
materials offer important advantages in the quest for optimal cost efficiency.
Based on hydrocarbon molecules, they are an abundant resource compared to
rare earth element such as tellurium used for CdTe cells [2, p. 352], or precious
metals such as indium used for CIGS cells [2, p. 352]. The molecules synthesis
is less demanding in energy than the purification of inorganic semiconductor
to electronic grade which requires extreme temperatures. They possess high
absorption coefficient which enables the use of thin films, thus using orders
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Figure 2: (a) Range in levelized cost of commercially available renewable energies
technologies in comparison to non-renewable energy costs. The “medium values” for
solar electricity account for (from left to right): concentrating solar power, utility-scale
PV, commercial rooftop PV and residential rooftop PV. Adapted from IPCC report
2011 [2, p. 42]. (b) PV solar resource for the United States, Spain, and Germany (the
pie chart represent the share of the world total production capacity in 2008). Adapted
from NREL 2010 [6, p. 53]. (c) Global, average PV module prices, all PV technologies,
1984-2010 From NREL 2010 [6, p. 60] and Mint 2011 [7].

of magnitude less material than the 100 µm thick silicon solar cells, or even
the µm thick thin–film solar cells [2, p. 351]. Those molecules can be tailored
via molecular engineering to meet specific needs [8]. Finally, in the case of
polymer–based organic solar cells which are using soluble molecules, solar panels
can be produced via wet processes such as roll to roll or inkjet printing [9], which
implies easy large scale- and thus cost–effective production [8].
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Figure 3: Best Research-Cell Efficiency. NREL, 08.2014 revision.

However, a certain number of locks have to be released before organic pho-
tovoltaics (OPV) become a viable commercial solution. One of those obstacles
was, until 2008, their limited efficiency. The development of a new generation
of molecules [10–16] enabled continuous improving, reaching efficiencies over
10 % in 2011 [17] comparable to some technologies already commercially avail-
able such as amorphous and nanocrystalline silicon solar cells [18]. Other issues
still have to be addressed such as the long term stability of those materials upon
use in PV applications [19,20].

To solve those problems, it is mandatory to reach a perfect understanding
of photogeneration in OPV. However, in contrast to what occurs in inorganic
materials, charge generation in organic materials is a multisteps process. Fur-
thermore, organic materials are intrinsically disordered materials, resulting in
less crystalline films and energetically broad densities of states. Those factors
contribute to make of organic materials the stage of photophysical mechanisms
markedly more complex than in more traditional semiconductors, and still only
partly understood.

In this dissertation, we will see how optical methods can be used in to
unravel the mechanisms taking place during charge generation. Such methods
present the advantage of being contact-less, thus enabling us to focus on the
properties of the material itself regardless of metal/organic interfaces, and to
allow for accessing not only to the densities of charged species, but also to all
the kind of intermediate species that can be formed in the process of charge
generation or in competition with this process. Those methods were applied
on the reference material poly-3(hexylthiophene) (P3HT) and enabled us to do
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important advances on its comprehension.
One of the most important peculiarities of organic semiconductors is their

“excitonic” nature. It implies that light absorption generates “excitons” in
which an electron and a hole are bond together. For this reason, organic solar
cells active layers contain two materials, so that the difference of their electron
affinity at the heterojunction acts as a driving force for separating the charges.
The quantification of the energy needed for this separation has always proven
challenging because the different experimental methods used to investigate a
single material energy levels give quite a variety of results. After a careful
analysis of the absorption and photoluminescence of P3HT to determine the
nature of its excitons, we were able to quench its photoluminescence by applying
an external field. The quenching is attributed to exciton dissociation. The
use of the Onsager – Braun theory enable us to quantify the binding energy
that is overcome. Armed with this knowledge, we are able to propose a model
explaining the energy levels extracted by other method by assigning them to
the different species involved in the process of charge generation. Those results
are presented in chapter 4.

Another application of optical methods is to use the unique absorption spec-
trum of each species to investigate the occurrence of charge generation over
competing processes in photoactive blends thanks to photoinduced absorption
spectroscopy. We applied this method to scan new potential electron acceptors
for photovoltaic applications. In combination with device, charge transport,
and morphological characterization techniques, it enabled us to identify mate-
rial systems for which the blend morphology was sub-optimal, either impeding
the exciton to reach the heterojunction and thus to be dissociated into charges,
or in the opposite enabling efficient exciton dissociation but preventing charge
transport, or their extraction due to the formation of blocking layer. Those re-
sults, presented in chapter 5, highlight the necessity of finding material systems
with optimal morphology in order to minimize losses.

We finally focus on the optimal morphology blend P3HT:PCBM to investi-
gate more in detail losses due to separated charges recombination. The weak-
ness of this recombination is largely responsible for the high quantum efficiencies
reached with this blend but is still poorly understood. The analysis of photoin-
duced absorption spectra of neat P3HT and a P3HT:PCBM blend at different
temperature enable us to identify a temperature and spectral range to specifi-
cally probe positive charges in P3HT. Transient absorption revealed that limited
recombination occurs only in the blend, while recombination in neat P3HT is
stronger, in agreement with the Langevin theory. Based on this knowledge we
discuss the different theories proposed to explain the limited recombination in
the P3HT:PCBM blend, and the role of phase separation and energetic trapping
of charges. Those results are presented in chapter 6.

Prior to those result we arm the reader in chapter 1 with the theoretical
background needed to get a good grasp on the discussed result. This includes a
presentation of electronic transition that are monitored by the optical methods;
and a description of the bulk-heterojunction structure used for polymer PV ap-
plications and of the current understanding of the mechanisms taking place in
such a structure upon illumination in the peculiar case of organic semiconduc-
tors. The chapter 2 is dedicated to the experimental methods used to monitor
photoluminescence, steady-state photoinduced absorption and transient absorp-
tion (TA) in the studied materials, as well as more briefly some complementary
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techniques. Chapter 3 presents the reference materials P3HT as well as its blend
with the fullerene derivative [6,6]-phenyl-C61 butyric acid methyl ester (PCBM).
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Chapter 1

Theoretical Background

This chapter will familiarize the reader with the fundamental concepts and
theories underlying the experimental methods used in this thesis. It will also
introduce to the specific properties and issues of organic materials as well as of
the photovoltaic devices based on those materials.

1.1 Energy levels and electronic transitions

The experimental methods used in this thesis are based on the optical moni-
toring of the radiative transition between the electronic levels of the neutral or
charged molecules or agglomerates of molecules. It is thus important to first
present the basic rules governing the occurrence or the absence of those tran-
sition in the frame of the Born Oppenheimer approximation. We will then see
the limits of this approximation and the existence of non–radiative transition
which are not accessible to optical investigation but can represent a large frac-
tion of the electronic transitions in organic semiconductors. We will finally see
how agglomeration alters the spectra of molecules or monomers and enables the
delocalization of the electronic excitation to form excitons. The exciton is a fun-
damental concept for organic electronics; its properties will thus be presented
in more details.

1.1.1 Energy levels and electronic transitions in the Born–
Oppenheimer (BO) approximation

Energy levels and BO approximation

In systems such as molecules or solids, interactions between the different con-
stituents authorize those constituents positions and the system’s energy to take
only certain values. Under steady-state conditions, these values are the solutions
of the time independent Schrödinger equation:

HΨ = EΨ (1.1)

Here, H is the Hamiltonian operator, Ψ the wavefunction of the system and
E its energy. The Hamiltonian is the sum of the electronic and non-electronic
interactions between the various components of the system. Except for the most
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simple systems such as the hydrogen atom, this equation can not be solved
analytically.

The BO approximation allows for decoupling the electronic and nuclear ques-
tions by considering that given their difference of mass, electrons and nuclei are
moving on very different time scales. The electrons are thus viewed as interact-
ing only with each other in a fixed potential generated by the nuclei. Similarly
the nuclei are treated as vibrating in a potential given by the electronic energy
level. The vibronic (nuclear or vibrational + electronic) state Ψ of the system
is thus described as the product of a purely electronic wavefunction φ and a
purely vibrational (nuclear) wavefunction χ:

Ψ(ri, QK) = φ |QK (ri)χ(QK) (1.2)

where ri and QK are the electronic and nuclear coordinates respectively. The
electronic and nuclear wavefunctions satisfy the following purely electronic and
purely vibrational equations:

(HE + VQK (ri))φ |QK (ri) = Ee |QK φ(ri) |QK (1.3)

(HN + Ee(QK))χ(QK) = Evχ(QK), (1.4)

respectively. Here HE and HN are the Hamiltonian operators accounting for
the electron-electron and nucleus-nucleus interactions, respectively; VQK is the
potential generated by the nuclei for a given set of nuclear coordinates QK .
Finally Ee and Ev are the electronic and vibrational energies of the system
respectively, the total energy of the system being the sum of those two.

Electronic transitions and Franck–Condon principle

Electronic transitions involve the change of the electronic, vibrational and rota-
tional states of the system which corresponds to energies in the order of eV, tens
to hundreds of meV and meV, respectively. As concerning very low energies,
the rotational structures of electronic transitions can usually not be resolved
except in gas phase and will not be treated here.1

The probability of a system in an initial state i to undergo an electronic
transition to the final state f in the presence of the appropriate radiation is
given by:

Pif ∝|< Ψi |M | Ψf >|2 (1.5)

where M is the transition dipole operator.
One interest of the BO–approximation is to give a very clear basis for un-

derstanding the so–called selection rules governing the electronic transitions.
Indeed, using the BO–approximation and the fact that spin–orbit coupling can
usually be neglected, the wave function Ψ describing the system state is simply
written as the product of three independent terms: the vibrational wavefunction
χ, a function φe depending only on the spatial coordinates of the electrons and a
function φs depending only on the spin coordinates of the electrons: Ψ = φeφsχ.

The transition dipole operator acts only on the spatial electron coordinates.
It follows that the transition probability Pif exhibits three uncoupled dependen-
cies over electron spin, electron coordinates, and nuclear vibrational states [21,

1They could theoretically be taken into account in the same way as the vibrational com-
ponent, by adding a third term in the aforementioned BO approximation.
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p. 23]:

Pif =
|< φei |M | φef >|2︸ ︷︷ ︸ |< φsi | φsf >|2︸ ︷︷ ︸ |< χi | χs >|2︸ ︷︷ ︸
electronic spatial electronic spin nuclear spatial

(1.6)

The first meaning of this decoupling is the direct consequence of the BO–
approximation: nuclear coordinates are unaffected by the electronic transition.
It implies that in the common representations energy vs nuclear coordinates,
or energy vs momentum, the transitions following the BO–approximation are
always vertical (see figure 1.1); this is the Franck–Condon principle [22].
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Figure 1.1: Left: Main vibronic transitions between the ground state S0 and the first
excited electronic state S1 in a system following the BO approximation and Kasha’s
rule when considering only one vibrational mode. ν and ν′ are the vibrational quan-
tum numbers of the considered vibration mode in the ground state and excited state,
respectively. Right: Corresponding absorption and emission spectra constructed from
the left graph with a Lorentzian distribution line-shape (see §1.1.3) of half–width at
half–maximum 100 meV (the individual vibronic transitions are represented in dotted
line).

The selection rules are the second consequence of equation 1.6: any transition
canceling one the three terms results in a zero transition probability, i.e. a
forbidden transition:

Electronic spatial term: dipole moment. The quantity < φei |M | φef >
is called transition dipole moment ; it is responsible for the so-called symmetry
rules as well as for the transition polarization. An example of these symmetry
rules is that if a system has an inversion center, only transitions between states of
opposite parity (odd to even or even to odd) are allowed. Other transitions have
a transition dipole moment of zero and are called dipole forbidden. It results
from the fact that the dipole operator is a sum of odd operators. For this reason
the electronic states of a system are often named after the symmetries of their
wavefunctions, using the point group formalism.

Labels Ag and Bu are the most common for conjugated polymers wave-
functions. They refer to the behavior of the wavefunction under point inversion
through the chain’s inversion center (g is unchanged, ”gerade” and u is inverted,
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”ungerade”), and under 180◦ rotation around any of the molecule’s main axes
(A is unchanged by rotation around any axis, B is inverted by at least one of
these rotations).23 Note, nevertheless, that the wavefunctions associated with
the excited states experimentally observed are often not known precisely and
are therefore simply named after their spin and by order of increasing energy
(S0 to Sn for singlets and T1 to Tm for triplets).

Spin term: spin conservation. The spin term is zero if the initial and final
states have different spins. Such a transition is said to be spin-forbidden. It
is strictly forbidden as long as spin-orbit coupling is not taken into account.
This coupling is nevertheless not strictly zero and transition between states of
different multiplicity are experimentally observed with rates 103 to 105 times
lower than those respecting the spin conservation rule [21, p. 26]. Spin-orbit
coupling increases on systems including atoms of higher atomic number (such
as sulfur or metals) [23,24].

Vibrational term: Franck–Condon factor. The nuclear term is the Franck–
Condon factor. Within one electronic transition, it is responsible for the relative
intensity of the peaks corresponding to different quanta of vibration and thus for
the vibronic structure of absorption and emission spectra. It is maximal when
the overlap between the vibrational wavefunctions in the initial state and in the
final state is maximal. In other words, the Franck–Condon factor is accounting
for the fact that nuclei are considered immobile during the electronic transition.

If the nuclei are considered not moving during an electronic transition, they
do it immediately afterwards. Thus, nuclear relaxation occurs within the time
range of the nuclear vibration, i.e. 10−15 to 10−13 s [21, 25]. This relaxation
normally brings the system back to the ground vibrational state of its electronic
level as the fraction fm of states having m vibrational quanta is given by [21,
p. 16]:

fm = e−mEv/kT (1.7)

which gives a fraction as small as f1 = 3.1× 10−3 for the first non–fundamental
level for a vibration mode energy Ev of 0.15 eV. As a results, electronic transi-
tions in linear optics are normally always occurring from the lowest vibrational
state of an electronic level [26]. This is called Kasha’s rule. Transitions not
following this rule are called hot band transitions.

1.1.2 Limit of the BO approximation: non radiative tran-
sitions

In the previous paragraph, we have seen the rules governing the radiative elec-
tronic transitions in optically active systems. Excited states can also return to
the ground state via other decay processes. Radiative (fluorescence) and non
radiative (intersystem crossing and internal conversion) decays are summarized

2For a system with an even number of π electrons where each molecular orbital is doubly
occupied (not a radical), the ground state is usually totally symmetric (Ag) [21, p. 24].

3For more information about symmetries and the corresponding wavefunctions naming,
the reader is referred for example to the chapters 15 and 23 of the book from Atkins and de
Paula [23].
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Figure 1.2: Radiative and nonradiative decay processes for systems obeying Kasha’s
rule. Non radiative decays are represented by wavy arrows. The dispositions of elec-
tronic spins are shown on the boxes alongside the singlet (S) and triplet (T) state
designations. knr, kr and kis are the rate for non-radiative decay, radiative decay and
intersystem crossing respectively. Adapted from Pope and Swenberg 1999 [21, p. 18]
and Mcglynn et al. 1969 [27, p. 2]

in figure 1.2. Non radiative decays are neglected in the BO–approximation but
can be predominant in real systems. In solar cells application, all those processes
are in competition with charge separation.

In the frame of the BO–approximation, we consider the vibrational states as
subdivisions of well separated electronic energy levels, thus not interacting with
other electronic levels (see figure 1.1). This holds as long as the average energy
∆E between vibrational levels belonging to different electronic states remains
bigger than the interaction energy υ between those two electronic states (see
Fig. 1.3), which is typically the case for isolated small molecules (less than 4
atoms) [21, p. 37].

Yet, ∆E becomes critically small when increasing the size of the molecules
and thus the number of vibrational modes. Indeed a molecule with N atoms
is generally expected to have 3N − 6 normal vibration modes [23];4 crystals,
polymer (often considered as one dimensional crystals [28]) and other solids
additionally exhibit intermolecular (or intermonomer) vibrational modes. It

4For sake of simplicity we represented only one mode (see figure 1.1). This make sense
because the goal was then to describe the absorption and emission spectra, in which usually
only the features associated to the vibrational mode with the largest energy quantum can be
resolved [21].
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Figure 1.3: (a) Schematic representation of an internal conversion. (b) Interacting BO
levels that should be considered to define the actual lowest excited state (within the
grey rectangle). The actual energy level closest to the lowest vibrational level of the
1B2u electronic state could be obtained by linear combination of the interacting BO
levels, represented in orange. For simplicity, the interaction energy υ and density of
vibrational levels ρl of the lower electronic level 1B3u have been set constant and the
density of vibrational levels of the upper electronic level 1B2u has been taken very low.

follows that the vibrational modes form a quasi-continuum of vibrational levels,
characterized by a density ρl.

As a result, the system in an excited electronic state can be written as a
linear combination of the ∆E×ρl interacting states shown in figure 1.3(b). Be-
cause this linear combination includes some terms from the ground electronic
state (with large vibrational quantum numbers) the system can relax via vi-
brational relaxation (wavy arrows in figure 1.2) instead of radiative transition
(straight arrows in figure 1.2) These non radiative processes can represent quite
an important part of the decay, especially if the radiative transition is dipole
forbidden. As an example, the fluorescence yield of benzene in a cyclohexane
solution is only 0.058 [21, p. 31] [29].

1.1.3 Situation in aggregates, concepts of the exciton

Because of intermolecular interactions, the energy levels and optical properties of
aggregates, substantially differ from those of isolated molecules. A consequence
is the difference between the absorption spectra of molecules in solution and in
films (see figure 1.4).

Those properties are especially relevant for conjugated polymers. Indeed,
due to the length and relative stiffness of their backbone, the optical properties
of a polymer chain can also be rendered by considering them as a 1–dimensional
crystal of its monomer (with stronger interactions than for a crystal formed of
separated molecules), rather than as a single molecule [28].

The changes in the optical properties of aggregates and crystals compared
to isolated molecules are listed in the book from Pope and Swenberg [21, p. 39]
as follow:

1. Shift of the bands.
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2. Splitting of spectral lines with change of polarization properties.

3. Variation of selection rules and oscillator strength.

4. Changes in the molecular vibrational frequencies and introduction of new
intermolecular vibration modes.

Explaining these changes requires the introduction of one of the most im-
portant concepts of photophysics in polymers: the excitons. Several kinds of
excitons can exist. We will now define them and see how they differ from the
above-presented molecular excitation and how they can be derived from it.

Case of two molecules: physical dimers, excimers and exciplexes

A physical dimer is obtained when two molecules (called monomers), not chem-
ically bound, are subject to attractive interaction promoting the exchange of
charges or energy. The modeling of physical dimers is relatively simple: the
dimer interaction is treated as a perturbation V12 (Hd = Hm1 + Hm2 + V12,
with the subscripts d and m standing for dimer and monomer, respectively)
affecting the energies. The systems wavefunction is thus Ψd = Ψm1Ψm2 for
ground state, and Ψ∗d(±) = aΨm1Ψ∗m2 ± bΨ∗m1Ψm2 for the excited state, as the
excitation – symbolized by ∗ – could be bared by either of the molecules.5 In
case the two monomers are identical, the energies are given by [21, p. 41]:

Edimer = Emonomer1 + Emonomer2 +W (1.8)

E∗dimer(±) = E∗monomer1 + Emonomer2 +W ′ ± β (1.9)

(1.10)

5In case of identical molecules, the coefficients a and b are equal (= 1/
√

2). In case the
two molecules have different electron affinity, a term +cΨdonor+Ψacceptor− can be added to
account for the possibility of charge transfer between the molecules.
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Figure 1.5: (a) Construction of the electronic energy levels of a dimer composed of
two identical molecules. The energy levels and wavefunctions represented here are
defined in the text. (b) Allowed transitions depend on the relative orientation of the
two monomers’s transition dipoles. Source: Kasha 1976 [31, pp.345-346], Pope and
Swenberg 1999 [21, p.42-43].

W represents the Couloumb binding (or repulsive if W > 0) energy between
the two monomers, W ′ represents the Coulombic interaction energy between
the excited molecule and the not excited one and β is the resonance interac-
tion energy between the two possible excited situations (monomer1 excited or
monomer2 excited). Those energies can be visualized in figure 1.5 as well as the
allowed transitions between the dimers’ energy levels.

In case of identical molecules, the dimers transition dipoles moments Md(±)

for the absorption from the ground state are derived from the monomers ones
M1 and M2 as Md(±) = 1√

2
(M1 ±M2) [21, p. 42]. Both red- and blue-shifted

absorption are possible depending of the sign of W−W ′ and of the magnitude of
the energy splitting 2β. Additionally for translationally equivalent molecules,
the transition moments are either parallel or anti-parallel, with consequence
that for one configuration either Md(+) or Md(−) = 0, the transition thus being
dipole forbidden [21, p. 43]. This is the case for example for the absorption by
delocalised P3HT polarons [32] (See § 5.2.2).

In the special case of symmetrical sandwich dimers, where the molecules lie
parallel to each other, Pope and Swenberg list the following spectral proper-
ties [21, p. 46]:
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1. Dimers maxima lie at lower energy than the corresponding maxima of the
monomer spectrum.

2. The Franck–Condon maximum of the dimer is represented by the 0→1
transition, as compared with the 0→0 transition of the monomer.

3. The dimer spectrum is considerably broader than the monomer spectrum
due to the interactions between both monomer’s vibration modes.

4. There is a significant hypochroism, which means that the spectrum inten-
sity is weaker than 2 times the intensity of the monomer spectrum.

This is observed for example when comparing the photoluminescence of re-
gioregular P3HT to the one of regio-random P3HT where the irregularity of
side–chains orientation hinders intermolecular interactions (figure 1.4(right)
and more in detail in § 4.2.2).

Because molecular orbitals of higher energy states are generally more spa-
tially extended, it is likely that two molecules interact only when one is excited
(W > 0). The excited state of such a pair is called an excimer for “excitation
induced dimer” (or exciplex if the two molecules are of different nature like at
an electron donor-electron acceptor heterojunction). In the case of exciplexes,
it is very likely to have a partial charge transfer with the electron being mainly
located on the molecule with the stronger electron affinity and the hole on the
other one [33–35].

Note that molecules energy levels hybridization is not limited to neutral
excited states. A similar effect is for example observed with energy levels of
polarons in P3HT (see § 1.2.3 for the definition of polarons), in which the delo-
calization of the polarons over two chains creates an energy level splitting [32]
(see more in detail in § 5.2.2).

1-Dimensional crystal: Frenkel exciton

Similar reasoning is applied to aggregates of N molecules. The ground state Ψ is
described by the product of the monomers’ wavefunctions. The N excited states
Ψ∗(k) are obtained by linear combinations of the wavefunctions Ψ′n in which the

nth molecule is excited and the others are in the ground state (tight binding
approximation):

Ψ =
∏

Ψn (1.11)

Ψ∗(k) =
∑

anΨ′n (1.12)

where Ψ′n = Ψ∗n
∏
i6=n

Ψi (1.13)

Ψ∗(k) is called an exciton [21, p. 55]. It accounts for the modification of the

energy levels and of the wavefunctions (compared to ground state) not only on
the absorption’s site but also on the surrounding (in the case of a polymer: the
rest of linear chain).6 The term exciton refers to both this electronic excitation

6For example in the case of nondegenerate polymers such as polythiophenes: “this struc-
tural relaxation is characterized by a reversal of the C—C bond length alternation to create a
domain of semiquinoidal bond sequence localized over several monomer units. The magnitude
of this bond length reverse is greater at the center of the exciton and progressively diminishes
along the chain until an aromatic bond structure is restored.” [36]
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Figure 1.6: Left: electronic energy levels of 1-dimensional aggregates of molecules. δε
is the change of cohesive energy per molecule. Right: Visualization of the dispersion
of the exciton energy band in 1-dimensional aggregates of molecules. State A (k =
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represented by the arrows at k = 0 are allowed. Adapted from Geacintov and Swenberg
1978 [37, p. 255], Pope and Swenberg 1999 [21, p. 56-57] and Langner 2005 [38, p. 19].

and this local structural deformation [36].

In case all monomers are identical, and only nearest neighbours interactions
are considered, the wavefunctions Ψ∗(k) are associated to the following ener-

gies [21, p. 55]:

E(k) = Em + δω0 + 2βcos(kd) (1.14)

where d is the lattice size and the quantity k takes N regular values between
−Π/d and +Π/d and is related to the momentum p of the exciton by the relation
p = ~k. As for dimers, β can be seen as the resonance coupling between the
theoretical state Ψ′i in which the excitation is localized on the ith molecule and
the theoretical state Ψ′i+1 when the excitation is localized on its neighbor.

As shown in figure 1.6 (left), those energy levels correspond to the formation
of an energy band. The band bending can be seen in figure 1.6 (right). Its
dispersion relation is given by equation (1.14) and allows for the calculation of
the effective mass m∗ of the exciton:

(m∗)−1 =
1

~2

∂2E(k)

∂k2
(1.15)

As an example, experimental values of 4.2·me and 7.8·me have been found
by Matsui et al. [21, 39] for the first singlet exciton band in anthracene, for
two different crystal directions (me being the mass of a free electron). The
consequence of such high effective mass is that the exciton radius remains rather
small, typically below the intermolecular distance. Such small radius excitons
are called Frenkel excitons.

As for dimers, both red-shift and blue shift of absorption are possible. More-
over, the additional intermolecular vibration modes generally tend to make the
non-radiative relaxation more favorable compared to the isolated molecules [21].
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Figure 1.7: Left: the bandwidth of the excitonic energy band in a 1-dimensional
aggregate of molecule is directly proportional to the resonance interaction energy of
the neighboring monomers β. Adapted from Geacintov and Swenberg 1978 [37, p. 255]
and Pope and Swenberg 1999 [21, pp. 56-57]. Right: In case of a polymer chain this
interaction is directly connected to the torsion angle θ between neighboring monomers
via the overlap of monomers’ wavefunctions. This angle is controlled by two effects,
the overlap of the neighbouring monomers wavefunctions (here represented in red)
which is stabilizing the system and tends to decrease the angle, and the steric effect
due to the side chains (represented by blue circles) which tends to increase that angle.

Polymers

As previously mentioned, a convenient way to treat the energy levels in con-
jugated polymers is to consider the polymers as 1-dimensional crystals. The
main differences with crystals of chemically unbound monomers are: a) The
hybridization of monomers also exist in the ground state. b) The interaction
energy β between successive monomers is much higher, which results in the
formation of broader energy bands (the bandwidth is 4β, see figure 1.6 and
equation (1.14)). The resulting increased band bending means that the exciton
has a much lower effective mass (see equation (1.15)), in the order of 0.1·me

for poly(phenylene vinylene) (PPV) [40]. It can consequently be much further
delocalized (Kirova et al. found an exciton radius of 15 Åwhich is between 2
and 3 monomer’s length); that way, the first excited state in PPV has been
calculated to be a Wannier-Mott exciton [28, 40].

Influence of the environment on polymers’ excitons

The interaction energy β between neighboring monomers of a polymer is strongly
influenced by the environment of the polymer. Indeed, β depends of the overlap
of neighbor monomers wavefunctions which, in turn, depends on the torsion an-
gle between successive monomers. A more compact environment will result in a
smaller torsion angle θ and thus in more overlap between successive monomers
wavefunction, an increased interaction energy, a decreased effective mass and
more delocalized excitons (see figure 1.7) [28].

Such an effect can be experimentally forced, for example using high hydro-
static pressure, and results in a red shift of the absorption and photolumines-
cence spectra as pressure increases the planarity of polymers’ backbone, thus
increasing β and reducing the band gap [41–43]. It should nevertheless be men-
tioned that the enhanced inter-chain interactions under high pressure because
of reduced inter-molecular distances also participates this red shift [41,42].
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Influence of disorder

Because of their size and the dispersion of their molecular weight, polymers
do not form perfectly crystalline films. They cumulate intramolecular defects
(torsional defects, kinks, and chemical defects) with structural defect (stacking
faults, dislocations, and grain-boundaries) [44]. Depending on the side chains,
they tend to form amorphous (for example MEH-PPV) to semi-crystalline (for
example regio-regular P3HT) films. Nevertheless even the films of polymers
forming rather crystalline structure always present some amorphous regions [45]
(see also § 3.1.2).

This morphological disorder implies that important parameters such as the
interchain distance, the conjugation length or the torsion angle between succes-
sive monomers of the polymer backbone strongly vary within the film. Due to
the strong interactions between the polymer chains’ environment and the energy
levels, this structural disorder results in an energetic disorder. This disorder is
accounted for by replacing the fixed energies that can be used in isolated small
molecules, by a Gaussian distribution of sites energies of standard deviation
σ [46–48].

This energetic disorder in turn implies that the peaks of electronic transi-
tion spectra usually exhibit some Gaussian [44, 49] line-shapes instead of the
Lorentzian line-shape that would be expected in ordered systems [21].7

Important properties of excitons

Binding energy The binding energy is the main property that differentiates
excitons from electron–hole pairs photo-generated in inorganic materials. It is
the energy to overcome to separate the electron and the hole forming the exciton
into charges that can be moved in opposite directions to create a current. As
such it is largely responsible for the peculiarity of polymer based solar cell
devices (see Section 1.2).

This binding energy is resulting from the interplay of three phenomena:
Coulomb attraction (electron—hole interaction), lattice relaxation (electron—
lattice interaction) and intra-ring interaction (electron—electrons interaction) [36].

The long-range Coulomb attraction potential VC is the main factor respon-
sible for the strong binding energy. Its most simple expression is the following:8.

VC =
e2

4πεrε0r
(1.16)

Here, εr is the relative electric permitivity of the medium and r the exciton
radius. Due to the very weak electric permitivity (εr ≈ 2-4 compared to 12
in Silicon an 80 in TiO2) and strong localization (nanometer scale) encoun-
tered in organic semiconductors, this potential is much higher than in inorganic
semiconductors (hundreds of meV against few tens of meV).

The lattice relaxation — β being larger around the excited site results in
a locally lower energy level — has an indirect effect: it is responsible for self

7The historical reasoning was actually the opposite: the experimental observation Gaus-
sian line shapes in the low temperature absorption of molecular crystals submitted to single
impurity inhomogeneous broadening, led Klafter and Jortner to propose a Gaussian energy
distribution in 1977 [48].

8This expression is valid for an isotropic medium, a more realistic expression based on a
2-dimensional medium can be found in the tutorial of Kirova and Brazovskii [28]

24



localization [21, pp. 85-89] of the excitons and thus for a reduction of the exciton
radius which has — as we have just seen — an important impact on VC .

Intra-ring interactions are said by Brazovskii et al. [28,40] to be equivalent to
a repulsive potential between the electron and the hole centered on the aromatic
ring. It tends to balance the Coulomb interaction for the excitons having an
even symmetry relatively to the center of the aromatic ring. This includes the
lowest energy (S1) intra-chain singlet exciton (Bu symmetry) but not the triplet
(T1 has Ag symmetry), thus explaining the lower energy of triplet states [28,
40]. This intra-ring interaction can in some cases cause the inversion of the
first (Bu symmetry, optically allowed from/to the ground state) and second
(Ag symmetry, optically forbidden from/to the ground state) excitons energy
levels [28].

The consequences of binding energy on charge generation is discussed more
detail in subsection 1.2.2. Chapter 4 is dedicated to its experimental determi-
nation in the case of P3HT.

Exciton diffusion length Excitons are able to diffuse within the polymer
film. This energy transfer can take the form of a coherent motion within a prefect
crystalline region (for example within the conjugation length of a polymer)
or stochastic hopping from one site to another similar to charge transfer (see
polaron transport in Section 1.2.3) with a hopping rate proportional to | β |2 [21,
p. 57]. The latter case is of course expected to strongly dominate in such
disordered materials as conjugated polymers films [50].

Together with excitation’s lifetime, the exciton diffusion constant enables to
define an exciton diffusion length which is of paramount importance in solar cells
application: not to be lost to recombination, an exciton has to be dissociated into
free charges within that distance from where it was generated (see Section 1.2).
Typical exciton diffusion lengths in conjugated polymers are found to be between
5 and 18 nm [51,52].

Other kinds of excitons

Finally, one can not end this section about energy transitions and excitons
without mentioning the existence and main properties of other kinds of excitons
which also are of importance in polymer based bulk-heterojunctions:

Inter-chain excitons. As mentioned in §1.1.3, excitons can be delocalized
over 2 polymer chains. In such excitons, the electron and the hole are located in
2 neighboring chains. Kirova and Brazovskii present those inter-chain excitons
as very similar to the intra-chain ones concerning their mathematical treatment,
but predict a few peculiarities with regard to their properties:

• The inter-monomer lattice distance a is replaced by the inter-chain dis-
tance d [28] which is more sensitive to environment constraints.9

• Higher binding energy [53]: because they have the electron and the hole
centered on different polymer chains, interchain excitons are not affected

9See for example Webster et al. [41] for hydrostatic pressure’s influence, or Jiang et al. who
managed to tune the polarons’ energy levels by adjusting the interchain distance by varying
the alkyl side chains’ length of polythiophene derivatives [32].
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by intraring repulsion [28]. As this interactions is the main responsible
for the energetic difference between singlet and triplets, it is predicted [28]
and observed [54] that triplets and singlets energy levels are more close in
inter-chain excitons [28].10

• Red-shifted absorption and luminescence [36,55], which is partly the direct
consequence of the higher binding energy (which is shifting the excitonic
levels deeper in the transport gap) but also a side effect of the higher
conjugation length and the more planar structure of the better organized
regions where inter-chain excitons are formed (see the example of P3HT in
chapter 3). Due to these lower energy levels, inter-chain excitons are pref-
erentially formed if the morphology enable their existence, see for example
the case of P3HT in § 4.2.

• Lower luminescence yield due to the low overlap of the electron and the
hole’s wavefunctions which are located on different chains [28].

• Longer lifetime [28,55] and larger diffusion length [41,56]. Their ability to
travel along 2 dimensions make them less vulnerable to structural defects
in the film.

Moreover, as already mentioned, the absorption and photoluminescence of
inter-chain excitons exhibit the same spectral differences with these of intra-
chain excitons as those existing between monomers and dimers.

Charge transfer excitons and polaron pairs. Inter-chain excitons are of-
ten referred to under other names such as polarons pair [57], charge transfer
excitons [21], (coulombically bound) radicals pair. In this thesis we will men-
tion them as inter-chain excitons or polaron pairs, depending on whether we
want to consider their properties of single quasi particle, or to consider them
as two spatially separated charges, which they are also, although they are still
energetically bound together. Note nevertheless that the equivalence of those
two terms is not straightforward. For example Arkhipov and Bässler considered
them as two successive steps in a process of exciton dissociation on an hetero-
junction’s interface [58, p. 337]. The difference being that the electron and hole
wavefunctions would still have a significant spatial overlap in the inter-chain
exciton and not in the polaron pair which has consequences for their optical
properties (for example spin-flip should be allowed in a polaron pair, and not in
an inter-chain exciton). Besides, no evidence of a three-step exciton dissociation
can be found in the literature. It is possible that if two distinct species exist,
they are separated by an energy barrier too weak to make them practically
distinguishable.

In the case of a electron donor/electron acceptor interface, the problem in
commonly avoided by using the more general term of “Charge Transfer State”
(CT-state) which includes the notion that a charge transfer takes place but does
not specify to which extend. Especially it does not prejudge of the excitonic

10Such a picture was also used by Ohkita et al. to explain the difference between preferential
triplet generation in blends of fullerene with polythiophenes forming amorphous films where
intra-chain excited species dominate, and preferential charge generation in blends of fullerene
with polythiophenes forming crystalline films where inter-chain excited species are more likely
to be formed [54].
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or polaron pair character of the state. For sake of clarity, the term “Charge
Transfer State” will in this thesis always refer to this general heterojunction’s
interface state, and the term ”charge transfer exciton” used by Pope and Swen-
berg [21] to refer to inter-chain excitons will be avoided. Note that spin-flip,
and thus that inter-system crossing is expected to be facilitated in CT-states
due to the weaker spin coupling between the electron and the hole [36, p. N].

Finally, the terms “excimer” and “exciplex” also refer to inter-chain exci-
tons [36, 58]. They present the advantage of differentiating the cases where the
several molecules over which the exciton is delocalized are identical (excimer)
and the case where they are different (exciplex). Nevertheless, in order not to
multiply the names, those terms will also be avoided here.

1.2 Bulk-heterojunction solar cells

1.2.1 Bulk-heterojunction

Figure 1.8: Photoinduced mechanisms in a bulk-heterojunction solar cell. Left: ab-
sorption and exciton diffusion. Center: CT-state formation and dissociation. Right:
charge transport and losses. Adapted from Deibel and Dyakonov 2010 [59].

Due to the excitonic nature of the photo-excitation in organic semiconduc-
tors, photovoltaic applications require the presence of two materials with differ-
ent electron affinities, so that the internal field at the electron donor–electron
acceptor (D/A) heterojunction enables to split the primarily generated exciton
into an electron and a hole. Moreover, a bilayer device, such as the one used for
solar cells based on evaporated small molecules, is not an option for polymer
based solar cells due to the too limited crystalinity of the films they form which
strongly reduces the excitons diffusion length.

The bulk-heterojunction device is the answer to the double necessity for
polymer based solar cells of: a) An active layer with a thickness sufficient to
obtain a full absorption of the solar light, which typically means in the order of
100 nm. b) A distance to the D/A interface from any point in the bulk smaller
than the exciton diffusion length which is typically in the order of 10 nm [59].
In a bulk-heterojunction, this is obtained by mixing the electron donor and the
electron acceptor in solution and depositing them together (or for evaporated
solar cells, by co-evaporating the two materials). Depending on the self organi-
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zation properties of the blend components (miscibility, crystallization, etc.) this
results either in an alloy–like active layer, with only one phase containing both
materials (with or without organized structure such as interdigitation [60–62])
or in a frozen emulsion with separated phases of pure material, or more likely in
something in between with some phases of pure material and some containing
both materials.11

This self-organization approach is consistent with the concept underlying
the use of conjugated polymers for solar cells, which is to produce solar energy
at a reduced cost. Indeed, although studies exist for obtaining such a thin
intermixing via nano-patterning method [64], such methods would probably
result in a dramatic increased of the processing costs.

The working principle of bulk-heterojunction is shown in figure 1.8. (i) Light
absorption in the absorber material,12 generates an exciton. (ii) Its brownian
motion has to bring it to the interface. (iii) There it can first be partly dis-
sociated to occupy an interfacial CT-state. (iv) The two charges forming this
quasi-particle being still coulombically bound, it requires one further step to
dissociate them in a pair of separated charges, (v) which subsequently have to
diffuse to the electrodes and (vi) be extracted to generate a photocurrent. One
more constraint to the blend self-organization, is thus that it has to ensure the
existence of a percolated pathway connecting any point of the active layer to
the correct electrode.

Losses can occur such as (vii) recombination of the excitons before they reach
the interface or (viii) recombination of free charges. In case the requirements
of bulk-heterojunction (short distance to interface from any point of the active
layer and percolation pathway to the electrodes) are not met, those losses can
severely limit the performances of the solar cells. All those mechanisms are
presented in more details in the following of this section.

1.2.2 Charge photogeneration

The D/A heterojunction ensures the dissociation of the excitons into a pair of
charges free of each other attraction. As will be seen in chapter 4, the models
presented here can be used to determine the binding energy of the excitons.

Exciton dissociation and CT-state formation.

As illustrated in figure 1.9, exciton dissociation is driven by the energy cascade
downward from the absorber’s exciton (S1) to the excited CT-state (CT*). In
addition to driving the exciton quenching, the position of the energy levels must
insure that no unwanted species is energetically more favorable than the CT-
state. Not meeting this condition would result in undesired “recombination”
to triplet state13 of the donor [54] (called “electron back transfer” in the usual
case where the absorber is the donor), of the acceptor [65, 66] or an energy
transfer [67]. Note that energy transfer is not necessarily a loss if it is followed by

11Phase diagrams of polymer:[6,6]-phenyl-C61 butyric acid methyl ester (PCBM) blends
show that the fullerenes are soluble in the electron donor phase only until a certain concen-
tration [63]. Above this limit, PCBM will usually form pure aggregates along with an alloy
phase having the limit composition(although phases of pure polymer can not be excluded in
actual blends because a film usually solidifies before reaching its equilibrium).

12Usually the electron donor.
13Spin flip is easier in the A+D- because spins are less strongly coupled than in an exciton.
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hole back transfer to the polymer, as it has been observed in a oligophenylene—
fullerene dyads [68,69].

Figure 1.9: Electronic state diagram describing the photo-induced charge-carrier for-
mation mechanism in an organic solar cell: S0 denotes the singlet ground state of the
absorber, and S1 its first singlet excited state (excitonic state). At the D/A interface,
intermolecular charge transfer leads to the occupation of a charge-transfer (CT) state,
where the hole is on donor molecule(s) and the electron is on acceptor molecule(s). CT1

is the lowest energy charge-transfer state. CT ∗/CS∗ represents excited (“hot”) levels
of the CT/CS manifolds. The final state is a charge-separated state (CS), where the
hole in the donor layer and the electron in the acceptor layer are free from each other
attraction. The ki terms indicate various competing relaxation and electron-transfer
rates with i = IC for Internal Conversion (see paragraph 1.1.2), RC for ReCombi-
nation ((S) to singlet, (T ) to triplet state), CT for charge transfer, CS∗ and CS for
charge separation from hot and relaxed CT-states, respectively. Source: Bredas et al.
2009 [70].

Charge separation under the influence of excess energy and internal
field.

The existence of interface CT-states, intermediate between the pure materials
excitons and the separated charges has in the recent years been widely proven
in quite a variety of material systems [36, 54, 71, 72]. Indeed, studies by Ohkita
et al. have shown that — within a set of blends exhibiting excitons quenching
over 70 % — charge generation efficiency (evidenced by transient absorption)
could vary over 2 orders of magnitude, which was attributed to variations in the
CT-states dissociation efficiency [54,73–75]. Other studies managed to monitor
the radiative recombination of CT-states and to show the invert correlation of
its yield with solar cells power conversion efficiency [76] or external quantum
efficiency (EQE) [77].

Two mechanisms are usually considered for the dissociation of the CT-states
and are represented in figure 1.9: the dissociation of “hot CT-states” and the
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dissociation of relaxed CT-states. They are associated to the rates kCS∗ and
kCS , respectively.

Because of the cascade down of the energy levels between the singlet exciton
and the CT-state, exciton dissociation is creating a CT-state with excess energy
compared to its fundamental level. In the mechanism of “hot CT” dissociation,
this excess energy is used to separate the charges further before the CT-state can
relax to its fundamental level. In this mechanism, dissociation is in competition
with relaxation.

The dissociation of relaxed CT-states, in contrast, would be driven by the
internal electric field at the heterojunction. In that mechanism, dissociation is
in competition with recombination of the CT-state.

Experimental evidences exists for both models. It is, thus, likely that both
mechanisms exist and that the predominance of one over the other depends of
the material system. For the “hot exciton” model, Clarke and Durrant carried
out series of studies which revealed that for a same family of blends14, the charge
generation yield (estimated via transient absorption) scales exponentially with
the excess energy of the primary exciton (S1 in figure 1.9) as compared to
the final separated electron-hole pair energy (taken as the sum of the acceptor’s
electron affinity and the donor’s ionization potential, Efinal in figure 1.9) [54,73,
74]. It appears however, that in the best performing systems, the heterojunction
internal field could be enough to dissociate the CT-states without the need of
any additional energy [78]. This result was obtained by Lee et al. [79] on a
P3HT:PCBM blend in which they used the CT-states’ absorption to generate
directly some “cold CT-states” and obtained from this illumination the same
internal quantum efficiency as when illuminating in the absorption region of
P3HT.

Onsager-Braun model for field assisted dissociation

The modeling of field assisted dissociation enables to connect dissociation ef-
ficiency to binding energy. Different models have been developed to explain
the influence of electric field on CT-state or excitons dissociation [80,81]. Here
we present the Onsager-Braun theory which has been successfully applied to a
variety of cases [72,82–84].

Onsager originally analyzed the fate of ion pairs animated by a brownian
motion in their mutual attraction potential as represented in figure 1.10(a).
The probability Pd of dissociation is the probability that this brownian motion
brings the ions to a distance at which the coulombic attraction is smaller than
the available thermal energy. This defines the “Coulomb capture radius”, rc
(equation 1.18). The probability of recombination is the probability that the
brownian motion brings the electron-hole distance to zero. The effect of the elec-
tric field is to bend the Coulomb attraction potential (see figure 1.10(b)), thus
increasing the probability that the thermalization distance a of the electron–hole
pair is beyond rc. The resulting dissociation probability is then [36]:

Pd(F ) = e
−rc
a f(F ) (1.17)

rc =
e2

4πεrε0kBT
(1.18)

14for example polythiophenes:PCBM blends in [54]
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Figure 1.10: (a) Potential energy diagram summarizing Onsager theory for autoion-
ization. The red curve illustrates the Coulomb attraction potential as a function of
electron–hole (e − h) separation. Photoexcitation results in generation of a hot, mo-
bile electron. This electron subsequently thermalizes at a particular distance a from
the hole. If a is less than the Coulomb capture radius, rc (as is typical for single-
component organic systems), then the electron–hole pair (which we refer to herein as
a charge-transfer state) can either undergo geminate recombination or dissociate into
free charges. Source: Clarke and Durrant 2010 [36]. (b) Contour of constant prob-
ability for thermalized electron–hole separation for different fields and an isotropic
dielectric constant εr = 3.02. Source: Batt et al. 1969 [85]. (c) Competing mecha-
nisms considered by Braun to adapt Onsager’s theory with their respective rates (kd
for dissociation, kr for reformation of the CT-state from separated charges, kf for the
decay of CT-states to the ground state).

f(F) is the field dependence term, e is the electron charge, kB is the Boltz-
mann constant, T is the temperature εr is the relative dielectric constant of the
surrounding medium, ε0 is the permittivity of vacuum .

The Onsager theory was originally developed to describe the fate of ion
pairs in gas and solutions. Its direct application to solids and especially to
donor–acceptor interfaces resulted in non-realistic values for the thermalization
distance [80]. Following the idea of Samoc and Williams [86], Braun proposed
that this was due to a recombination condition too loose for donor–acceptor in-
terfaces in solids. While Onsager proposed that recombination occurs only when
the electron hole distance reduces to zero,15 Braun adapted it by considering
that the electron–hole distance in CT-state is so small that recombination will
occur anyway, characterized by a lifetime τ(F ). Dissociation is thus in kinetic

15Which is approximately true for ions in gas and liquids as the recombination distance
is very small on the scale of the distances between the ions of a thermalized pair in such a
medium.
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competition with recombination. Moreover, Braun added that CT-states can
be re-generated from the separated charges with a rate kr equal to the Langevin
prefactor for bimolecular recombination of separated charges [80]. As a result,
the dissociation probability can be expressed as function of the rates of the
competing processes (see figure 1.10(c)):

Pd(F ) =
kd(F )

kf + kd(F )
= kd(F )τ(F ) (1.19)

kd(F ) = krK(0)f(F ) (1.20)

For sake of simplicity, Braun considered the recombination rate kf = 1/τf
as field independent. Lacking accurate theory for the zero-field dissociation
kd(0) [80], Braun expressed it as function of the well known Langevin recombi-
nation kr rate (equation (1.21)) and the position K = kd/kr of the equilibrium
between dissociation and recombination for which two theories were available:
for Wannier excitons (equation (1.22) from Lipnik [87, 88]) and for ion pairs
(equation (1.23) from Fuoss [89, p 213]).

kr =
〈µ〉e
〈ε〉ε0

(1.21)

〈µ〉 is the spatially averaged sum of hole and electron mobilities, e the elementary
charge, 〈ε〉 the spatially averaged dielectric constant, and ε0 the permittivity of
vacuum.

K(0) =

(
m∗kT

3π~2

)3/2

e−Eb/kT (1.22)

m∗ is the reduced mass of the exciton and Eb is the binding energy of the
dissociating species.

K ′(0) =
3

4πa3
e−Eb/kT (1.23)

Because the effective mass of the exciton is usually unknown, equation (1.23)
is used in the vast majority of cases [72, 82–84] Besides, this formula has the
advantage of introducing no other parameter than the binding energy. Indeed
the ion pair separation a can be simply derived from the binding energy, which —
in that case — is considered to be exclusively due to the Coulomb attraction [80]:

Eb = Ec =
e2

4π〈ε〉ε0a
(1.24)

Finally, the field dependence f(F ) is taken from the original publication of
Onsager [90]:

f(F ) = K(F )/K(0) =
J1[2
√
−2b√
−2b

] (1.25)

and b =
e3F

8π〈ε〉ε0k2T 2
, (1.26)

where J1 is the Bessel function of order 1. Interestingly enough, the initial
separation r and binding energy Eb has no influence on this field dependence
but only on the initial dissociation kd(0). In contrast, the dielectric constant
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have an important impact which has been experimentally observed by Veldman
et al. [83] in polyfluorene:PCBM blends: they observed a facilitated CT-state
dissociation when increasing the PCBM content which they attributed to a
change in the overall ε (εPCBM ≈ 4 whereas εPF ≈ 3).

When putting those equations together, one obtain the following field de-
pendent dissociation rate kd(F ) for ion pairs separation:

kd(F ) =
3〈µ〉e

4π〈ε〉ε0a3
exp

(
−Eb

kT

)
J1

(
2
√
−2b

)
√
−2b

(1.27)

with b = e3F/(8π〈ε〉ε0(kT )2), (1.28)

and for Wannier excitons dissociation:

k′d(F ) =
〈µ〉e
〈ε〉ε0

(
m∗kT

3π~2

)3/2

exp

(
−Eb

kT

)
J1

(
2
√
−2b

)
√
−2b

(1.29)

with b = e3F/(8π〈ε〉ε0(kT )2). (1.30)

In practice, internal fields are quite difficult to determine and their effect
can only be speculated from the influence (or absence of influence) of external
field [36, 91]. Nevertheless those models are quite important for describing the
influence of external fields on CT-state dissociation and determine the binding
energy of those CT-states [72]. Moreover, the model of Onsager and Braun
has in some cases successfully been applied to describe the IV characteristics
of solar cells [92, 93]. Finally, as will be seen in chapter 4, those models can
be adapted to excitons dissociation, thus enabling to rationalize field induced
photoluminescence quenching and determine excitons binding energies.

1.2.3 Charge transport and extraction

Transport of polarons in a density of localized states

The energy levels relevant for charge transportation in organic semiconductors
are defined on a molecular level rather than on the whole solid. For this reason, it
is usually spoken of HOMO and LUMO bands, for Highest Occupied Molecular
Orbital and Lowest Unoccupied Molecular Orbital, respectively,16 rather than
valence and conduction bands.

In contrast to conduction and valence bands, LUMO and HOMO levels are
localized to one molecular site (typically one molecule, a few monomers in a
polymer or a few π-stacked molecules) which is physically and energetically
separated from the next site. This separation is again reinforced by the polaronic
effect as explained by Verlaak et al. [94]:

“The probability for an excess charge sitting on one molecule to jump
to a neighboring molecule is low in organic materials, such that those
charges will (mainly electronically) polarize their environment before
having made the jump, resulting in a polaron state. This polaron is
even more unlikely to jump to a neighboring site since the charge is
now dressed by its polarized environment.”

16This is a generally accepted language misuse, as, literally speaking, the terms HOMO and
LUMO refer to a molecular orbital and not to its energy level, and even less to a full band of
energy levels.
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Polarons transport is characterized by hopping between sites which are spa-
tially localized and energetically distributed in a density of states usually as-
sumed to be Gaussian [59,95]. This is in contrast to crystalline semiconductors
where states are usually delocalized and not so energetically dispersed, thus
enabling band transport (or a combination of band and hopping transport in
organic crystals). This readily explain why solution processed organic semicon-
ductors usually exhibit much smaller mobilities than crystalline semiconduc-
tors [59].

Figure 1.11: Charge transport by hopping between localized states with a Gaussian
energy distribution and disorder parameter σ (blue solid line). The center of the
steady-state charge distribution, also called density of occupied states distribution
(red solid line), is shifted by σ2/kT down as compared with the density of states
center. Charge carriers can be photogenerated (or injected) at higher energies, followed
by a relaxation of to a quasi-equilibrium. The steady-state charge transport takes
place around the effective transport energy, which depends mainly on temperature
and disorder. At 0 K temperature, the charge carriers relax to the deepest states
where they remain trapped. Source: Deibel and Dyakonov 2010. [59]

The principle of hopping transport is schematically represented in figure 1.11.
Hopping is due to a combination of tunneling and thermal activation and can
be modelized by the Miller-Abrahams hopping rate ν [59, 96]:

νij = ν0exp(−γrij)

{
exp

(
−∆Eij
kBT

)
∆Eij > 0 (uphop)

1 ∆Eij < 0 (downhop)
(1.31)

Here ν0 is the attempt-to-escape-frequency, γ the inverse localization radius, rij
the distance between the localized sites i and j, ∆Eij the energy offset between
those two sites, kB the Bolzmann constant and T the temperature.

A consequence is that hopping out from the states of low energy is quite
unlikely, or in other words takes a long time. Those states thus act as traps.
For modeling purposes, the lowest part of the density of states distribution, also
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called trap distribution, is often approximated by an exponential function.

N(E) =
Nt
E0

exp

(
− E

E0

)
. (1.32)

Here Nt is the total density of trap states, and E0 is the energetic disorder,
which indicates the width of the density of state.

On a microscopic scale, the hopping rate can take very different values de-
pending on whether the transport occurs within one molecule, within one mor-
phological domain (phase, crystallite) or between two domains. For that reason,
experimental methods probing local mobilities such as transient microwave con-
ductivity (TRMC) tend to give very different results (usually the highest local
mobility) from those obtained by methods probing the average macroscopic
mobility (which is usually limited by the slowest of microscopic mobilities).

Charge transport can be influenced by a lot of factors such as the charge
density (in case of high charge density, traps are filled and do not influence the
transport anymore) or the direction (due to the molecules preferential orienta-
tion).

Morphology issues

As already mentioned, a good morphology must ensure a large D/A interface
area, phases large enough to encourage polaron pairs dissociation and the exis-
tence of percolation pathway to the electrodes.

Work on solar cells processing can improve the heterojunction morphology.
For example annealing is often used to increase the phase separation and the
formation of domains. [36] On the opposite the use of solvents where the ma-
terials dissolve very well tends to decrease the phases size (because it prevents
the formation of agglomerates in the solution). [36] The boiling point of the sol-
vent also plays a role, as a slower evaporating solvent leaves more time for self
organization of the film. Additives are also sometimes used to change the inter-
mixing of the materials. [97] A number of example of those issues are studied
in chapter 5.

Energy level alignment and extraction

Provided the heterojonction morphology enables percolated pathways to the
electrode, separated charges which escape recombination are following the in-
ternal field of the device to be extracted at the desired electrode. The energy
levels in a bulk-heterojunction under short circuit condition are represented in
figure 1.12.

In contrast to bilayer devices where the diode behavior originates from the
heterojunction, in bulk-heterojunctions, the heterojunction has no preferential
direction. The diode behavior of the device is thus ensured by the asymmetry
of the electrodes’ workfunctions. The high work function of the anode acts as
a barrier for electron’s injection whereas the low work function of the cathode
prevents holes injection. The alignment of the semiconductors Fermi levels with
the work functions of the electrodes induces an internal field that is driving the
charges to the adapted electrodes.
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Figure 1.12: Energetics in a bulk-heterojuntion under short-circuit conditions: the
slope of the LUMO and HOMO levels over the device thickness is ensured by the
alignment of the semi-conductors Fermi levels with the ones of the two electrodes of
different workfunction. Source: Deibel and Dyakonov 2010 [59].

A too small difference between the work functions of the electrodes can be a
limiting factor for the open circuit voltage (VOC) of the device. [59, 98] On the
other hand too extreme workfunctions could act as extraction barriers.

Solar cells parameters

Solar cells performance is quantified using the power conversion efficiency η
which is the ratio of the maximal electrical power delivered by the device over
the incident radiant power PL. This efficiency can be written in function of the
parameters extracted from the current voltage characteristics of the solar cells:

η =
FFjscVOC

PL
. (1.33)

jsc is the density of current under short circuit condition, VOC the open circuit
voltage, and FF the fill factor defined as the ratio of the maximum obtainable
power to the VOC · jsc product (see figure 1.13). Those parameters can in turn
be related to physical phenomena and parameters including but not limited
to the generation and recombination rates and mechanisms (mainly jsc and
FF ), the difference between the work functions of the electrodes (VOC) or the
difference between the HOMO of the electron donor and the LUMO of the
electron acceptor (VOC) [59].

An other important parameter of solar cells, is its lifetime, based partly on
its ability to resist aging as well as degradation due to water and oxygen. This
last parameters can be improved by encapsulating the active layers.
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Figure 1.13: Schematic current–voltage characteristics of a solar cells. Source: Deibel
and Dyakonov 2010 [59].

1.2.4 Recombination losses

Recombination losses can occur at different stages of the photocurrent genera-
tion process.

Excitons recombination.

Excitons are intrinsically unstable quasi-particle and will usually release their
energy within a lifetime in the order of the nanosecond. As presented in § 1.1.2
this energy can be released as a photon (radiative recombination) — in which
case it can be monitored by photoluminescence detection — or as a phonon
(non radiative recombination).

The recombination of an exciton D∗ back to the ground state material D is a
monomolecular mechanism and the excitons density nexc thus exhibits a simple
exponential decay characterized by a lifetime τ in the absence of competing
phenomena:

D∗ → D (1.34)

dnexc
dt

= −nexc
τ

(1.35)

nexc(t) = nexc,0e
− t
τ (1.36)

where nexc,0 is the initial density.

In addition to this spontaneous recombination, radiative recombination can
be triggered by a photon of same energy as the one to be emitted, leading to
stimulated emission. Moreover, excitons recombination can also be caused by
an other excited species, which could be neutral (exciton – exciton annihila-
tion) or charged (exciton – charge annihilation). However, such a phenomenon
becomes significant only under very high density of charges and excitons, such
as those found during excitation by a femtoseond laser pulse of relatively high
intensity. The case of exciton-hole annihilation has been presented as being
partly responsible for the sublinear dependence of the charge generation upon
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varying the exciting pulse intensity in P3HT:PCBM blends [99,100]. The mech-
anism of exciton–hole annihilation is described by the following chemical and
rate equations:

D∗ +D+ → D +D+ (1.37)

dnexc
dt

= −kexc−holnexcp (1.38)

Here kexc−hol is the exciton–hole annihilation rate andD+ the positively charged
species of density p.

CT-states formed at the donor–acceptor interface are expected to exhibit
similar recombination mechanisms, although it is less likely to be radiative due
to the larger distance between the electron and the hole of those quasi parti-
cles [101,102].

Polarons recombination.

In inorganic crystals, free charges of opposite sign, due to their high mobility,
do not stay in each others vicinity long enough to result in considerable recom-
bination rate. Recombination in such medium is thus usually occurring mainly
at defect sites, although defect sites density is, in crystalline semiconductors
operating devices, considerably lower than charges density. This is the case
for example of Shockley, Read, Hall recombination which is a trap–mediated
mechanism, dominating in conventional semiconductors. Such phenomena are
sometimes also considered in organic semiconductors [103] but are not however
the main effect, and can usually be neglected.

In disordered organic semiconductors on the opposite, the charge carriers
mobility is very low and the Coulomb capture radius rc (see equation (1.18))
rather large due to the low electronic permittivity. As a result, virtually any
charge carrier entering in a counter–charge attraction zone will recombine be-
fore having a chance to escape. Langevin theory describes recombination in
such cases [104]. A zero recombination probability is assumed for charges lo-
cated outside of the capture sphere of a counter charge, and a recombination
probability of one for any charge inside the capture sphere of a counter charge. 17

The recombination rate is thus limited only by the diffusion of charges into the
capture spheres of their counter charges. The resulting recombination rate R is
given by equation 1.39. The details of the calculation can be found in the book
of Pope and Swenberg [21, p. 503].

R = kbrnp (1.39)

The Langevin recombination prefactor kbr is proportional to the sum of the
charge carrier mobilities µe and µh for electrons and holes, respectively:

kbr =
e

ε
(µe + µh). (1.40)

e is the elementary charge and ε the dielectric constant of the composite semi-
conductor. It implies that for equal densities of electrons and holes, a density

17This assumption is valid as long as the charges mean free path is lower than the Coulomb
capture radius. For narrow band semiconductors, Pope and Swenberg mention that for the
condition is met until mobilities at room temperatures as high as ≈ 1 cm2V−1s−1.
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n0 of initially generated electrons will decay as n(t) = n0/(1 + kbrn0t) ∝ t−1 in
the absence of further photogeneration.

However, a variety of experimental methods have shown that the rate of
recombination of charge carriers in blends of polymers with fullerenes does not
have the expected n2 dependence (compare Eq. (1.39) with n ≈ p). Instead,
experimentally an nλ+1 (equivalently t−1/λ) dependence is found, where λ+1 is
the apparent recombination order (see next section), usually found to be between
2.3 and 2.8 at room temperature on various polymer:fullerene blends [57, 105–
107]. This issue is discussed in details in chapter 6.

Recombination order

An interesting way of characterizing recombination processes is the recombina-
tion order. The recombination order is defined as the exponent λ+ 1 to which
the density of the recombining species n is raised in the recombination equation:

R = kλn
λ+1 (1.41)

The theoretical interest of recombination order is that in case the recombi-
nation process is a single step mechanism, recombination order is characteristic
of the number of individual charges or excited species involved in each recom-
bination event. For example in the aforemention case of exciton’s decay, the
recombination order is one (one excited species involved), and it is two for the
Langevin recombination of polarons (two charges involved, and with n = p,
equation 1.39 becomes R = kbrn

2).
Experimentally, recombination order is interesting because if recombination

is the only process occurring in the sample, the recombination order is simply
related to the slope of the observed decay of the densities of recombining species
in a log–log scale18 :

dn

dt
= −R (1.42)

⇔ dn

dt
= kλn

λ+1 (1.43)

⇔ n(t) =
(
n−λ0 + t · λ · kλ

)− 1
λ (1.44)

⇔ log n(t) = − 1

λ
log
(
n−λ0 + t · λ · kλ

)
(1.45)

So log n as function of log t has a slope of −1/λ for t� n−λ
0

λkλ
.

In return, one can define an experimental or apparent recombination order
from the observed slope.

18Except for the case of an order one, where the decay is simply exponential
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Chapter 2

Experimental methods

2.1 Optical methods

2.1.1 Samples

The samples used for optical investigations — with the exception of field depen-
dent measurements — were thin films of optically active materials spin coated on
large transmission bandwidth sapphire substrates. All solutions were prepared,
samples spin-coated and if necessary annealed under the nitrogen atmosphere
of the gloveboxes, where the water and oxygen content were kept below 10 ppm.
Prepared sample where then quickly transfered into a cryostat where a high vac-
uum (10−6 to 10−8 mbar for the photoinduced absorption and pholuminescence
setup) or a helium atmosphere (for the transient absorption setup) was quickly
set. Table 2.1 gives the spin-coating parameters used as function of the main
materials and solvents, every process are composed of a slow spinning step to
obtain a regular surface and a quick one to eliminate the solvent in excess. This
process usually enables to obtain a surface roughness in the order of magnitude
of the nanometer and films thickness between 200 and 300 nm.

Table 2.1: Samples spin-coating parameters.

Material Solvent and concentration Parameters

P3HT 4002E and P3HT
4002E-based blends

Chlorobenzene 650 rpm 60s
20-22 mg/mL 2000 rpm 10s
Chloroform 1000 rpm 20s

10-15 mg/mL 3000 rpm 10s

P3HT P200 and P3HT
P200-based blends

Clorobenzene 800 rpm 30s
20-30 mg/mL 2000 rpm 10s

2.1.2 Absorption

UV-vis absorption spectra were recorded with a Perkin Elmer Lambda 900
spectrometer at room temperature. The spectrometer gives access for each
wavelength to the fractions of reflected (R) and transmitted (T ) light. The
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Figure 2.1: Evolution of light intensity through an absorbing sample in case of unex-
cited (I) and excited (I*) material.

fraction of the light absorbed by the sample being thus 1-R-T. Nevertheless
absorption is usually quantified using an other quantity: the absorbance. The
absorbance of a sample is defined as follow:

A = − ln
I

I0
= − ln

T

1−R
, (2.1)

where I and I0 are the intensity of the light entering the sample and transmitted
through it, respectively, as depicted on figure 2.1.

As can be seen in figure 2.1, the transmitted light is decreasing exponentially
with the sample thickness, so does it also with the concentration of absorbing
species as stated by the Beer–Lamber law (see equation (2.3)). That is the
reason why absorbance is defined as a logarithm: as such, it varies linearly with
the sample thickness:

I

I0
= eσdn (2.2)

⇔ A = αd = σdn (2.3)

Here α is the absorption coefficient of the sample, σ the absorption cross section
of the absorbing species and n the density of the absorbing species. An extremely
important property of the Beer–Lamber law is its additivity, which implies that
in the presence of several absorbing species or absorbing layers, the absorbances
can simply be added. It makes it possible for example to simply substract the
absorbance of the substrate from the overall absorbance of a sample, to know
the absorbance of the active layer.

For two absorbing species a and b in an absorbing layer of thickness x:

A = Aa +Ab = (αa + αb)x (2.4)

For two absorbing layers of thicknesses x1 and x2 and absorbing coefficient
α1 and α2

A = A1 +A2 = α1 ∗ x1 + α2 ∗ x2 (2.5)
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In case of excited states characterization, we are interested in the change
of absorption due to the excitation. The studied quantities are the opposite
of relative change in transmission −∆T/T in steady state absorption, and the
change of optical density −∆OD in transient absorption.

Optical density (OD) is equivalent to absorbance, however, it is usually
calculated using decimal logarithm rather than a natural one:

OD = − log
I

I0
= − log

T

1−R
, (2.6)

If we call I∗ the transmitted intensity in the excited material, the change of
optical density is given by:

∆OD = OD∗ −OD = − log
I∗

I0
+ log

I

I0
= −log I

∗

I
(2.7)

OD∗ is the optical density in the excited sample.
On the other hand, −∆T/T is, if neglecting the changes in reflection (or

equivalently the change in I0):

−∆T/T = −T
∗ − T
T

= −I
∗ − I
I0

· I0
I

= −I
∗ − I
I

= 1− I∗

I
(2.8)

T ∗ being the transmission through the excited material.
As a result, we have:

∆OD = − log
I∗

I
= − log((−∆T/T )− 1) = − 1

ln 10
· ln((−∆T/T )− 1) (2.9)

As −∆T/T is very small (typically in the order of 10−3 or lower), the serie
expansion of ln(1− x) at x = 0 can be used and gives:

∆OD ≈ 1

ln 10
· (−∆T/T ) ≈ −∆T/T

2.303
(2.10)

−∆T/T and ∆OD are thus under this first order approximation, equivalent
quantities.

2.1.3 Photoluminescence (PL)

The photoluminescence measurements were realized in the setup presented in
figure 2.2. Two laser have successively been used to provide the excitation: a
Melles Griot Argon Ion laser at a wavelength of 514 nm, and a solid-state laser
with emission at 532 nm, both wavelengths being in the range of maximum
absorption of regio-regular P3HT (see figure 2.3). No difference was observed
between the spectra obtained from the two lasers. To ensure a maximal signal-
to-noise ratio, the laser intensity was modulated by a mechanical chopper. The
laser beam was directed onto the sample placed on the cold finger of continuous
Helium-flow crysostat (Judson ST100) equiped with wide range low absorp-
tion sapphire windows. A beam-blocker was placed in the laser beam after
the cryostat to ensure that potential non-absorbed part of the laser beam does
not interfere with the measurement. The resulting photoluminescence was col-
lected via a large diameter concave mirror and focused in the entrance slit of a
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Figure 2.2: Photoluminescence spectroscopy setup. Adapted from Krantz 2008. [108]

Cornerstone 360 1/4M monochromator through another concave mirror to en-
sure spectral analysis. The monochromator was equipped with two photodiodes
ensuring a large spectral range, a silicon photodiode for the visible and near in-
frared range (550 nm to 1030 nm) and a liquid nitrogen cooled InSb photodiode
for far infrared (1030 nm to 5500 nm). The resulting signal was preamplified 105

times before being finally sent to a DSP lock-in amplifier (signal recovery 7265)
for additional amplification and demodulation using the chopper frequency as
a reference.

The signal was modulated at a frequency between 300 and 400 Hz. The
laser power before the cryostat was set to 30 mW on a beam surface of approx-
imately 0.1 cm2, the low absorbance sapphire windows of the cryostat ensuring
a quasi identical optical power on the sample itsef. The cryostat allowed for
temperatures ranging from 3 K to 325 K with a nominal temperature stability
of 50 mK. The temperature was measured directly on the film with a silicon
diode temperature sensor maintained in contact with the active layer.

2.1.4 Field-dependent photoluminescence (F-PL)

Similar optical setup was used for field-dependent PL measurements. Neverthe-
less due to the use of non-transparent sample, the setup was adjusted so that
the photoluminescence can be measured in reflexion (see figure 2.4a).

The sample used were similar to solar cells (see § 2.2) to which isolating
layers was added between the active layer and the electrodes to prevent charge
injection (see figure 2.4b). The material chosen as insolator was poly(methyl
metacrylate) (PMMA) for its transparency in the visible region, its relative
dielectric constant close to this of P3HT, which enables a uniform distribution
of the field through the sample thickness, as well as for its ability to be solution
processed from solvents in which P3HT is not soluble (namely n-butyl acetate),
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Figure 2.3: Position of the pump lasers (514 nm and 532 nm) photon energy on the
absorption spectrum of P3HT. Adapted from Liedtke 2006. [30]

thus allowing for the processing of a multilayer device. The first layer of PMMA
had to be annealed 10 minutes at 180 ◦C not to be redissolved by chlorobenzene
when depositing the P3HT layer. The successive layers of the field-dependent
PL sample are summarized in table 2.2. Note that the aluminium cathode also
served as a mirror to reflect the photoluminescence in direction of the large
collecting concave mirror.

Table 2.2: Structure of the field dependent PL sample.

Material Role Processing Post treatment Thickness

Glass Substrate

ITO Transparent an-
ode

Deposited and polished
by the supplier

Patterned with pho-
tolithography

100-150 nm

PMMA Blocking layer Spin coated from n-butyl
acetate

annealed 10 minutes at
180 ◦C

200 nm

P3HT Active layer Spin coated from
chlorobenzene

annealed 10 minutes at
120 ◦C

80-110 nm

PMMA Blocking layer Spin coated from n-butyl
acetate

annealed 10 minutes at
180 ◦C

200 nm

Al Cathode and mir-
ror for the PL

Thermally evaporated 80 nm

A Keithley Instrument Source-Measure-Unit (SMU) 217 was used to apply
a continuous field to the sample in the reverse direction of the diode. It was
also used to monitored the current and make sure that there is no short circuits.
Between two measurement points, the field was set to zero and the laser blocked
during 4 minutes to ensure that the sample was not getting charged. After this
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Figure 2.4: (a) Field dependent photoluminescence setup. Adapted from Krantz
2008 [108]. (b) Structure of the diod used for photluminescence.

delay, the new field was applied.

2.1.5 Steady-state photoinduced absorption (PIA)

The aim of photoinduced absorption is to detect the presence of photoexcited
species via their specific absorption spectra. The photoinduced absorption spec-
tra were recorded using a photomodulation technique whose principle is repre-
sented in figure 2.5 (a): a transmission spectrum of the sample was realized
using a Xenon lamp and a monochromator while the sample is photo-excited
by a chopped cw laser. As excitation source, we used the 514 nm emission of
a Melles Griot Ar+ cw laser at a power after mechanical chopping of 30 mW.
Excitation and probe lights were focused onto the same point of the sample. To
the exception of the probe beam, the experimental setup (excitation, collection
and spectral analysis) is the same as the one used for photoluminescence and is
represented on figure 2.5 (b).

The lock-in amplifier computes the in-phase SIP and out-of-phase SOP vari-
ation of the transmission correlated to the modulation [110]:

SIP =

∫
period

S(t) cos(ωt)dt, (2.11)

SOP =

∫
period

S(t) sin(ωt)dt. (2.12)

S(t) is the output of the photodiode (containing a continuous component and a
modulated component), ω = 2πf the angular frequency of the modulation. As
the integration is over one period, the resulting signal decreases when increasing
the applied modulation frequency. Interested readers are referred to the work
of Epshtein et al. for a more detailed analysis of the influence of the modulation
frequency on the PIA signal [110]. From those directly extracted signals, the
lock-in amplifier is also calculating the phase and magnitude of the modulated
signal. Because the modulation period usually exceeds the lifetime of the ex-
cited species, this technique is considered as a steady-state or quasi steady-state
measurement.
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Figure 2.5: (a) Principle of the photomodulated photoinduced absorption measure-
ment. (b) Photomodulated photoinduced absorption setup. Adapted from Liedtke
2011 [109].

The monitored quantity (that we will call PIA signal for sake of simplicity)
is the negative differential transmission, calculated as follows:

−∆T

T
(λ) =

PIAPLx(λ)− PLx(λ)

T (λ)
(2.13)

PIAPLx is the in-phase value measured by the lock-in, PLx is the in-phase
value under photoluminescence conditions (without probe light) and T is the
transmitted signal without excitation (by modulating the white light). The
phase is set to zero under luminescence conditions because the extremely short
lifetime of fluorescing species prevents lifetime related phase shift, thus en-
abling us to know and compensate the phase shift caused by the measuring
system alone (due to electrical delays, and the fact that the demodulation in
the lock-in amplifier is done using reconstructed sinusoids whereas the actual
mechanical modulation exhibit a square-wave shape). ∆T/T is proportional
to the modulated density of photoexcited species due to the Beer-Lambert law
(equation (2.3)).

As shown in figure 2.6, the density of photoinduced species is a trade-off
between the photoinduced generation of the absorbing species and their life-
time; indeed, species with a longer lifetime can accumulate in bigger quantities.
Information about the lifetime is carried by the phase information: the density
of species having extremely short lifetime follows exactly the pump light mod-
ulation without generating any out-of-phase signal (see figure 2.6(a)), whereas
the density of species having a lifetime comparable to the modulation period
will have an extinction delayed compared to the excitation modulation, thus
generating a large out-of-phase signal (or equivalently a large phase shift, see
figure 2.6(b) and (c)). Due to the higher response of long living states, it is usual
to measure PIA spectra at low temperature where the longer lifetimes allow for
a much stronger signal and much better resolved spectral features. Experimen-
tally the combination of the excited species density dependence upon their life-
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Figure 2.6: (a), (b), (c): simplified response of the density n of an excited species
of defined lifetime τ (green line) to a modulated excitation G (blue line) of period T
as function of the τ/T ratio. For the species with τ = T/100, the density of species
remains quite low and nearly perfectly in-phase. Longer lifetimes enable a larger
density of species, moreover, the density of specie can not respond directly to the fast
modulation, thus causing an increase of the out-of-phase signal. Finally for a lifetime
close to the excitation period, the out-of-phase signal becomes dominating and a part
of the density does not follow the modulation anymore and is thus not detectable
with the lock-in technique. An overview of the influence of the lifetime is presented in
subfigure (d).

time and the signal intensity dependence upon modulation frequency limits the
observable species to those having a lifetime over approximately one microsec-
ond. Note that the situation is different for photoluminescence measurements
which are sensitive not to the density of species accumulated at a given time
but to the density of radiative recombination, which is directly proportional to
the amount of absorbed photons.

In addition to absorption by excited species, other phenomena can be seen
in the spectra: the absorption from non-excited materials is indeed reduced
by the photoexcitation, thus generating a photobleaching phenomenon in the
spectral regions where ground-state absorption occurs. Similarly, stimulated
emission from the excited species can be caused by the probe light. In contrast
to the photoluminescence, those phenomena can not be subtracted from the
overall signal using formula (2.13) and appear as negative contributions in the
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Figure 2.7: (a) Principle of the transient absorption measurement. (b) transient setup.
Adapted from Kämpgen 2011 [111].

PIA spectra. In case of the presence of several types of excited species, photo-
bleaching presents the advantage of giving an indication of the overall density
of excited species.

2.1.6 Transient absorption (TA)

Transient absorption (TA) enables to directly monitor the dynamics of the ex-
cited species in the time range 10 ns to 10 ms. In addition to allowing for the
monitoring of the dynamics, it enables to detect the species whose lifetime is
shorter than a few microseconds, which accumulate in too little amount under
steady state condition to be detected by steady state PIA.

The principle is the same as for steady state PIA except that the excitation is
here provided by a 5 ns pulse of a nitrogen/dye laser at a wavelength of 500 nm
and that the decay of photogenerated species following this initial excitation is
directly monitored thanks to an ultrafast photodiode. The experimental setup
is shown in figure 2.7. For the measurement presented here, we applied a pulse
energy of 25 µJ/cm2. The monochromatic probe light can be supplied either by
a steady state infrared laser of wavelength 980nm or by a Xenon lamp coupled to
a monochromator1. The decay of the absorption was measured using a FEMTO
HCA-S-400M-IN preamplified InGaAs photodiode and recorded by a Tektronix
oscilloscope synchronized with an optical trigger output provided by the pulsed
laser.

In order to improve the signal-to-noise ratio, the data was obtain by aver-
aging the response over 600 pulses in the oscilloscope. Additionally, in order
to obtain a better resolution at longer time scales, where the signal becomes
weaker, a polynomial fit was used to reconstruct the curve on a logarithmic
scale from a number of data points increasing with time2.

1More details can be found in Kaempgen 2011 [111].
2More details can be found in Gunz 2010 [112].
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Figure 2.8: Experimental setup for the measurement of the external quantum effi-
ciency. Source: Binder 2010 [113].

2.2 Solar cells characterization

2.2.1 Current-voltage characterization

We processed solar cells by depositing the active layer on Poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS) covered indium tin oxide (ITO)/glass sub-
strates. The active layer was spin-coated as afore-mentioned (§ 2.1.1). The
evaporated cathode was a Ca/Al (3/100 nm) for the solar cells and the active
area was 0.5 cm2. For current–voltage characterization we used a 300 W Xenon
lamp for illumination. The intensity was adjusted to 100 mWcm−2.

2.2.2 External quantum efficiency (EQE)

External quantum efficiency spectra were recorded by a homemade, lock-in-
based setup shown in figure 2.8 equipped with a calibrated reference silicon
photodiode. A 300 W Xenon lamp was applied as light source.

2.3 Other methods

Electron Spin Resonance (ESR)

ESR (modified Bruker 200D) was applied to verify the presence of spin carry-
ing polarons. The sample was placed in a resonant cavity and cooled with a
continuous flow helium cryostat, allowing a temperature range from 10 K to
room temperature. The microwave absorption was measured by using lock-in,
with modulation of the external magnetic field as reference. For the excitation,
a white light halogen lamp guided to the microwave cavity was used. The g-
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factor of ESR signals was calibrated for every measurement with a Bruker 035
M NMR-Gaussmeter and an EIP 28b frequency counter. Details about the tech-
nique can be found elsewhere. [114, 115] The ESR samples were dropcast films
from 200 µl solution prepared inside a nitrogen glovebox. The resulting films
were rolled up and put inside a ESR sample tubes. All samples were annealed
afterwards for 10 min at 120 ◦C.

Time-of-flight (TOF)

Time-of-flight (TOF) measurement have been used to selectively determine the
mobilities of each type of charge carrier. In TOF measurements we used a
solar-cell like structure with a thicker active layer. The thickness of the films
combined with the high absorption coefficient of the material used enables that
a pulse of light generates excitons in the vicinity of one of the electrodes rather
than in the bulk. The combined action of the field and the electrode separate
charges and extract one type immediately after excitation whereas the other
type of carrier drifts towards the other electrode and reaches it after a transit
time ttr which can be related to the mobility by the following equation:

µ =
d

Fttr
(2.14)

where d is the active layer thickness, F the applied field, and µ the mobility of
the studied charges. We processed films with thickness of approximately 2 µm
resulting in applied fields in the order of 107 Vm−1. More detail about this
experiment can be found elsewhere [116].

Morphological characterization methods

Scanning electron microscopy (SEM) has been used to determine the superficial
morphology of the films, whereas X-ray diffraction (XRD) was employed to
address the ordering in the bulk.

X-ray diffraction measurements were carried out using a Philips PW 1729 X-
ray generator. Scanning electron microscopy (SEM) measurements were carried
out using a ZEISS ULTRA plus scanning electron microscope. Finally the film
thicknesses were determined by a surface profilometer (Veeco).

Photoemission and inverse photoemission spectroscopies (UPS and
IPES)

In photoemission spectroscopy, electrons in the material are excited by high
energy photons (hν) up to the vacuum level φ3 and thus emitted out of the
materials. The photons’ energy being higher than the difference between the
vacuum level and the energy Ee

3 of the electrons in the material, the excess
energy is converted in kinetic energy Ekin of the emitted electrons. By collecting
the emitted electrons and measuring their kinetic energy, one can determine Ee.

Ultra violet photons are used in UPS, they enable to excite valence elec-
trons to the vacuum level and thus to investigate the valence band of the
molecules/films.

3 All levels are referenced to the Fermi level EF of a metal parallelly measured
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In inversed photoemission spectroscopy (IPES), the photon beam is replaced
by an electron beam of high kinetic energy. The electrons are absorbed by the
film which re-emits as a photon the excess energy compared to the energy Eh
of the empty state which got filled with the absorbed electron. The relation be-
tween the involved energy is the same as for direct photoemission spectroscopy,
Eh can thus be computed the same way as Ee in the former case.

All UV photoemission and inverse photoemission spectroscopy measure-
ments were performed in a UHV system VG ESCALAB equipped with an Mk
II electron spectrometer at a base pressure of better than 2×10−10 mbar. [117]
The samples were at room temperature. The He-I line of a gas discharge lamp
was used for UPS. The IPES detector — a Geiger-Müller detector with SrF2

window filled with Ar and I2 — was used in the isochromatic mode with a
fixed photon energy of about 9.5 eV. The electron beam was defocused over the
sample to minimize radiation damage, and data acquisition was stopped imme-
diately when changes in the IPES spectra occurred between two scans. [82] The
measurements were carried out by Achim Schöll and Stefan Krause of the chair
of experimental physics VII (formerly in the chair of experimental physics II).

Time-resolved microwave photoconductance (TRMC)

Time-resolved microwave photoconductance (TRMC) measurements were car-
ried out by Tom J. Savenije from the Department of Chemical Engineering of
the Delft University of Technology, using a custom-made liquid-nitrogen cooled
microwave cavity with a resonance frequency at ≈ 8.4 GHz. The electric field
vector of the microwaves is parallel to the substrate. Samples were photoexcited
at 500 nm with a 3 ns laser pulse from an optical parametric oscillator pumped
at 355 nm with the third harmonic of a Q-switched Nd:YAG laser (Vibrant II,
Opotek). Photogeneration of mobile charge carriers in the sample led to an
increase of the conductance, ∆G(t), and consequently to enhanced absorption
of microwave power by the sample. The time-dependent change of the conduc-
tance was obtained from the normalized change in microwave power ∆P (t)/P )
reflected from the cavity according to:

∆P

P
= −K∆G(t) (2.15)

The geometrical dimensions of the cavity and dielectric properties of the media
in the microwave cavity determine the sensitivity factor, K. From the maximum
change in the conductance, ∆Gmax, and the incident light, I0, the parameter
φΣµ denoting the product of the charge carrier generation yield per absorbed
photon (φ) and the sum of the electron and hole mobilities (Σµ) can be calcu-
lated using

φΣµ =
∆Gmax
I0βeFA

(2.16)

where β is the ratio between the broad and narrow inner dimensions of the
waveguide, e is the elementary charge and FA is the optical attenuation. For
more experimental details, see references [118] and [119].
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Chapter 3

Materials

Dang et al. recently published a survey entitled: P3HT:PCBM, Best Seller in
Polymer Photovoltaic Research in which they gathered the results of 579 of
the 1033 articles published between 2002 and 2010 dealing with heterojunctions
based on this material system [120]. This article illustrates perfectly the front
side role taken by this blend as a reference for bulk heterojunction solar cells
based on the second generation of semiconducting polymers.

In the course of this thesis, P3HT:PCBM was used as a reference sys-
tem for studying the properties of organic bulk heterojunctions: first P3HT
alone to study the charge generation and more specifically the exciton bind-
ing energy (chapter 4); then as a comparative reference for the study of other
P3HT:electron acceptor blends (chapter 5); and finally as a support for investi-
gating charges recombination (chapter 6).

Particularly remarkable is the semi-crystalline self-organization of P3HT.
This aspect is responsible for most of the peculiarities of P3HT and is presented
first, together with its implications on charge transport in P3HT. The general
properties of PCBM are described in the subsequent section. The last section
presents the peculiar organization of those two materials when blended together
which is largely responsible for the good performances of this composite for solar
cells application.

3.1 Poly(3-hexylthiophene) (P3HT)

3.1.1 The molecule

Polythiophenes (PT) were first polymerised in the early 1980’s [121–125]. PT
quickly raised a strong interest due to their electrical properties, relative envi-
ronmental stability in doped and undoped states, non-linear optical properties,
and highly reversible redox switching [121]. Those promising properties led to
an intensive research to overcome the main drawback of those polymers: their
insolubility. Soon soluble poly(3-alkylthiophene)’s (P3AT) were developed (see
figure 3.1) [126–130].

The drawback of those alkyl moieties is to break the symmetry of the thio-
phene ring, thus making the monomers non-equivalent unless they are assembled
on a head-to-tail regio-regular configuration. Regular configuration helps the de-
velopment of an organization within films or agglomerates which is — as we will
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Figure 3.1: Polythiophenes’ molecules: (a) unsubstituted unsoluble polythiophene
(synthesized in the early 80’s); (b) soluble poly(3-alkylthiophene), where R is an alkyl
chain; (c) poly(3-hexylthiophene).

see — favorable for transport and optical properties (with for example a red-
shift of the absorption onset in the presence of agglomerates, see figure 3.2(b)).
Nevertheless obtaining a control of the polymerization process sufficient to se-
lectively produce this configuration proved to be quite challenging. Not before
1992 was it achieved to synthesize P3RT (R being various moieties, not always
alkyl) with an acceptable degree of regioregularity [121,131–138].
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Figure 3.2: (a) Poly(3-alkylthiophene) possible configurations. Adapted from Red-
dinger and Reynolds 1999 [121]. (b) Corresponding films absorption spectra for the
regio-regular head-to-tail and regio-random configurations. Adapted from Liedtke
2006 [30].

Those successes enabled to confirm the differences in the optical and trans-
port properties between P3AT with regio-random configuration and those with
regio-regular head-to-tail configuration. Indeed, the optical band gap of regio-
regular poly(3-butylthiophene) is 1.7 eV, whereas that of random poly(3-butylthiophene)
is 2.1 eV. The electrical conductivities of I2-doped films of regio-regular poly(3-
butylthiophene) have been reported as high as 1350 S·cm−1 while that of random
poly(3-butylthiophene) exhibited a maximum of 5 S·cm−1 [121,133,134].

Subsequent studies revealed a negative correlation between the electric prop-
erties1 and the alkyl-chains length in regio-regular P3AT [139]. On the other
hand, the solubility of P3AT is increasing with the alkyl chains length, from the
insoluble poly(3-methylthiophene) powders [129], via poly(3-butylthiophene)
whose difficult dissolution is mentioned by Österbacka et al. [140] to poly(3-

1Time of flight mobilities and photocurrent in ITO/poly(3-alkylthiophene)/Al solar cells
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Figure 3.3: a) Structure of the P3HT crystalline regions as proposed by Prosa et al.
Adapted from Kraus 2009 [142], values from Prosa et al. [141]. b) Resulting X-ray
diffractogram of regio-regular head-to-tail P3HT spincoated on a sapphire substrate
(annealed 10 minutes, 130◦C) exhibiting peaks corresponding only to the a direction.
Inset: powder X-ray diffractogram by Erb et al. [143] exhibiting the peaks correspond-
ing to the 3 crystal parameters.

hexylthiophene) which is the P3AT with the shortest alkyl chains to be per-
fectly soluble in a variety of solvents. Poly(3-hexylthiophene) emerged as the
best trade-of between electric properties and processability.

3.1.2 Films morphology

Crystalline structure

The reason of the good electronic and optical performances of P3AT and more
specifically of P3HT lies in the peculiar ordering of their agglomerates. The
crystalline structure of agglomerates of P3AT was unraveled originally by Prosa
et al. in 1992 using X-ray diffraction [141]. The corresponding crystal parame-
ters are depicted in figure 3.3a. It is characterized by a very planar configuration
of the aromatic backbone and its alkyl side chains which are found to deviate of
the thiophene plane by less than 1◦ in the case of P3HT [141]. This planarity
is extended over several molecules via the alignment of successive polymers in
the direction of the alkyl chains, thus forming a lamella. This extreme pla-
narity in turn enables successive lamellae to stack in the π − π direction with
an inter-plane distance c equal to the distance b between the centers of succes-
sive monomers within one chain. This allows for excitations and charges to be
delocalized in both the polymer chain and the π − π stacking directions.

In spite of the low regioregularity of the P3AT used by Prosa et al., the
determined structure was confirmed by the subsequent measurements realized
on more regio-regular P3HT [143]. The XRD peaks corresponding to the inter-
monomer b and π − π stacking c directions are visible only in powder diffrac-
togram, whereas films spin-coated on most commonly used substrates (glass/ITO/PEDOT:PSS [?]erb2005),
quartz [52])typically exhibit only the peaks corresponding to the alkyl-chain di-
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Figure 3.4: (a) and (b): simplified morphology of thin films of P3HT in the case of
low Mw and high Mw polymers, respectively. Adapted from Zen et al. 2006 [145].
(c) AFM phase image of a low molecular weight P3HT thin film (Source: Zen et al.
2006 [145]). (d) XRD diffractograms of a P3HT thin film spincoated on ITO before
and after annealing at different temperature. Source: Kanai et al. 2010 [146].

rection, see also figure 3.3b for sapphire substrate). This indicates a strong
preferential edge-on orientation for the polymer chains relative to those sub-
strates in which the direction a is perpendicular to the substrate.2

Coexistence of amorphous and crystalline regions in poly(3-hexylthiophene)

Yet, the aforementioned crystalline properties are not the rule in the whole
bulk of P3HT films, in which both crystalline and amorphous domains are ob-
served [145]. This is partly due to the imperfections of the synthesis processes
which (i) enable to obtain a good but not a perfect regioregularity (typically
between 90 and 99%), (ii) cannot avoid a certain dispersion in the length (or
equivalently in the molecular weight Mw) of the polymer chains. A more in-
trinsic reason is that the first two (and last two) monomers of the chain always
have a head-to-head configuration [147].

As an order of magnitude, Scharsich et al. recently found that the fraction
of agglomerated molecules in solution can not exceed 55% even in a solvent
where P3HT has a bad solubility (so-called bad solvents) [147], whereas Zen et
al. measured in powders of pure P3HT a degree of crystallinity ranging from
4.5 to 18% depending on the average molecular weight of the molecules. The
degree of crystallinity in films and the fraction of agglomerates in solution tends
to increase with Mw [145,147]. It can also be influenced by external conditions
such as solvent quality [147]3 and temperature for solutions [148], and for films
by the evaporation time of the solvent after spincoating (tunable via the boiling
point or by depositing in a solvent saturated atmosphere) [147] or by annealing

2Face-on organization is possible on substrates functionalized via self-assembled monolayers
to make them hydrophobic [144]. Organization can also be hindered in the case of very rough
substrate, such as Titanium dioxyde (TiO2) nanocrystals [52].

3Here, quality is meant as ability to dissolve P3HT.
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the deposited film [146] (see figure 3.3(d)).4

The organization of amorphous and crystalline phases as presented by Zen
et al. [145] is depicted in figure 3.4 in the case of molecules with high Mw (more
crystalline) and low Mw (less crystalline). In both cases, the film is constituted
of crystallites embedded in an amorphous matrix (see atomic force microscopy
picture in figure 3.4(c) for the low Mw case). A section of those crystallites
corresponds to a lamella such as represented in figure 3.3. In the case of low
Mw the width of one crystallite corresponds to a fully extended polymer chain.
In the case of high Mw polymer chains are longer than the crystallite width,
which implies that each polymer chain is present in both the crystalline and
the amorphous phase, and possibly in several crystallites or several times in the
same crystallite [145]. A similar trend is found for agglomerates in solution [147].

3.1.3 Consequences on transport properties

The excellent planarity of P3HT in its crystalline form enables the conjuga-
tion length to extend as far as 29 to 40 monomers in agglomerates in bad
solvent solutions, as determined from the absorption spectra by Scharsich et
al. [147]. Moreover the regular π−π stacking permits a two dimensional charge
transport which allows charges to bypass structural defects. This results in
very high mobilities in P3HT compared to other conjugated polymers of the
same generation with for example a hole mobility measured by time-of-flight
of 1.8×10−4 cm2V−1s−1 [116] compared to the 10−7 cm2V−1s−1 obtained for
MDMO-PPV5 in similar conditions [149].

Because the mobility is much lower in amorphous domains than in crys-
talline ones, the distribution of amorphous and crystalline phases plays an
important role in charge transport properties. Indeed, field effect transistor
(FET) mobilities exhibit a strong dependence upon the molecular weight of
the polymer, as it has been reported to increase by 4 orders of magnitude
(from 8×10−7 cm2V−1s−1 to 7.4×10−3 cm2V−1s−1) when Mw increases from
3.6 kg·mol−1 to 27 kg·mol−1 [145]. This exponential raise of mobility with Mw

has been attributed to the phenomenon of percolation of the crystalline regions
whose fraction in the film increase with Mw.6

Finally, the role of the amorphous phase should not be reduced to a limiting
factor for mobility. Indeed, with the structure presented previously, charge
transport in an ideal P3HT crystal can only take place within planes parallel to
the substrate surface. As a result, transport in direction perpendicular to the
substrate has to involve the amorphous segments of the polymer chains which
can connect two crystalline segments having different distances to the substrate.
This explains why the evolution of mobility with Mw in the perpendicular-to-
substrate direction exhibits a linear dependency [151] rather than percolation-
network behavior observed for FET mobilities [145].

4Note that the crystallization temperature is also Mw-dependent [145].
5Poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-phenylenevinylene]
6Other explanation proposed by Brinkmann and Rannou was that longer chains can serve

as bridges between crystalline regions [150]. But Scharsich et al. observed that the FET
mobility saturates for the same Mw than the fraction of agglomerates in the solution to
be spincoated [147] which speaks in favor of the explanation of Zen et al. together with
the presence of a threshold for mobility, with a 3-fold mobility increase between Mw = 4.5
kg·mol−1 and Mw = 12 kg·mol−1 which resembles the properties of percolation networks [145].
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3.1.4 Studied batches

The regio-regular P3HT used in the course of this thesis was supplied by
two companies. P3HT 4002E was synthesized by Rieke Metals, which guaran-
tees a regioregularity of 91 to 94 %, a molecular weight of Mw between 45 and
60 kg·mol−1 and a content of residual impurities (Br, Ni, Zn) from the syn-
thesis typically below 0.02%. P3HT Sepiolid P200 was purchased from BASF
which guarantees a regioregularity over 95 %, a molecular weight between 20
and 40 kg·mol−1 and a content of residual impurities (Fe, Pd, Sn) from the
synthesis below 50 ppm. It should be noted that, in both cases, the molecular
weight exceeds the molecular weight that enables to reach the maximal fraction
of agglomerates in bad solvent found by Scharsich et al. [147]. Due to higher
regioregularity and lower impurity content, P200 tends to exhibit better order-
ing and a larger contribution of delocalized states in excited states spectroscopy
(see § 5.2).

3.2 [6,6]-phenyl-C61 butyric acid methyl ester (PCBM)

C60 PC60BM

Figure 3.5: Molecules of C60 and PCBM.

The molecule of buckminsterfullerene C60 (figure 3.5 (left)) was first discov-
ered in 1985 by Kroto, Heath, O’Brien, Curl and Smalley as the most abundant
product naturally forming in a vapor of carbon obtained by laser ablation of
graphite in an inert atmosphere. In addition to earning three of their inventors
a Nobel prize of chemistry in 1996 [152], fullerenes and fullerene derivative have
shown, since the first organic bilayer solar cell with efficiency over 1 % by Tang
et al. in 1986 [153], unrivaled properties as electron acceptors for organic solar
cells.

The reason for the better performances of C60 over other electron acceptors
are still imperfectly understood. A comparative study by Imahori revealed that
the use of C60 as electron acceptor in combination with Zinc Phtalocyanine re-
sulted in faster electron transfer and lower charge recombination rate than with
any other electron acceptor [154]. He attributed this to a smaller reorganisation
energy when passing from ground state to charged C60 than in the other accep-
tors, which could be due to the large delocalization of the charge to the whole
C60 cage7 combined with the rigidity of the cage structure [154].

[6,6]-phenyl-C61 butyric acid methyl ester (PCBM) (figure 3.5 (right)) is a
soluble equivalent of C60. The side chains attached to the buckyball give it
the ability to dissolve in most common organic solvents, thus making it usable

7In other acceptors, the charge is often strongly localized to the heteroatoms [154].
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in solution-processed devices. Similar to its non-soluble equivalent, PCBM is
strongly related to the development of organic solar cells as it has been the nearly
exclusive electron acceptor used in bulk-heterojunction organic solar cells since
its first synthesis in 1995 [155, 156]. In the frame of bulk-heterojunctions, its
spherical shape may also be an advantage to enable molecule diffusion and self
organisation within the composite medium.

3.3 P3HT:PCBM blend and solar cells applica-
tions

The review of Dennler, Scharber and Brabec [157] attributes the first encour-
aging P3HT:PCBM solar cell with an EQE of 76% at 550 nm to Schilinsky,
Waldauf and Brabec [158]. Shortly thereafter came the first explicit mentioning
of the positive effect of thermal annealing [159].

Up limit : EQE = 100%

5,000 nm; IQE = 100%

12.8 mA.cm

8.9 mA.cm

6.4mA.cm

IQE = 100%

IQE = 70%

IQE = 50%

Figure 3.6: (a) Number of photons absorbed in the active layer under AM1.5G calcu-
lated by transfer-matrix formalism, for a device having the following structure: glass
(1 mm)/ITO (140 nm)/PEDOT:PSS (50 nm)/P3HT:PCBM (x nm)/Al (100 nm).
The right axis represents the corresponding short-circuit current density Jsc at var-
ious IQE, indicated in the graph. Adapted from Dennler et al., 2009 [157]. (b) IV
characteristic of the best P3HT:PCBM based solar cell obtained in our group by Dr.
Julia Rauh (glass/ITO(150 nm)/PEDOT:PSS(40 nm)/P3HT:PCBM 1:0.8(≈ 400 nm),
annealed/Ca(20 nm)/Al(94 nm).

Given the matching of the blend’s absorption spectrum with the solar
AM1.5G spectrum and the interferences of the light within the different lay-
ers of a device, Dennler et al. [157] predicted the maximal short circuit current
reachable for a glass(1 mm)/ITO(140 nm)/PEDOT:PSS(50 nm)/P3HT:PCBM/
Al(100 nm) as function of the average internal quantum efficiency (IQE) and
active layer thickness (Figure 3.6 (a)). Figure 3.6 (b) shows our best solar cells
obtained with this material system.8 It has approximately the same layer thick-
nesses as those used in their computations and the thickness of the P3HT:PCBM
layer is approximately 400 nm. The short circuit current obtained in this cell
was 11.9 mA/cm2 which corresponds, following the computations of Dennler et
al., to an average IQE of more than 90 %. This illustrates perfectly well the
outstanding properties of this blend.

8Processed by doctor Julia Rauh.
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The fact that this material system is able to convert virtually every single
absorbed photon into current, is due to the aforementioned very good individual
performances of both materials. An additional point is that the blending of the
two materials does not disturb their individual properties. In this regard, it has
been shown very early that annealing plays a crucial role [159] as it is enables
the individual properties of the two components to be expressed again after
blending them.

Annealing of P3HT:PCBM blend has indeed been reported to improve per-
formance by:

• Red-shifted absorption (due to crystallization of P3HT, see § 4.2) [160].

• Higher charge carriers mobility and more generally better charge carriers
transport [161–163].

• Improved CT-states dissociation (lower geminate recombination) [45, 73,
75,164].

In contrast, the exciton dissociation efficiency is slightly decreasing upon an-
nealing as proved by an increase of photoluminescence [75], nevertheless not in
proportions which are strongly detrimental to device performances.

As expected for those materials, where morphology and crystallinity plays
such an essential role, changes of those two parameters upon annealing are the
key factors explaining the observed annealing effects. In solution processed
bulk-heterojunctions, the active layer is deposited from a solution where the 2
components are supposed to be homogeneously distributed9 and usually gets
frozen by the evaporation of the solvent before it can reach its solid state equi-
librium morphology. As a result, the blend morphology is a metastable trade-of
between the equilibrium organization of the molecules and the time it has to
get close to this organization. In this context, annealing is a tool to make the
molecules mobile again and thus allow the film to get closer to the equilibrium10.

Two main film-organization related effects are reported upon annealing:

1. Crystallization of P3HT evidenced by the change in absorption and the
appearing of the XRD peak11, see figure 3.7 (left) [143].

2. Development of larger P3HT-rich and PCBM–rich domains [171] associ-
ated with the grouping of the otherwise dispersed PCBM in non-crystalline
(no XRD-feature) PCBM–rich clusters12 [143]. This enables percolation
of the PCBM-rich phase and thus better photocurrents [143].

As a result, Erb et al. [143] proposed the picture reproduced in figure 3.7(b) to
explain the reorganization taking place during annealing.

An important point is that the efficiency of the blend does not come from
the coexistence of two but of three different phases: the PCBM-rich phase,

9Although agglomerates can already exist in solution in cases where one of the components
is not soluble enough.

10The same effect can be obtain by other methods such as slow solvent evaporation [165–
167], the use of non-solvents that force the agglomeration already in solution [168] and to a
lower extent by the use of additive that accelerate the organization process [169,170].

11Only the one corresponding to the a direction (see 3.3 (a)), which suggest that P3HT in
blend as the same orientation relative to the substrate as pure P3HT.

12The non crystallinity of the PCBM–rich phase is not an universally admitted fact, with
a number of paper claiming that this phase is also crystalline [45,171].
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a) b)

Figure 3.7: (a) Diffractogram (grazing incidence) of P3HT/PCBM composite films
deposited on glass/ITO/PEDOT:PSS. Source Erb et al. 2005 [143]. (b) Associated
change of the blend structure as proposed by Erb et al. Source Erb et al. 2005 [143]

the P3HT crystalline phase and the amorphous phase. Studies by Berson et
al. [172] have shown that the blend can not reach its best performances without
the presence of amorphous P3HT. They managed to separately process purely
crystalline P3HT nanofibers and mix them with PCBM and amorphous P3HT.
For 1:1 P3HT:PCBM ratio, the best performing solar cells were obtained for a
ratio of 80% of crystalline P3HT and 20% of amorphous, the solar cells efficiency
was found to strongly sink when increasing the crystalline P3HT ratio over
this limit [172]. It was proposed that amorphous P3HT is needed in solar
cell applications for vertical transport (the nanofibers tend to be lying on the
substrate) [173]. Consistent result was found by study of the influence of P3HT’s
molecular weight on solar cells performances: Ma et al. [174] found that the best
results could be obtained from P3HT benches exhibiting a relatively high chain
length dispersion to insure the presence of both short chains which can initiate
crystallization [175] and longer chains partly embedded in the crystallites and
forming a matrix to connect the different crystallites [157].

As a summary, the P3HT:PCBM blend enables, thanks to its quite remark-
able morphology, a close to unity quantum efficiency. Its main limitations are
the wide energy offset between the LUMOs of P3HT and PCBM which is limit-
ing the maximum open circuit voltage, and the insufficient absorption of P3HT
in the red and infrared spectral regions. Finally the phase diagram studies by
Zhao et al. [176] mention that the maximal operating temperature of a solar
cell can exceed the glass transition temperature of the blend, which they found
to be 40◦C for a 1:1 blend. This implies that the molecules can still reorganize
during solar cell operation and thus slowly degrade the device performances.
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Chapter 4

Exciton dissociation and
binding energy in
poly(3-hexylthiophene)

4.1 Introduction

In this chapter, we will bring our attention on the first bottleneck of photocur-
rent generation in organic solar cells: dissociating the excitons. Whereas this
task does not require any special care in inorganic photoactive materials, the
situation is quite different in the world of organic semiconductors. Indeed, as
already discussed (§ 1.2.2) the low dielectric constant of organic materials causes
the coulombic attraction (equation (1.16)) between charges of opposite sign to
be stronger and to have a longer range than in inorganic materials, thus making
them difficult to separate. Studies by Veldman et al. [177] claim, for example,
that no proper excitons dissociation efficiency can be reached without the loss
of at least 0.6 eV between the initial excitons energy EG and the generated
charges energy eVOC .

To better understand this limitation, we carry out a detailed study of the
binding energy Eb of the singlet excitons in the reference material poly(3-
hexylthiophene). In a first part we describe the P3HT absorption and pho-
toluminescence spectra in order to determine the nature of excitons in P3HT.
We then show a method to dissociate those excitons by applying an external
field F . By monitoring photoluminescence we determine the effect of F . The
theoretical models by Onsager and Braun enable us to extract Eb. We dis-
cuss the representativeness of the energy obtained by this method and insert
it in a larger frame by comparing it with energies obtained by photoelectron
spectroscopy, and the onsets of absorption and photoconductivity.
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4.2 Nature of the excitons in P3HT: absorption
and emission spectra

In order to extract the binding energy of excitons in P3HT, it is first necessary
to clarify their nature with the following aims: identify the kind of excitons gen-
erated upon illumination, and the excitons responsible for photoluminescence,
the binding energy of which will be determined in the following of this chapters.

4.2.1 Absorption.
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Figure 4.1: Absorption features in P3HT films and solutions: (a) Absorption spectra
of P3HT in solution using as a solvent a mixture of a chloroform (CF, in which P3HT
can be easily dissolved) and ethyl acetate (EtAc, in which P3HT can hardly be dis-
solved) for various CF:EtAc ratios. Source: Scharsich et al. 2012 [147]. (b) Absorption
spectrum of P3HT in solution in isodurene at different temperatures. Source: Clark
et al. 2007 [148]. (c) Absorption spectra of films of P3HT from different batches (see
§ 3.1.4).

As seen in chapter 3, the properties in P3HT are governed by intra- and
inter-molecular interactions. This is also true for its excited species which can
a priori be delocalized over the conjugation length of a single chain, or between
two chains, as the distance between two monomers within a chain is quite similar
— in crystalline regions — to the distance between two π−stacked chains.

By handling molecules in solution, it possible to force molecules aggregation
by using solvents in which the polymer has a low solubility (see figure 4.1(a)) or
by decreasing the temperature (see figure 4.1(b)), or on the opposite to prevent
it, and thus to control directly which kind of interaction can or can not come
into play. Those experiments carried out by Clark et al. [148] and Scharsich et
al. [147] enable to identify two distinct absorption regions [44,147,148]:

1. Absorption of amorphous isolated coiled chains at high energies.
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2. Absorption of planar chains forming weakly interacting H-aggregates at
lower energies.

Interestingly, those two distinct absorption features are also found in films
when comparing the absorption spectra of of regio-regular and regio-random
P3HT (see figure 4.1(c)). Strikingly, the absorption spectrum of films of regio-
random P3HT — where the irregular orientation of side chains prevents close
stacking of the molecules — matches quite well the absorption of isolated chains
in solution. Similarly, the agglomeration of films of regio-regular P3HT — where
close, and locally crystalline, stacking is possible— corresponds pretty well to
the absorption observed in solution for aggregates. We therefore attribute low
energy and high energy absorption features to crystalline — dominated by inter-
chain interactions — and amorphous — dominated by intrachain interactions—
domains, respectively.

By using the absorption spectrum of regio-random P3HT films as an approx-
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Figure 4.2: Rough estimation of amorphous and crystalline phases contribution to
the absorption spectra of regio-regular P3HT films. The amorphous contribution was
obtained by considering that only amorphous parts absorb at 3.2eV (see Scharsich
et al. [147]), and considering that the absorption spectrum of amorphous regions is
the same as the one of regio-random P3HT. This contribution was substracted to the
overall absorption to obtain the contribution of the crystalline phase. Note: CF stands
for chloroform and CB for chlorobenzene.
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imation of the absorption of the amorphous regions in regio-regular P3HT, one
can roughly estimate the contribution of the crystalline and amorphous phases
to the absorption spectra of regio-regular P3HT (see figure 4.2). As expected,
the contribution of the crystalline phase to absorption is larger in the material
presenting the highest regioregularity: P200. We can also see that the use of a
solvent with a higher boiling point (here chlorobenzene compared to chloroform)
results in a larger contribution of the crystalline phase to the overall absorption.
More quantitative estimations have been carried out by Clark et al. [178] and
are represented in figure 4.5.

4.2.2 Photoluminescence.

The photoluminescence spectra of P3HT films are shown in figure 4.3. P3HT
photoluminescence is peculiar because of its very small quantum yield (reported
to be as low as 0.5% [179]) and its spectrum, characterized by a first vibronic
peak having a lower intensity than the second one. Note that the predominance
of the second vibronic peak over the first one is also found in the absorption
spectrum (see figure 4.1), but that in contrast to luminescence yields, absorp-
tion coefficients are much stronger in regio-regular P3HT than in regio-random
P3HT.
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Figure 4.3: Photoluminescence spectra of the two regio-regular P3HTs used in this the-
sis at various temperatures (the shape of photoluminescence spectra of regio-random
P3HT at 30K is also shown in dashed line for comparison).

The low-energy of PL clearly indicates a crystalline phase origin (the ex-
pected position of a photoluminescence from the amorphous part can be seen
on the regio-random P3HT PL spectrum). More uncertain is the kind(s) of
excitons responsible for such a peculiar spectral shape and low efficiency. Dif-
ferent explanation have been proposed: inversion of two first excited levels (see
paragraph 1.1.3), leading to a forbidden 0–0 transition [32, 180], superposition
of the spectra from two intra- and/or inter-chain species with forbidden or
weakly allowed transitions [180, 181]. This last hypothesis having since then
been found rather unlikely as the whole spectra was found to exhibit the same
dynamics [148], excitation wavelength dependence [148] and, as we will see in
§ 4.3, the same field dependence.
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At the present time, a model presented in 2005 by Spano [44] emerges as the
one being applied with the most success to describe experimental absorption
and luminescence properties of regio-regular P3HT [147, 148, 178]. An other
strength of this model, is that it is based on two important peculiarities of
regio-regular P3HT’s crystalline organization: the short Π-stacking distance
and the planarity of the polymer chains in the crystalline phase. Both result in
a conjugation length as long as several tens of monomers [147].

According to this model, emission originates from weakly interacting H-
aggregates states [44]: The compact Π-stacking observed in this materials nat-
urally speaks in favor of interchain excited states characterised by a resonant
Coulomb interchain excitonic coupling J0. The lamellar organisation of the
films implies that this aggregation is of H-type [44]. Nevertheless, theoretical
works have shown that increasing the conjugation length reduces the excitonic
coupling J0 [182] which leads to the so–called weakly interacting H–aggregates
states as presented in § 1.1.3.
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Figure 4.4: Energetic transitions in P3HT: (a) Energy-levels structure of polymer ag-
gregates in the weak excitonic coupling regime. ν̃ is the vibrationnal quantum number
of the main vibration mode (of frequency ω0), J0 is the interchain excitonic coupling,
|G〉, |J〉, |A1〉 and |A2〉 are the ground state, the initial state of the 0-0 emission,
and the final states for the 0-0 and 0-1 absorption peaks, respectively. Adapted from
Spano 2005 [44]. (b) Detail of the dispersion within the first excitonic band. Vertical
arrows show À the allowed 0-0 absorption, Á the forbidden 0-0 emission and Â the blue
shifted weakly allowed 0-0 emission. d is the interchain distance, kT and σ represent
the temperature and energetic disorder influences, respectively.

The resulting energy levels and their consequences on electronic transitions
are depicted in figure 4.4. In such H-aggregates, absorption occurs to the top
of the excitonic band (transition À in figure 4.4(b)) [148], whereas the emission
is respecting Kasha’s rule and thus occurs from the lowest level of this band
(transition Á in figure 4.4(b)) [148]. Because the dipole moments in the lowest
vibrational state of the ground state are symmetric with respect to the plane that
bisects the stacking direction, absorption À is fully allowed whereas emission Á
is dipole forbiden [44]. Nevertheless, thermal disorder enables the existence of
states with slightly higher energy from which emission Â is weakly allowed [148].
With increasing thermal disorder (relatively to the bandwidth 4J0), emission Â
is getting more permitted and is shifting to higher energy, which results in a
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blue shift and an increased intensity of the first peak relatively to the second
one as observed in films of P3HT 4002E figure 4.3) upon increasing the tem-
perature. Note that ground state levels with higher vibrational quanta have
different symmetries, thus making the 0–1, 0–2, etc. transitions allowed [44].

In the frame of this model, the excitonic bandwidthW (∝ 4J0) can be directly
determined from the ratio of the first and second absorption peaks [44,147,148,
178]. This has been done by Clark et al. [178] for series of P3HT films deposited
from different solvents and annealed. The results are reproduced in figure 4.5,
and illustrate how higher boiling point solvents allow for better crystallinity and
thus a smaller exciton bandwidth.

The semi–empirical formula given by Clark et al. is the following [178]:

A0−0

A0−1
≈
(

1− 0.24W/Ep
1 + 0.073W/Ep

)2

, (4.1)

where Ep is the phonon energy of the main oscillator coupled to the electronic
transition, which in case of P3HT is the C = C symmetric stretch with an
energy of 0.18 eV (as determined by Raman spectroscopy [148,181]). Applying
this formula to our measurements gives the exciton bandwidths summarized in
table 4.1.1 The exciton bandwidth follows the predicted trend, as they increase
with energetic disorder.

P3HT P200 4002E 4002E 4002E
Treat., solvent anneal., CB anneal., CB not ann., CB anneal., CF

Peaks ratio A0−0/A0−1 0.79 0.72 0.70 0.77
Exciton bandwidth W 68 meV 91 meV 96 meV 70 meV
Energetic disorder σ 69 mev 72 meV 78 meV 75 meV

Table 4.1: Exciton bandwidth and energetic disorder extracted for different P3HT
films.

In the light of this model, it appears that, while absorption occurs in both
amorphous and crystalline domains, photoluminescence is originating solely
from the crystalline parts of the film. The absence of emission from the amor-
phous region could be due to exciton migration to the lower energy crystalline
parts, or to reabsorption of the luminescence of the amorphous parts by the
crystalline ones. Note that in the following of this chapter, we will focus on
P3HT of the 4002E type on which the field dependent PL measurements were
carried out.

4.3 Field-induced excitons dissociation

As represented in figure 4.6, the excited material is submitted to an external
static electric field which is driving the two charges forming the exciton in op-
posite directions. The efficiency of this field-induced dissociation is controlled
by monitoring the photoluminescence of the sample. Indeed, polaron pairs in
which the two oppositely charges’ wavefunction have no more spatial overlap

1The formula was applied to part of the absorption spectra due to the crystalline domains
contribution (see figure 4.2).
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Figure 4.5: Up: Overview of the fraction of crystalline phase and exciton bandwidth
W in annealed spin-coated thin films as function of the solvent boiling point. Source:
Clark et al. 2009 [178]. Note: the boiling point of chlorobenzene is 132 ◦ C. Down:
example of the Gaussian fits used to determine the relative intensity of the first vi-
bronic transitions of the absorption of crystalline part of P3HT, here for P3HT 4002E,
prepared by spincoating from chlorobenzene solution and post-annealing. Ai−j repre-
sent the maximal magnitude of the corresponding vibronic transitions and xi−j their
central energy.
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(figure 4.6 (right)) are not expected to exhibit a significant radiative recombi-
nation. The experimental setup is presented in § 2.1.4.

Figure 4.6: Action of an electric field (represented by the arrow) on an exciton. Note
that the middle picture is a statistical representation: each exciton is actually expected
to pass directly from the exciton state to the polaron pair state, with a probability
depending of the applied field (see discussion § 4.6.2).

Monitored quantity

The efficiency of the exciton dissociation is quantified using the relative photo-
luminescence quenching Q(F ):

Q(F ) =
PL(F = 0)− PL(F )

PL(F = 0)
, (4.2)

where F is the applied field and PL(F ) the corresponding photoluminescence
intensity.

Note that the use of the zero field luminescence as a reference for exciton
dissociation implies that no dissociation takes place in the absence of an external
field. This is not exactly true: as shown in figure 4.7 the zero field dissocia-
tion probability expected from the Braun-Onsager theory is between 10−11 and
5×10−5 for reasonable binding energies. Nevertheless — except for the lowest
binding energies under the Wannier excitons model — those values are below
the sensitivity of our experimental setup.2 Such a low dissociation could thus
not be experimentally distinguished from an absence of dissociation. As a result
Q(F) as defined in equation (4.2) represents in our experiment not only the PL
quenching but also the exciton dissociation probability. Note that because of
this sensitivity limitation, the experimental results will be presented using linear
vertical scale.

Qualitative results

Spectral behavior As can be seen in figure 4.8 (left), the expected effect
is indeed observed: the photoluminescence intensity decreases upon increase of
the external field. The spectrum just scales down when increasing the applied
field, without any apparent shift or change in peaks’ relative intensity. Thanks to
this property, we can measure the influence of the field on photoluminescence by
simply measuring the intensity of the main peak at 730 nm (1.7 eV). Moreover,

2Noise level between 0.01 and 0.5 % of the maximal signal depending of the experimental
conditions.
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the stability of the spectral shape confirms the idea of a direct transfer from
a radiative state to a non-radiative state rather than a progressive distortion
of the exciton. Indeed, a progressive distortion of the exciton would result in
a quenching of the luminescence as the overlap between the wavefunctions of
the hole and the electron are decreasing; but this type of quenching should be
accompanied by a modification of the remaining photoluminescence spectrum
(Stark shift) in contrast with our experimental results.

Quenching Figure 4.8 (right) shows the field-dependent quenching of the
main peak of P3HT’s photoluminescence measured at 730 nm. Albeit the
quenching is very clear, it appears to be limited. The first reason is that it
was not possible to apply higher fields without irreversibly damaging the sam-
ple. A second reason is that even in cases where the saturation of the quenching
can be obtained, this one never reaches 100% [102,184–187].
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Figure 4.9: Schematic representation of the crystalline region of the P3HT layer un-
affected by the electronic field.

The fact that the saturation of the photoluminescence quenching is not
reached obliges us to speculate about its value before trying to quantitatively fit
the data. Depending on the value we assume for the saturation of the quench-
ing, different values of binding energies could be extracted. We chose to focus
our interest on the lower limit of possible exciton binding energy, by carrying
out quantitative fits under the assumption that quenching remains limited to
9 %.

It is important to notice that there is good reasons to think that the quench-
ing could indeed saturate at such low values. Indeed, as explained previously
(see § 3.1.2) and represented in figure 4.9, polymer chains in crystalline P3HT
orientate preferentially parallel to the substrate, standing on their side chains.
As a result, both intra-chain and interchain excitons extend on a direction per-
pendicular to the applied field. Adding to this — as explained in § 4.2.2 — that
PL is originating only from the crystalline domains of the film, only excitons
in crystals not perfectly following the natural stacking pattern are likely to be
dissociated by the applied field.3 This would explain that quenching efficiency
saturates at rather low percentages.

4.4 Quantitative results: connecting quenching
to binding energy.

To extract the exciton binding energy from the observed PL field-dependence,
we adapted the models presented in the theoretical part (§ 1.2.2) by replacing

3Note that a planar configuration of the device would solve this problem but the large
distance between the electrode would not allow for applying sufficient fields to obtain exciton
dissociation. Additionally, the field would not be uniform in all the layer thickness.
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Adapted scheme relevant for exciton dissociation.

CT-state by excitons and separated polarons by polaron pair (discussed more in
details in § 4.5.2) as depicted in figure 4.10. As a result, the excitons dissociation
probability is expected to be governed by the competition between dissociation
and their recombination as expressed by equations 1.19 and 1.20.

Considering that the excitons recombination rate kf is field independent
and equal to the invert of the zero-field excitons lifetime τf , the whole field-
dependence is beard by the dissociation rate kd(F ). The goal of the different
models is thus to express the magnitude and field dependence of this parameter.

4.4.1 Braun-Onsager model for ion pairs separation

The Braun-Onsager model for ion pairs dissociation is detailed in § 1.2.2. Ac-
cording to this model, the dissociation rate kd is given by equation 1.27.

With the exciton radius and binding energy being directly related, exciton
dissociation is thus controlled by 5 parameters: the zero-field exciton lifetime
τf , the relative dielectric constant of the medium 〈ε〉, the sum of electron and
hole mobilities 〈µ〉, the temperature T and of course the binding energy Eb.
The number of variables can be reduced to 4 by grouping 〈µ〉 and τf via the use
of a reduced dissociation rate κd = kd/〈µ〉 which is then independent of 〈µ〉:

Pd(F ) = Q(F ) =
kd(F )

kd(F ) + kf
=

κd(F )

κd(F ) + 〈µ〉τf
(4.3)

Chosen parameters and their influence

Among those parameters, the binding energy is the one we are trying to de-
termine. The others are known from different experiments, the values used are
presented in table 4.2. As explained by Deibel et al. [188] and Veldman [189],
the charge motion associated to exciton dissociation takes place on a local scale,
as such, the relevant mobilities to quantify it is the local mobility of crystalline
phases, which does not take into account the macroscopic limitations such as
grain boundaries or amorphous domains.

The dependence of the dissociation upon those parameters is shown in the
following.

Mobility lifetime product Thanks to time resolved photoluminescence stud-
ies, zero-field singlet exciton lifetime τf is a rather well known parameter ex-
pected to be between 0.4 ns [190] and 0.66 ns [191]. Time resolved microwave
conductivity (TRMC) on the other hand enables to extract the local mobility of
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Parameter Utilized Value

〈µ〉 · τf 5× 10−16 m2/V
〈ε〉 3.4
T 300 K

Table 4.2: List of the parameter values used for fitting the PL-quenching with the
Braun-Onsager theory for ion pairs dissociation. From Mack, 2009 [183, p. 37]

charges. Using this method, Grzegorczyk et al. have determined a mobility of
1×10−6 m2/V/s, which gives us a factor in the range of (4 to 6.6)×10−16 m2/Vs.
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Figure 4.11: Left: F-PL quenching for different values of the 〈µ〉 · τf product including
the expected range of 4 to 6.6×10−16 m2/V and range that would be obtained using
macroscopic mobilities (1.4 to 2.6×10−17 m2/V). Other parameters from table 4.2.
Right: F-dependent PL quenching for different values of 〈ε〉 calculated using the fol-
lowing parameters from table 4.2 and a = 1 nm (Eb then varies with 〈ε〉 between 0.26
and 0.48 eV, see equation (1.24)).

The influence of the parameter 〈µ〉 · τf on the quenching curves is rela-
tively weak. Nevertheless using macroscopic mobilities (in the range of 1.8 – 4
×10−8m2/Vs) instead of local ones would result in a underestimation the 〈µ〉·τf
factor of more than one order of magnitude and thus an underestimation of the
binding energy as high as 0.11 eV.

Relative dielectric constant The crucial influence of the dielectric con-
stant on field induced dissociation is confirmed by the simulation depicted on
figure 4.11(right). As can be seen, even small variations of 〈ε〉 causes an impor-
tant change in the field dependence of photoluminescence. In contrast to 〈µ〉 ·τf
and Eb, 〈ε〉 has influence on both the initial dissociation (equation (1.23)), the
relative field dependence (equation (1.25)) and —in the ion pair model— on the
definition of the binding energy itself (equation (1.24)).4 The values represented
in figure 4.11(right) are typical for organic semiconductors and correspond to
the range obtained by Breselge et al. [192] by varying the side chains in PPV
polymers. The relative dielectric constant of P3HT is 3.4.

4In other models, the binding energy is not necessarily restricted to the Coulomb interac-
tion.
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Figure 4.12: Left: F-dependent PL quenching for different values of kT calcu-
lated using the following parameters: 〈ε〉 = 3.4, a = 1 nm (Eb = 0.43 eV) and
〈µ〉 · τf = 5×10−20 m2/V. Right: Comparison of the field-induced photoluminescence
quenching in P3HT 4002E with the model of Onsager-Braun for ions dissociation. For
the numerical value of fit parameters, see table 4.2.

Thermal energy Because all parameters are strongly dependent upon tem-
perature,5 simulating the quenching with only a different T parameter can not
represent the actual behavior to expect upon changing the temperature. Nev-
ertheless it can give an idea of the dissociation of “hot excitons”, in case this
additional energy can be used to help dissociation. In that case “kT” does not
represent the ambient temperature anymore but the additional energy of the
absorbed photon compared to the absorption threshold. Dissociation of hot
excitons should not be in competition with recombination to the ground state,
but with the much quicker vibrational relaxation, which is expected to occur in
the 10−15 to 10−13s timescale. As a result, we diminish the 〈µ〉 · τf product to
5×10−20 m2/V for this simulation.6

The results are shown in figure 4.12(left). Thermal energy has two effect on
the dissociation. On the one hand it increases the thermally assisted zero-field
dissociation (see equation (1.23)), secondly it decreases the effects of the field on
dissociation (see equation (1.25)) to such an extent that for an excess thermal
energy of 500 meV, the PL quenching barely exhibits any field dependence for
experimentally reachable electric fields. Interestingly, this excess thermal energy
is the one we apply on P3HT whose absorption onset occurs at 1.85 eV and is
illuminated with a laser of energy 2.32 eV.

Binding energy One can see from equation (1.27), that kd(F )/kd(F = 0) is
independent of Eb. Eb thus only affects the absolute value of the quenching, via
the zero-field dissociation [80]. Graphically — as can be seen in figure 4.7 (left)
— it means that the quenching curves just scales with the Eb. Although the
zero field quenching is not experimentally reachable, this scaling of the curve
implies that Eb can still be determined from the field at which a given quenching,
say 50%, is reached. Quantitatively, this influence of Eb is quite important as
the field required to reach a given quenching increases by nearly two orders of
magnitude when increasing the binding energy from 0.28 eV to 0.85 eV.

5See for example chapter 6 for the influence of temperature on mobilities
6As expected, using the recombination time instead of this relaxation time results in a full

quenching even at zero field.
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Results of the fits

The comparison of experimental data with the model of Braun-Onsager for ion
pair dissociation is depicted on figure 4.12(right) in the hypothesis that the
maximum quenching is reached at 9% (already discussed in § 4.3). The values
used for the fit parameters are those reported in table 4.2. With them, we extract
a minimum binding energy Eb of 0.42 +/- 0.02 eV equivalent to an exciton radius
a = 1 +/- 0.1 nm which corresponds to 2.65 monomers in the polymer chain
direction (much smaller than the conjugation length which extends to several
tens of monomers, see chapter 3) or 2.65 chains in the π-stacking direction.

4.4.2 Braun-Onsager model for Wannier excitons dissoci-
ation.

The version of the Braun-Onsager theory for Wannier excitons is much more
rarely used than the one for ion pair dissociation. A reason is that the former
is using effective mass of the exciton, which is not directly accessible by the
experiment. Nevertheless, as seen in § 4.2, the absorption and emission spectra
of P3HT are well known and models exist to describe the band structure of their
excitons from those spectra, allowing to extract their effective mass.

Compared to the model used for dissociation of ion pairs, only the prefactor
for the dissociation rate is changing, as the equilibrium constant K(F = 0) de-
scribing the balance between dissociation and reformation of the excitons is now
given by equation (1.22) instead of equation (1.23). The resulting dissociation
is governed by equation (1.29).

As a result, the exciton dissociation is controlled by the same parameters as
in the Braun-Onsager model for ion pairs dissociation, to which is added the
effective mass of the excitons.

Determination of the effective mass of the exciton, and comparison
with the Braun-Onsager model for ion pairs dissociation,

Using the model from Spano [44], we have determined for the luminescing ex-
citons of crystalline P3HT 4002E annealed a bandwidth W of 91 meV (see
table 4.1). The dispersion relation given by equation (1.14) for the excitonic
band, one can determine the effective mass of the exciton from equation (1.15)
as being:

(m∗)−1 =
2βd2

~2
=
Wd2

2~2
, (4.4)

where d is the interchain distance in the π-stacking direction (3.85 Å), β = W/4
is the interchain interaction. This gives us a value of m∗ = 1.03×10−29 kg or
11.3·me, where me is the mass of a free electron. This high effective mass is the
direct consequence of the weak interchain coupling7 predicted by Beljonne et al.
for large conjugation lengths [182]. It should be noticed that m∗ is the effective
mass in the π-stacking direction. The effective mass in the intra-chain direction
would in contrast be expected to be very low due to very strong inter-monomer

7As a comparison, excitons in anthracene with a similar exciton bandwidth but a 2 times
larger intermolecular distance have an effective mass in the order of 8·me in the [010] direc-
tion [21,39,193].
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Figure 4.13: Comparison of the exciton dissociation predictions of Braun Onsager
theory for ion pairs (dashed lines) and for Wannier excitons (solid lines) with the
parameters summarized in tables 4.2 and 4.3

coupling. As an example, Moses et al. use for MEH-PPV an effective mass of
0.1·me [81].

With the effective mass determined, we now possess a full set of parameters
to simulate (or fit) the exciton dissociation. Those parameters are summarized
in table 4.3.

Parameter Utilized Value

〈µ〉 · τf 1.9× 10−17 m2/V
〈ε〉 3.4
T 300 K
m∗ 1.03×10−29 kg = 11.3·me

Table 4.3: Parameter values used for fitting the PL-quenching with the Braun-Onsager
model for Wannier exciton dissociation.

The comparison of the simulations following this model to those using the
model of ion pairs separation (see figure 4.13) reveals that both models are
nearly equivalent for binding energies around 400 meV but that the Wannier
excitons dissociation seems to exhibit a stronger dependence on their binding
energy.

Influence of the parameters

The influence of the different parameters on the dissociation efficiency (or equiv-
alently PL quenching) is depicted on figure 4.14. As can be seen, the trends are
the same as for the model for ion pair separation, with the notable difference
that the dielectric constant has nearly no influence on the zero-field dissociation.
Zero-field dissociation is mainly influenced by the effective mass of the excitons.
Note that the vertical scale employed here is smaller than this of figure 4.13;
indeed all those parameters have a reduced influence compared to the influence
of the binding energy. An important point is that the dissociation occurs at no-
tably lower fields for excitons having a larger effective mass. This implies that
for the highly anisotropic P3HT, dissociation will occur first in the direction of
higher effective mass, which is, here, the π-stacking direction.
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Figure 4.14: Influence of the parameters on the field-induced dissociation efficiency for
the model of Onsager Braun for Wannier excitons dissociation. (a) 〈µ〉 ·τf . (b) 〈ε〉. (c)
kT . (d) m∗. Except for (c), the parameters used are those of table 4.3 with a binding
energy of 0.43eV. For the thermal energy dependence (c) a 〈µ〉 · τf product value of
5 × 10−20 m2/V was used as the dissociation of hot excitons is in competition with
their relaxation to the lowest excited state instead of their recombination to ground
state.

Results of the fits

Figure 4.15 shows the comparison between the experimental data for PL quench-
ing and the predictions from the Onsager Braun model for Wannier exciton
dissociation. As can be seen, the observed quenching corresponds to a binding
energy Eb of 0.42 +/- 0.02 eV. Interestingly this is the same energy that was
found with the BO model for ion pairs dissociation which indicates that the
excitons probably have a rather strong ion-pair character. If considering that
the binding energy is only due to Coulombic interaction, the exciton radius a,
calculated with equation (1.24), is 1 nm, corresponding to 2.65 polymer chains.
Note that in this model the binding energy is not necessarily due to Coulombic
interaction only (it could for example include a difference of polaronic relaxation
energy between the exciton and the pair of polarons obtained after dissociation),
as a result a is only an indicative value. If we consider that the polaronic effect
should be larger in the polaron pair than in the exciton, then the actual Coulom-
bic interaction in the exciton should exceed the extracted binding energy, and
thus the exciton radius should be smaller than the aforementioned value (see
figure 4.16 and § 1.1.3).
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4.4.3 Summary of the results

The results of fits carried out using the Onsager–Braun theory for ion pair
separation, and Wannier excitons dissociation, respectively, are summarized in
table 4.4. Although, the model for Wannier excitons dissociation may be theo-
retically more adapted to the case, it presents the disadvantage of requiring to
know the effective mass of the exciton, which is usually not directly accessible
by the experiment. However, as can be seen here, the model describing ion pair
separation leads to the same result. The weak point of this model being that the
value obtained for the dissociation efficiency strongly depends on the dielectric
constant, which much thus be known with high precision.

Model Fitting to the experiment Binding energy

Braun-Onsager for ion pairs ok 0.42 eV
Braun-Onsager for Wannier exc. ok 0.42 eV

Table 4.4: Binding energy extracted from the PL-quenching using the different models.
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4.5 Interpretation: what is this binding energy?
The greater perspective.

In this section, a set of complementary methods is used to enable us to access
additional information on the energy levels relevant for solar cells application.
The results presented in that section have been obtained together with collab-
orators within the chair of experimental physics VI as well as from the chair
of experimental physics VII (formerly in the chair of experimental physics II).
They have been published, together with the PL quenching results in [82].

4.5.1 Results from other experimental techniques

Absorption

The onset of absorption gives the lower limit of the spectrum that can be col-
lected in solar cells application (if neglecting the absorption by excited species
which can occur at lower energies but represent very small amount of light due
to the relatively low density of those species). In the case of P3HT, this onset
is found to occur at 1.85 eV as can be seen in figure 4.17.

Figure 4.17: Absorption (solid line) and EQE (dashed line) of P3HT thin films. The
thin lines show how the onsets of the respective spectra were determined. The onset of
the spectrally resolved photocurrent, the EQE, starts just above the absorption onset
of 1.86 eV. The major photocurrent contribution, however, is seen at the energy of 2.6
eV, which corresponds to the transport gap extracted in figure 4.18. Adapted from
Deibel et al. 2010 [82].

Photoemission and inverse photoemission spectroscopies

Photoemission spectroscopy uses highly energetic photons (UPS and XPS) or
electron (IPES) beams to ionize a material and determine the energy levels of
the resulting charged media (see experimental methods, § 2.3).
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Figure 4.18: UPS (black) and IPES (gray) spectra of a 70-nm-thick P3HT film on
ITO/glass. Measured data are plotted as points, the straight lines are 5 point averages.
The transport levels were derived from the band onsets as indicated by the lines. The
transport gap is 2.6 eV. The molecular structure of P3HT is shown in the inset. Source:
Deibel et al. 2010 [82].

As discussed by Krause et al. in Ref. [117], using the onset of the UPS
spectra gives the upper limit of the energy of the final state formed by electron
emission which is a relaxed free positive polaron. This is the upper limit of
the HOMO of P3HT positive polarons (HOMO+). Equivalently, the onset of
the IPES spectra gives us the lower limit of the LUMO band of negative P3HT
polarons (LUMO-).

The result found for P3HT are displayed in figure 4.18, the HOMO+ band
is found at -0.75 eV relatively to the Fermi level of the co-measured metal and
the LUMO- band at +1.85 eV, which gives us a transport gap of 2.6 eV.

External Quantum Efficiency

The importance and role of those two gaps is clarified by the result of spectrally
dependent photocurrent measurement in a solar cell. The EQE spectrum of
pure P3HT photodiodes is shown in figure 4.17. With increasing photon energy,
one can see a small photocurrent threshold at the same energy as the onset
of absorption corresponding to a very small charge generation efficiency which
we tentatively attribute to defect states or to dissociation at the interface with
the electrodes. At a photon energy of c.a. 2.6 eV a stronger threshold of the
photocurrent takes place, and this in spite of a decreasing absorption. This
energy corresponds quite nicely to the transport band gap as measured by PES.

Our interpretation is that the excitons generated by such high energy pho-
tons have enough thermal energy to overcome their binding energy and dissoci-
ate into polarons. An important point is that we do not associate the photons’
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absorption to a direct transition to a state where charges are separated. The
transition is rather associated with the generation of a hot S1 exciton with a
higher vibrational quantum number,8. Due to this additional energy, the exciton
has the possibility of dissociating into a pair of separated polarons which will
subsequently participate in the photocurrent (see also figures 4.12 and 4.14 (c)
where high kT enables zero field dissociation and virtually no field dependence).
Nevertheless this dissociation is in competition with the relaxation to the lowest
vibrational level of the S1 vibronic state which occurs in the time scale of the
molecular vibration (10−15 to 10−13 s [21]).9 As such this dissociation is still
relatively inefficient, which explains the EQE remaining below one percent.

4.5.2 Global picture

CB

CV

Figure 4.19: Schematic representation of the energy levels in P3HT. S, P , PP stand
for singlet exciton, polaron pair and separated polarons, respectively. The following
colors indicate the method used to determine the energies: yellow for field depen-
dent PL quenching, green for photoemission spectroscopy and dark red for absorption
spectroscopy. Adapted from Deibel et al. 2010 [82].

To explain our findings, we proposed for the exciton’s dissociation in pure
P3HT a two steps mechanism similar to what is observed in blends.10

a) As seen in § 4.2 the absorption of photons having an energy above the
absorption gap Eg,abs is generating an interchain exciton.

b) If supplied in an energy ∆ES→PP this exciton can dissociate in a polaron
pair, in which the two opposite charges have no wavefunction overlap anymore.

8This quantum number would be at least 3 for the main vibration mode, according to the
decomposition of absorption spectrum shown in figure 4.5

9See also theoretical part, § 1.1.1
10See theoretical part, § 1.2.2
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Energy [eV] Methods

Eg,abs 1.85− 1.88 absorption - EQE
Eg,s 2.58− 2.61 EQE - PES/IPES
∆ES→PP ≥ 0.42− 0.46 field dependent PL
∆EPP→P ≤ 0.24− 0.28 calculated
∆ES→P ≈ 0.7 calculated

Table 4.5: Experimentally determined energy levels of the conjugated polymer P3HT.

Therefore they can not recombine radiatively; for this reason, their formation
can be detected by the reduction of the exciton photoluminescence. Another
possibility is that transition from this intermediate level to the ground state is
optically forbidden. The minimal value for ∆ES→PP is found to be 0.42 eV.
Although those polarons can not recombine radiatively, they are still bound
together and can therefore not participate in the photocurrent, as can be seen
by the absence of raise of the EQE when increasing the photon’s energy over
2.2-2.4 eV (figure 4.17).

c) To participate in the photocurrent charges must be excited at least until
the HOMO+ and LUMO- levels, for holes and electrons, respectively, as de-
termined by photoemission spectroscopy (figure 4.18). Those two levels define
a transport gap Eg,transport of 2.6 eV. As evidenced by photocurrent measure-
ments, excitons generated with an energy higher than this transport gap have
chances to overcome their binding energy and dissociate into free charges which
can subsequently be extracted of the device. From there we can conclude that
the total binding energy of the exciton is 0.7 eV and the upper limit for the
binding energy of the polaron pair is 0.28 eV. The determined energy levels are
summarized in figure 4.19 and table 4.5.

4.6 Discussion

4.6.1 Total binding energy

Why such high binding energy?

With a value of 0.7 eV, the total binding energy found for P3HT is much higher
than this found by Krause et al. in 2008 by the same method (comparing pho-
toemission spectroscopy and the absorption onset) in evaporated small organic
molecules [117]. This can be attributed to the absence of long range order in
solution-processed films in comparison with evaporated ones which limits the
possibility of large radius excitons, especially in the interchain direction, thus
increasing the binding energy. As a matter of fact, perfectly crystalline con-
jugated polymers such as the polydiacetylene synthesized by Yee and Chance
have been found to exhibit a binding energy of 0.4 eV 11 closer to the one of
organic semiconductors based on small molecules [194].

Additionally theoretical work by Kirova and Brazovskii predicts larger bind-
ing energy for interchain excitons as compared to intrachain ones due to the
absence of an intramonomer repulsion in interchain excitons which is reducing
the binding energy of intrachain excitons (see theoretical part 1.1.3) [28].

11Determined from the difference between the onsets of absorption and photoconductivity.
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The 0.7 eV determined are actually rather close to the theoretical value of
0.6 eV found by van der Horst et al. from density functional theory calculation
on polythiophene [195]. Using electroabsorption measurements, Liess et al. also
estimated 0.6 eV as a lower value for binding energy in poly(3-octylthiophene)
films [196]. Nevertheless those two studies did not involve regioregular poly-
thiophene, as a result it is not unexpected to find a slightly higher energy in our
case.

Comparison with the P1/P2 polaronic transitions as detected by pho-
toinduced absorption

As we will see in the next chapter (§ 5.2), the photoinduced absorption spectra
of P3HT polarons is characterized by two absorption peaks P1 and P2, which are
traditionally associated to the two sub-bandgap transitions shown on figure 4.20
which are known to verify Eg = P2 +2P1,12 where Eg is the optical bandgap of
the polymer [140]. In the light of our energy model, it could seem contradictory
that polarons have transitions over the optical gap, and not over the polaron
gap that we have determined. However, it is not. Indeed, whereas the P1

transition of a positive polaron corresponds to a hole going deeper in the HOMO
band, the P2 transition in contrast, corresponds to an electron passing from
the polaronic HOMO level (actually SOMO as it was “single occupied”) to
the polaronic LUMO level, and thus to the formation of an electron-hole pair,
or more correctly: an exciton. As such it it expected that this transition is
lowered of Eb compared to the transport gap, which make it correspond to the
optical gap lowered of the polaron relaxation energy (≈ P1) if we consider that
the exciton binding energy is the same in a charged polymer as in the neutral
polymer.

P3HT+

+
P1

P2

+

P3HT+ after P1

+

P3HT+ after P2

+

Exciton

Figure 4.20: Formation of an exciton in P3HT+ polaron by P2 absorption.

Nevertheless the fact that the exciton binding energy would be the same in
neutral polymer chain and in the charged one is surprising, as for example in the
case of a positive polaron, the electron constitutive of the exciton is feeling the
attraction from two holes. Possibly this additional coulombic attraction energy
is then compensated by the repulsion between the two holes.

12Eg1.85 eV , P2 ≈1.25 eV , P2 ≈0.3 eV
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Figure 4.21: Field induced photoluminescence quenching of ladder-type poly(para-
phenylene) (MeLPPP) for different excitation wavelengths. Source: Hertel et al.
2002 [185].

4.6.2 Field induced PL quenching

In contrast to absorption and photoemission spectroscopies, where the initial
and final states are clearly identified in a relatively stable system, field depen-
dent photoluminescence quenching addresses the composition of the system in
a dynamic configuration: namely just after excitation. In the following, we will
try to clarify the nature of the species present before and after field-induced
dissociation as well as the possible mechanisms leading to the formation of the
latter and quenching of the former. We will finally discuss the relevance of us-
ing PL to monitor exciton quenching in P3HT where radiative recombination is
known for concerning less than 1% of the excitons [32,191].

Initial state: ”hot” or ”relaxed” excitons?

To explain that the exciton binding energy extracted from F-PL quenching is
lower than the one obtained by PES, we invoke that the final state in F-PL
quenching is a still coulombically bound polaron pair, whereas the final state
in PES is an unbound polaron. Why should the difference not be in the initial
state? Indeed, the photon energy of the exciting laser used for F-PL quenching
is much higher than the absorption onset. Actually, when adding the F-PL
binding energy (at least 0.42 eV) to the photon’s energy (2.32 eV), one finds an
energy of 2.74 eV which is rather close to the transport gap as determined from
PES.

Nevertheless, the comparison can not be done so easily. Indeed, as mentioned
by Clarke and Durrant [36], dissociation of hot excitons would be in competition
not with their recombination but with their relaxation which is much quicker
(in the order of 10−15 to 10−13 s). This means that much higher fields would
be necessary to overcome the binding energy within such a short lifetime (see
for example figure 4.12). Reciprocally, for this dissociation to occur at the
observed fields, the binding energy would need to be extremely small (and thus
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not comparable with this obtained by PES anymore). Moreover, even in the
case of a very small binding energy, the dissociation efficiency would be at best
in the range of 50 %. Indeed, dissociation requires the hopping of one charge
to a neighbor molecule, thus its rate can not excess the hopping rate which is
typically in the range of 1013 s−1 [188]. Although this limitation of the maximal
quenching is not incompatible with the results we obtained with P3HT, results
obtained for other polymers speak against this hypothesis, with for example a
quenching reaching 80 % in MDMO-PPV.

For a definitive answer about the possible dissociation of “hot” excitons, it
would be interesting to compare dissociation of excitons of different “hotness”,
which is to say generated from photons of different energies. This was done by
Hertel et al. on methyl-substituted ladder-type poly(para-phenylene) (MeLPPP)
by varying the excitation energy over 1.3 eV [185]. The result is displayed
in figure 4.21. An increase of the dissociation efficiency with the excitation
energy is indeed seen. However, the observed change is rather small and would
correspond to a change of binding energy of only few tens of meV which is within
the range of precision we can reach when determining the binding energy. As
a result one can conclude that the “hotness” of the generated exciton plays a
role which is not precisely understood, but that it is on the order of a correction
rather than the main mechanism.

Nature of the final state

The nature of the state formed upon field-induced dissociation is also a non
trivial question. In contrast to blends, where the existence of a stable CT-state
is rather well established [36], it is a priori unsure whether a relatively stable
state results from the field-induced exciton dissociation in pure material. One
could for example imagine that the distance between the exciton electron and
hole is continuously increasing with the applied field, thus lowering the overlap
of the two wavefunctions and with it the photoluminescence yield. Nevertheless
the absence of distortion of the PL spectra under field (see figure 4.8) speaks in
favor of a discrete transition between two species, one emitting and the other
not.

The examination of the higher excited states of regio regular polythiophenes
also reinforces this hypothesis: Two photon absorption spectroscopy measure-
ments by Sakurai et al. indeed enable to detect the presence of the second
excited state of regioregular poly(3-octyl)thiophene [24]. The Ag symmetry of
this state impedes direct electronic transition from or to the ground state, which
implies that it can neither participate to one photon absorption nor in photo-
luminescence. Moreover, the onset of its absorption is starting around 0.35 eV
above the onset of one photon absorption13 which corresponds rather well to
the binding energy we measured.

One question remains though: why should an applied field promote the
formation of this state. The answer is this time brought by the theoretical work
from Van der Horst et al. who calculated the electron-hole probability of radius
in those two excitons [197]. It reveals that the 1Ag exciton exhibits a much
more pronounced charge transfer character than this of the 1Bu exciton, thus
explaining its field induced formation.

13attributed to a transition from the ground state to the first excited state which is of Bu

symmetry.
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Dissociation mechanism: discussion of the fitting models

The comparison of the experimental results with the models for Onsager-Braun
for ion pair (figure 4.12(right)) and Wannier excitons (figure 4.15) dissociation
show that the two models seem to render very well the experimentally observed
behavior. The slight mismatch observed at lower fields might be understood
under the reasonable assumption of a distribution of binding energies due to
the disorder inherent to those materials (an energetic disorder of σ = 72 meV
was measured from the absorption spectrum of this material, see table 4.2). A
constant shift due to the built-in voltage in the device could also cause such
a distortion, but this hypothesis does not resist quantitative evaluation as it
would correspond to a built-in voltage of approximately 10 V.

The fact that both versions of the Onsager Braun model give an identical
value for the binding energy is a good indication that the excitons of P3HT
indeed have a rather strong charge transfer character. As the dissociation rate
exhibits different temperature dependences in the two versions of the model
(see equations (1.27) and (1.29)), it would be quite interesting to study the
influence of temperature on the field induced PL quenching. Nevertheless, if the
experiment is feasible, the modeling remains at the moment critical due to the
lack of information concerning the variation of the parameters with temperature,
as especially the behavior of the excitons lifetime τf is not precisely known.

Despite their good agreement with the experimental observation, criticism
can be formulated against the models from Onsager and Braun. Braun men-
tioned already in his original paper that a more accurate analysis should take
into account a distribution of exciton radii (or binding energies) [80], which was
implemented by Mihailetchi et al. [93]. Nevertheless, such an analysis requires
to add a distribution of exciton radii whose shape is quite difficult to know ex-
perimentally; for this reason, we chose to remain on the original model which
presents the advantage of containing only experimentally accessible parameters,
to the cost of a less good fitting and a resulting binding energy which is only
the average one.

Another critical point concerns the adaptation of the Onsager-Braun to neat
material exciton dissociation. Indeed, this model was initially developed to
model the dissociation of ion pairs into free ions. In that view, it is quite mean-
ingful that the pair reformation coefficient kr is given by the Langevin prefactor
for the recombination of separated charges. The logic is much less obvious in
the case of excitons whose “dissociation” — as we have just seen — actually
corresponds to a transition to their S2 (1Ag) exciton level, which exhibits a
much larger charge transfer character. For this reason, different models were
tried which do not invoke the Langevin recombination such as the model from
Kirova and Brazovskii [28,81] or Emilianova and Arkhipov [184]. Nevertheless,
those two models fail to describe the observed behavior as they both exhibit
a too steep raise of the quenching ratio upon raising the electric field. This
question is still an open issue, nevertheless, the good agreement between the
determined energy and the energy separating the 1Bu and the more strongly
charge separated 1Ag states in regioregular poly(3-octylthiophene) speaks in fa-
vor of the validity of the transposition of the OB model from polaron pairs to
excitons. A possible explanation would be that due to the rather large radius
of the 1Ag exciton, the two charges move within this radius and recombine on
a way which is similar to free charges but with local mobilities.
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Representativeness of photoluminescence in P3HT

There is an open issue concerning how representative of the excitons is pho-
toluminescence in a material in which less than 1 % of the excitons undergo
radiative recombination. Piris et al. [191] managed to use transient absorption
(TA) to probe excitons lifetime in pure P3HT as well as in blends with PCBM.
In pure P3HT, they extracted from this TA, probed at 0.9 eV, an excitons
lifetime of 200 ps whereas the time constant of PL was 600 ps. Similarly the
exciton quenching by addition of PCBM was different in both cases, which en-
abled them to extract a diffusion constant one order of magnitude smaller from
the transient absorption than from the PL. This speaks in favor of the presence
of two kinds of excitons, and it is thus unsure whether those two kind of excitons
have the same binding energy.

The problem of the representativeness of photoluminescence could be an-
swered in the future by monitoring via field dependent photoinduced absorp-
tion whether or not the PL quenching is correlated to an increase of the polaron
density or if the increase of polaron density exhibits a different field depen-
dence. Nevertheless field-dependent photoinduced absorption remains a techni-
cally challenging task.

4.7 Conclusion

As a summary, the present study has proven that the field dependence of pho-
toluminescence could be used as a tool to address the exciton binding energy of
semiconducting polymers. The expected photoluminescence quenching is indeed
observed and models exist that offer a relatively good match to the experimental
data and enable to extract the binding energy.

Although it was originally developed to describe the dissociation of ion pairs
into free charges, the Onsager-Braun theory has proven to be the most able
to render the experimental observation. Evaluation of the experimental results
resulted in a binding energy of 0.42 eV. Moreover, the theoretical description of
P3HT fluorescent exciton enables to determine the effective mass of this quasi-
particle, and thus to apply the variant of the Onsager-Braun theory relevant
for Wannier exciton dissociation. This model gave an estimation of the bind-
ing energy of 0.42 eV identical to the one obtained with the ion-pair model.
This result seems to indicate a rather strong charge-transfer character of the
interchain exciton in P3HT.

The comparison of the results of PL-F quenching to energy levels obtained
from absorption and photoemission spectroscopiy and confirmed by excitation
energy dependent photoconductivity measurements, enables to draw a global
picture of the energy levels relevant for photovoltaic applications in regio reg-
ular P3HT. As presented in Physical Review B [82], this analysis reveals the
presence of a transport gap having an energy 0.7 eV higher than the optical gap.
The difference is the total binding energy of the exciton, which is the energy to
provide for the dissociation of exciton into free charges. The field-dependent PL
quenching in turn reveals the presence of an intermediate excited state present-
ing a charge transfer character larger than the one of the primary S1 exciton
(of Bu symmetry). By comparison with two photon absorption measurements
from Sakurai et al. [24] and theoretical work by van der Horst et al. [197] this
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intermediate state was attributed to the S2 excited level (of Ag symmetry).
However, the exciton binding energy is far from being a closed topic. Tech-

nical and theoretical issues such as the incomplete PL quenching and influence
of polymer chains orientation relatively to the field, the influence of photon’s
thermal energy, the representativeness of fluorescing excitons among the P3HT
excitons, the temperature dependence of field induced dissociation, are still
opened for further investigation. Experiments have been proposed to address
those points which are not out of reach.

This work serves as a base for further research on the field dependent photo-
luminescence which is going on and was since then applied with success to other
material systems such as PPV derivatives and their blends with PCBM [72].

91



92



Chapter 5

Charges generation and
transport

5.1 Introduction

5.1.1 Motivation

While the previous chapter was dedicated to the use of absorption and emission
spectroscopy to characterize the primary excitation in P3HT, in this chapter we
will demonstrate how the absorption spectroscopy of excited species in photo-
voltaic blends can be used to monitor the generation of charges and intermediate
species upon photoexcitation and thus identify the strengths and weaknesses of
new material systems.

As detailed in § 1.2, photocurrent generation in organic solar cells requires
to go through a certain number of steps. This complex process leads to the
existence of a several bottlenecks. Although those steps seem to be successfully
passed in P3HT:PCBM, whose solar cells EQE exceeds 80% [59], it is important
to identify potential limitations for the design of new materials (with absorption
matching the solar spectrum better, or enabling larger open-circuit voltages)
which might not initially exhibit such optimal blend structure and photophysical
properties as P3HT and PCBM.

In the frame of the SolarNtype European Research Training Network, I had
the opportunity to work on novel electron acceptors that could be an alternative
to PCBM. Extensive photophysical studies as well as charge transport, devices
and morphological characterizations enabled me to pinpoint a certain number of
obstacles that can hinder the photocurrent generation in bulk-heterojunctions
solar cells.

This chapter includes a short presentation of a selection of studied molecules.
Follows a description of the spectral signatures of the different excited species in
P3HT which can be used to determine the fate of photoexcitation via photoin-
duced absorption spectroscopy. The two last sections present, on some exam-
ples, the issues of blend morphology and charge transport in bulk-heterojunction
structures, respectively, as well as how PIA and PL spectroscopies can help pin-
pointing those problems.
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5.1.2 Studied molecules

The aim of the SolarNtype European Research Training Network was the de-
sign, synthesis and evaluation of electron acceptor materials as alternatives to
PCBM. The underlying idea was that in contrast to electron donors, for which a
variety of possibilities have been successfully experimented [11,59,156,198,199],
only a few efficient alternatives to fullerene derivatives as electron acceptor
have been reported. Those alternatives being mainly inorganic —such as ZnO
nanocrystals [200]— or polymeric [201], although conjugated molecules such as
perylene-3,4:9,10-bis(dicarboximide) have been long known for their good elec-
tron accepting properties [202,203]. Within the SolarNType network, a certain
number of molecules were synthesized in partner laboratories, whose structures
are presented in figure 5.1.

Rylene derivatives, terrylene-3,4:11,12-bis(dicarboximide) (TDI) and perylene-
3,4:9,10-bis(dicarboximide) (PDI), were synthesized in the Max Planck insti-
tute for Polymer Research in Mainz following the methods previously presented
by Nolde et al. [204]. TDI was studied extensively in blend with P3HT. For
comparison purposes we carried out additional investigations on blends of PDI
with P3HT as well as blends of TDI with poly[2-methoxy-5-(2-ethylhexyloxy)-
p-phenylene vinylene] (MEH-PPV). Both TDI and PDI have electron affinities
— related to their lowest unoccupied molecular orbital (LUMO) — of 3.7 eV
(determined from cyclic voltammetry presented by Lee et al. [205] using the
method presented by Pron et al. [206]), making them potential acceptors for
higher energy electrons from P3HT (LUMO = - 3.3 eV). Additionally, TDI has
a rather low bandgap which gives it an absorption band between 600 and 800
nm, interestingly complementing the one of P3HT (see figure 5.2).

Phtalocyanines derivatives are well known dye molecules counting for ap-
proximately 25% of all artificial organic pigments [207]. In the field of organic
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Figure 5.1: Chemical structure of the studied materials: from the left to the
right, the two rylene derivative electron acceptors from Max Planck Institute
for Polymer Research perylene-3,4:9,10-bis(dicarboximide) (PDI) and terrylene-
3,4:11,12-bis(dicarboximide) (TDI), the two reference electron donors poly[2-methoxy-
5-(2-ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV) and poly(3-hexylthiophene)
(P3HT) and the two sulfonyl-fonctionalized copper phthalocyanine electron acceptors
from Universidad Autónoma de Madrid (UH1 and UH3).
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Figure 5.2: Absorption spectra of pristine P3HT thin film (©), pristine TDI thin film
(4) and 3:1 P3HT:TDI blend film (continuous line) together with the AM1.5 solar
spectrum (dotted line, right axis).

electronics, metal-phtalocyanines have been use as early as in 1986 as the elec-
tron donor of the first bilayer organic solar cell to reach the 1% efficiency [153]
and are still regularly used, for solar cells [208,209], field effect transistor [210],
or light emitting diods [211] applications.

In the Universidad Autónoma de Madrid, copper phtalocyanine (CuPC) were
functionalized with sulfonyl groups bearing alkyl side chains, which make them
soluble and electron acceptor. We were supplied in molecules with alkyl side
chains of two different sizes and thus different solubility. UH1 has rather short
side chains (3 carbon atoms) and is thus soluble only in small concentrations,
whereas UH3 having longer side chains can be more easily dissolved in organic
solvents. Both UH1 and UH3 exhibit a very strong absorption band at 700 nm,
which is complementary to the one of P3HT.

5.2 Characteristic features of P3HT PIA spec-
tra

We use PIA to monitor the excited species photogenerated in donor–acceptor
heterojunctions. As a result, we will first spend some time identifying the
characteristic features of the different species.

5.2.1 Features: number of species

Reference spectra Figure 5.3 shows the reference PIA spectra and polar plot
of P3HT and P3HT:PCBM 1:1 blends at 30 K. Those spectra are expected to
be representative of the absorption of neutral species (pure P3HT) and charged
species (blend) of P3HT, respectively. Indeed the contribution of PCBM excited
species to photoinduced absorption is usually found to be very weak, and thus
negligible if occurring in the same region as the absorption of the excited species
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Figure 5.3: PIA spectra and polar plot of films of pure P3HT (green) and P3HT:PCBM
(red) at 30 K (P3HT P200). Note: for the polar plot, the in-phase and out-of-phase sig-
nals are used without normalization to the samples transmission (see equation (2.13))
in order not to overweight the spectral regions where the signal is weak.

of P3HT. This is indeed the case as PCBM anions absorption have been found to
occur around 1.2 eV [109, p. 56] and this of PCBM triplets around 1.7 eV [212].

The absorption from excited species in pure P3HT is characterized by one
broad main absorption peak, labeled P3HT1 on figure 5.3 and taking its maxi-
mal value at approximately 1.05 eV, as well as a thin secondary peak centered
1.8 eV and labeled P3HT2 on figure 5.3. In the P3HT:PCBM blend spectrum,
three peaks are to be recognized: a broad peak at low energy labeled DP1, and
two partly superposing peaks labeled P2 and DP2 whose maxima occur at 1.25
and 1.85 eV, respectively.

One can notice that the onset of the photobleaching occurs at higher energies
in the blend than in pure P3HT, which could at a first sight be surprising
knowing that the onset of absorption occurs at the same energy in those two
systems. An other striking difference is the phase of the PIA signal: if this one is
relatively stable over one spectrum (just being shifted by 180◦ in photobleaching
as compared with absorption), it is much smaller in the pure P3HT case, thus
indicating a shorter lifetime of the species (see § 2.1.5).
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nearly entirely out-of-phase (see figure 2.6).

Dependences and distinction of the different features Additionally to
their different phase, excited species in pure P3HT and in P3HT:PCBM can also
be distinguished by the temperature dependence of their absorption (Figure 5.4).
If both spectra lose in intensity when increasing the temperature, the PIA of
pure P3HT vanishes already at lower temperatures than this of the blend which
remains detectable up to room temperature. This is consistent with the expected
shorter lifetime of the species observed in pure P3HT that was already indicated
by the smaller phaseshift of their photoinduced absorption.

PIA spectra also enables to distinguish different excited species within the
blend. Figure 5.5 show the PIA spectra of a P3HT:PCBM 1:1 blend under two
different modulation frequencies. As expected the PIA signal is much lower
under high frequency modulation, but one can see that the P2 peak is much
more quenched, until nearly disappearing, by an increase of the modulation
frequency, which is not the case of the DP2 peak. Moreover one can see that
the low energy peak actually contains two components, the lowest energy —
labeled DP1 in figure 5.5 — is quenched like DP2, whereas the one with a bit
higher energy — labeled P1 in figure 5.5 — is nearly totally quenched, similarly
to P2.

A number of studies have shown that P1 and P2 always exist together1 and
exhibit the same dependence upon external stimuli (variation of the excitation
modulation frequency [140], of the excitation intensity [140], of the tempera-
ture [140], isolation of the chains in an inert polystyrene matrix [140]); more-
over photoinduced absorption detected magnetic resonance (PADMR) studies
showed that they share the same resonance g factor slightly different of this
found for DP1 and DP2 [140]. P1 and P2 are thus considered as two absorp-
tion features originating from the same excited species. Similarly DP1 and DP2
are found to be due to a unique excited species, distinct of the one causing the
P1 and P2 PIA bands [140,179].

1Not only under photoexcitation, but also under I− doping [140]
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Presence of the blends features in pure P3HT Examination of the low
energy regions of the PIA spectra of pure P3HT reveals that the P1 and DP1
peaks also exist in the pure material. Moreover, one can see in figure 5.6 that
this low energy photoinduced absorption in pure P3HT has the same phaseshift
as the phaseshift of the PIA in the blend, which is quite different from the
phaseshift of the other features of pure P3HT PIA spectrum. This indicates
that the excited species responsible for the P1 and DP1 absorption are also
formed in the pure material, with a very weak efficiency though.
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Figure 5.6: Phase of the different features of the PIA spectra of pure P3HT compared
to the phase of the P3HT:PCBM 1:1 blend (P3HT P200).

5.2.2 Identification of the species

(a) (b)

Figure 5.7: Electronic transitions associated with the P1 and P2 absorptions. (a) One
electron band model of charged conjugated polymers and olygomers. Source: Maud
1999 [213]. (b) Molecular orbital description of neutral and charged oligomers. Source:
Maud 1999 [213].

Blends: charged species. A variety of measurement enables to undoubt-
edly attribute the P1/P2 and DP1/DP2 absorption bands to polarons in
P3HT. Indeed P1 and P2 are also obtained upon doping with I− or FeCl−4
instead of photoexcitation [24, 140] and the DP1 and DP2 have been detected
on FET structures in the accumulation regime using charge modulation spec-
troscopy2 [214, 215]. Moreover those two pairs of bands where found to be
associated to a spin 1/2 using photoinduced absorption detected magnetic res-
onance [32].

2Modulation of the gate voltage.

98



The P1 and P2 absorptions correspond well to the intragap transition char-
acteristics for the polarons of conjugated polymers as initially predicted by
Fesser et al. [216] from a one electron band model in polyacetylene and since
then observed in virtually every conjugated polymers. This model predicts that

“removal of an electron from the top of the valence band (VB) results
in the formation of a radical cation (polaron) which is characterised
by the appearance of two new levels inside the band gap. The lower
level, POL1 [see figure 5.7(a) ], is occupied by one electron and three
electronic transitions, E1, E2 and E3, lower in energy than that of
the neutral [molecule] are predicted.” [213]

Note that this scheme is consistently predicted by both solid state physics one
electron band model and quantum chemistry molecular orbital approaches (see
figure 5.7(b)). In the case of oligothiophenes:

“the transition E2, involving promotion of an electron from the
HOMO to POL2 (BPOL2) involves levels of identical symmetry.
[...] Such transitions are expected to have only a very small oscilla-
tor strength or they are strictly forbidden.” [213]

As a result the observed transitions P1 and P2 are associated to the predicted
ones E1 and E3, respectively. Note that the transition E0 that is responsible for
the onset of ground state absorption is still possible in the polarons. This might
partly explain why the photobleaching starts at higher energies in P3HT:PCBM
than in pure P3HT (see figure 5.3).3 Note also that in this model, P1 is directly
related to the polaron relaxation energy Er [32].

Figure 5.8: Model for the gap energy levels and related allowed optical transitions of
intrachain polarons and delocalized polaron excitations. 2∆t is the DP level splitting
and the relation E(DP1) + E(DP2) = E(P1) + E(P2) holds. Source: Jiang et al.
2002 [32].

Important differences between the P1/P2 peaks and the DP1/DP2 are
that the latter are absent in solution [214], not or weakly detected in doping

3Another explanation is that the actual onset of photobleaching in the blend is hidden by
the upper energy tail of the DP2 peak, indeed PADMR spectra (reproduced on figure 5.9(a))
shows that the DP2 peak extends over the onset of the photobleaching [32].
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induced absorption4 [24,140], quenched by embedding the polythiophene chains
in an inactive polystyrene matrix [140], that the DP1 peak position is very
sensitive to the polymer chains environment (solvent used, alkyl-chain length
in P3ATs, hydrostatic pressure) [32, 140] and that they do not exist in regio-
random P3HT5 [32, 140]. For these reasons they are attributed to interchain
delocalized polarons.

Figure 5.8 shows the formation of the DP1/DP2 levels by hybridization of
the energy levels of two neighbor polymer chains. This is the same principle as
the exciton dimerization presented in the theoretical part (§ 1.1.3). This readily
explains the observed dependence of the DP1 peak position upon stacking con-
ditions [32,140]: by decreasing the stacking distance (decrease of the alkyl-chain
length in P3ATs, use of higher boiling point solvent, high hydrostatic pressure)
the interchain interaction β is increased and thus the dimer splitting (labeled
∆t in figure 5.8), which in turns shifts DP1 to lower energies.

Pure P3HT: neutral species. Regarding now the pristine material, in con-
trast to the PIA features of the blend, the peaks observed in pure P3HT are
much less clearly identified. The distinction between the two peaks P3HT1 and
P3HT2 (see figure 5.3) itself is unsure. Indeed, the region of weaker photoin-
duced absorption at approximately 1.7 eV corresponds quite well to P3HT’s
photoluminescence (see figure 4.3). As such, it could be that this hole in the
absorption spectrum is actually due to the opposite contribution of stimulated
emission. Although the early studies by Jiang et al. [32] claimed that no stim-
ulated emission could be detected in pure regioregular P3HT, this was contra-
dicted by most of the recent ultrafast spectroscopy studies [99, 164, 191] the
latest of which even observed stimulated emission in P3HT:PCBM blends at
very early times [99,191]. This implies that the P3HT2 peak might actually be
a tail of the P3HT1 peak, just separated by a region where stimulated emission
is compensating the photo-induced absorption.

The nature of the P3HT1 peak is also an ongoing debate. In most of the
conjugated polymers, including regio-random P3HT [32,140], the main distinc-
tive feature or pure polymer is a broad triplet peak. If the early studies from
Valdeny et al. [32,140] claimed that this was not the case in regioregular P3HT,
some of their arguments have since then been contradicted.

The theoretical argument was that the very planar organization of regio-
regular P3HT films was detrimental to triplet formation. Nevertheless as we
saw before (§ 3.1.2), an important fraction of the regioregular P3HT films is
constituted of amorphous regions where the planar configuration of the polymer
chains is not the rule. Moreover it is usually considered [23] that sulfur atoms
are heavy enough so that nuclear–electron spin coupling enhances inter-system
crossing.

The main experimental argument was for Jiang et al. [32] the non-detection
of species having a spin 1:

“Using PADMR at H1/2 that corresponds to g=5.1 of triplet species,
long live spin 1 excitation have not been found in RR-P3HT films.” [32]

As a matter of fact, Sakurai et al. indeed observed triplet emission in regioregular

4Large interstitial ions may actually isolate the polymer chains from each other [140].
5In regiorandom P3HT, the random organization of the side chains prevents π-stacking.
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poly(3-octylthiophene) only when breaking the ordering by embedding the con-
jugated polymer in a polyethylane matrix [24], or by electroluminescence. How-
ever, spin 1 species have since then been clearly observed in regioregular P3HT
films using photoluminescence detected magnetic resonance (PLDMR) [217].

The arguments that remain in favor of the non-triplet nature of the ex-
cited species causing the P3HT1 PIA peak is its dynamics: indeed this peak
is known for being associated to relatively short living species (the peak extin-
guishes within microsecunds to tens of microseconds even at temperatures so
low as a few tens of kelvins) which do not decay monomolecularly and exhibit
a sublinear dependence upon light excitation intensity [32]. This is in contrast
with the triplet peak observed by Jiang et al. in regiorandom P3HT [32], or to
the one observed in regioregular poly(3-ocrylthiophene) by Sakurai et al. which
exhibited a lifetime of 30 ms at 77 K, although its spectral shape and position
was exactely the same as this observed in regioregular P3HT [24].6 An other
argument used by Ohkita et al. [54,57] is that the dynamics of this peak remains
unchanged when measured under O2 atmosphere, which strongly contrast with
triplet peaks, such as these observed in the polythiophenes that do not present
any interchain organization (including regio-random P3HT) [54,57].

As a result, some publications describe this peak as being due to triplets [177,
Supporting informations] [24,218] whereas others consider it as due to interchain
singlet excitons [32, 140] or coulombically bound polaron pairs [54, 57] (which
could also include some pairs with spin 1, as the ones detected by Sperlich et
al. using PLDMR [217]).

More generally accepted is the interchain character of the excited species
causing the P3HT1 PIA peak. Indeed groups in favor of the singlet nature
of the excited species noticed that this peak is disappearing upon embedding
the polymer chain in a polystyrene matrix [140], while groups in favor of its
triplet nature claim that the position of the peak, quite red-shifted compared
to the peak observed in solution, is due to an agglomeration effect similar to
the one observed for the ground states absorption [177, Supporting information]
(see also § 4.2). Also clear is the neutral character of this excited species as it
was never observed upon doping [24,140], charge modulation [214,215] and that
PADMR studies could not associate it with a spin 1/2 [32, 140, 219]. In this
thesis we thus will limit ourself to define it as a neutral excited species.

5.2.3 Comparision of P3HT P200 and P3HT 4002E

Figure 5.9 shows the differences between the PIA spectra of P3HT 4002E and
P200 as well as the historical P3HT used by Valdeny et al. [32, 140] to identify
the spectroscopic features associated with the polymer’s excited species. The
most striking difference is the clear presence of the polaron peaks in the histor-
ical spectrum which is not clearly present in the two modern materials. The
formation of polarons in historical P3HT could be due to the bigger amount of
impurities remaining from the synthesis, as these impurities could act as disso-
ciation centers on the excitons. The synthesis of P3HT having improved in the
ten years following those early studies, modern spectra exhibit only a shoulder
at the position of the P2 polaron peak. By comparing the spectra of P3HT
4002E and P3HT P200, one can notice that the shoulder associated with the

6Nevertheless it could be that Sakurai et al. observed only the long-lived tail of the decay.
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P2 polaron peak at 1.25 eV is more clear in the 4002E, which once again cor-
responds rather well to the larger concentration of impurities present in P3HT
4002E as compared to P3HT P200 (200 ppm in 4002E compared to 50 ppm in
P200, see § 3.1.4).

Figure 5.10 shows the spectra of P3HT:PCBM 1:1 annealed blend with P3HT
4002E and P3HT P200. As expected from the stronger regioregularity of the
P3HT P200, supposed to result in a better crystalline structure, the absorp-
tion attributed to delocalized polarons (DP1 and DP2) is much larger in the
P200:PCBM blend than in the 4002E:PCBM blend.

5.3 Application to photoactive material systems
characterization: phase separation in P3HT:CuPC
blends

In bulk-heterojunction solar cells, the blend structure depends on the self orga-
nization properties of the two components. This structure should ensure close
intermixing of the phases so that an heterojunction interface is always within
reach of the primarily photogenerated excitons, which have a limited diffusion
length. On the other hand it is necessary that a percolated pathway exist from
any point in the acceptor phase to the cathode and from any point in the donor
phase to the anode so that the charges can be extracted from the device. De-
pending on the processing condition and the affinity of the two components for
each other, several situations can occur as represented in figure 5.11. In this sec-
tion we will present those question based on the example of the molecules UH1
and UH3 (see figure 5.1) synthesized in the Universidad Autónoma de Madrid.

Figure 5.11: Possible blend morphologies. Left: Total demixion of the two components:
all generated charge carrier will reach their electrode but most of excitons will not
dissociate because no interface within diffusion range. Center: Ideal situation: excitons
can reach an interface, and separated charges can diffuse to the electrodes (adapted
from Deibel et al. 2010 [59]). Left: No demixion, all excitons will be dissociated but
charges have very little chances to find a pathway to an electrode.

5.3.1 Excessive phase separation: problem of excitation
harvesting

Due to its low solubility, UH1 is expected to quickly agglomerated when de-
posited on a sample. This leads to the formation of phases of big dimensions as
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seen by scanning electron microscopy (SEM) (figure 5.12) with a phase size in
the shortest direction of approximately 230 nm, which is largely exceeding the
exciton’s diffusion length in organic materials which is in the order of 10 nm.

Figure 5.12: SEM pictures of a P3HT:UH1 blend.

The consequence of this excessive phase separation is that the excitons gen-
erated by light absorption have little chances to reach an interface and thus to be
dissociated. As a result, most of them will recombine giving a photoluminescence
nearly as intense in the blend as in neat P3HT, as shown in figure 5.13 (left).
Similarly the PIA spectrum at low temperature (figure 5.13 (right)) is clearly
dominated by the absorption of excited species typical of pure P3HT, although
a weak polaron absorption peak can also be seen at low energies. Note: the
negative peak at 1.65 eV corresponds to CuPC absorption and can thus be
attributed to photobleaching.

The influence of processing conditions on solar cell performances is in agree-
ment with previous observations. Indeed the use of solvents with a low boiling
temperature such as chloroform enables to obtain better solar cells performances
than solvents with higher boiling points such as chlorobenzene (figure 5.14 (b)).
Low boiling temperature solvents evaporated quickly after deposition, the blend
is thus expected to be “frozen” in an intermediate morphology before reaching
full phase separation. Similarly, annealing has a negative impact on solar cells
performances as it is expected to enable the molecules to reorganize further and
thus to form bigger phases (figure 5.14 (a)). Processing optimization enables
to strongly enhance the solar cells performances. However, those performances
remain too low for application.
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5.3.2 Insufficient phase separation: problem of charge trans-
port.

On the opposite, the blend of P3HT with UH3 exhibits a perfect quenching of
P3HT’s photoluminescence (figure 5.15 (a)), and this even with a lower content
of UH3 (P3HT:UH3 4:1 weight ratio). This quenching is even superior to what
is usually seen for example in P3HT:PCBM, the reference blend. This tends
to indicate the formation of very small phases, or possibly even the absence of
separation of the two components of the blend. The PIA results confirm excitons
quenching as the 1.05 eV peak due to the absorption of pure P3HT excitons
(triplets or delocalised excitons) is completely quenched (figure 5.15 (b)). More
generally the PIA spectrum of this blend is quite typical of polarons in P3HT
as they can be seen for example in P3HT:PCBM blend (see figure 5.15 (c)) with
the two additional features of CuPC: the photobleaching at 1.65 eV and the
peak at 1.75 eV.
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However, solar cells based on the P3HT:UH3 blend also exhibit efficiencies
limited to the order of 10−3 %. The efficiency of the PL quenching pinpoints
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a lack or a too small of phase separation, which allows for a perfect excitons
quenching but hinders the percolation and thus the existence of continuous path-
way for charges to the electrodes. Those charges are thus lost to recombina-
tion. The variations of the solar cells performances upon varying the processing
conditions is in agreement with this hypothesis. In contrast to what happens
with UH1 based solar cells, no positive effect can be seen when using a sol-
vent with lower boiling point. Moreover, annealing enhances the performances,
while slightly decreasing the photoluminescence quenching (figure 5.16) which
indicates the formation of small domains of pure P3HT. However, the photolu-
minescence remains much lower than in P3HT:PCBM blends, it is thus likely
that the domains size still does not enable percolation. Finally the best solar
cells are obtained for rather thin layers (around 70 nm which contrasts with
the optimal thickness around 200 nm for P3HT:PCBM solar cells) which is
consistent with the hypothesis of a percolation problem.

5.4 Charge transport and extraction: the case
of TDI

Among the two materials provided by the Max Planck Institute for Polymer Re-
search in Mainz, we chose to focus our study on TDI which was more promising
due to the complementarity of its absorption spectrum with this of P3HT, and
to use PDI mainly for comparison. In contrast with TDI, PDI has a larger band
gap and its main absorption peak is located between 530 and 535 nm [204] which
is in the same spectral region as P3HT. We expect both PDI and TDI to have
the same ability to attract the electrons from associated polymer, because they
have the same LUMO level. Films were deposited from chloroform solutions,
various blend ratios were tested, weight ratio for P3HT:TDI between 3:1 and 4:1
appeared to give the best results regarding photoluminescence quenching and
PIA signal intensity as well as solar cells efficiency. The absorption spectrum
of a 3:1 blend is shown in figure 5.2; it corresponds to the superposition of the
pristine materials absorptions. All the results reproduced in this section have
been reported by us in the peer reviewed journal Synthetic Metals in 2012 [220].
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5.4.1 Excitation harvesting and charge generation in TDI

PL spectra of pristine P3HT, TDI and P3HT:TDI (ratio 4:1) blend films were
recorded. Both pristine materials show characteristic PL (see figure 5.17). In
order to better visualize the quenching contribution, we calculated the photo-
luminescence that a 4:1 P3HT:TDI blend would have in the absence of this
quenching, according to the following expression:

PLcalc(λ) =
4

5
× PLP3HT (λ) +

1

5
× PLTDI(λ) (5.1)

where PLP3HT is the PL of the pure P3HT and PLTDI the one of pure TDI.
This PL is represented by the symbol (+) in figure 5.17. In contrast to the
pristine materials, the blend exhibited very weak luminescence, the magnitude
of the highest peak being only 1.7% of the calculated one. As a comparison, we
obtained 4.1% residual luminescence with a P3HT:PCBM 1:1 blend under the
same conditions (see table 5.1).

This luminescence quenching suggests that most of the primary photo-
generated excitons are converted into non-emitting excited species before they
radiatively recombine, which was reported to occur within 1 ns after excitation
in pure P3HT [191] (see also § 6.2). Moreover the shape of the remaining lu-
minescence roughly corresponds to the calculated one which indicates that the
primary excited species are indeed the same ones as in the pristine materials.
Nevertheless, one can notice that the peak at 680 nm which corresponds ex-
clusively to PL from P3HT (see figure 5.17) is more quenched than the peaks
in the spectral region where both materials are luminescing. This implies that
P3HT excitons are a bit more efficiently quenched than TDI excitons. This
difference can be explained in terms of charge affinity of the two materials if we
consider — as will be shown below — that this PL quenching is due to exciton
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dissociation into charges at the heterointerface. In case of P3HT excitons, the
electron is attracted by the very electronegative TDI molecule as expected from
the significant LUMO offset. In contrast, TDI excitons would be dissociated by
the hole transfer to the P3HT, which is a bit less favorable, as expected from the
lower HOMO offset between both materials (table 5.1). Another possible reason
would be that excitons in P3HT can reach the heterojunction interface more
easily than those in TDI, either because of superior exciton diffusion coefficient
or lower average distance to travel.

Further insight of the fate of those excitons can be obtained by studying the
photo-induced absorption spectrum of the P3HT:TDI blend, which is shown
in figure 5.18a. This spectrum clearly exhibits the characteristic absorption
for P3HT localised (P1 and P2) and delocalised (DP2) polarons (see § 5.2.2).
Those peaks can also be seen in other blends involving the formation of P3HT+
polarons such as P3HT:PCBM (dotted line shown for comparison).
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Figure 5.18: (a) Photoinduced absorption spectra of a P3HT:TDI blend at various
temperatures (continuous lines) and P3HT:PCBM blend at 30K (dotted line). (b)
Photoinduced absorption spectra of a MEH-PPV:TDI blend at various temperatures.

In addition to those P3HT features are the 0.91 eV, 1.17 eV and 1.33 eV
peaks. Similar peaks, though blue shifted by 0.4 eV, were already mentioned
for PDI [221] and attributed to PDI negative radical anions (0.4 eV is also
difference between the HOMO-LUMO gaps of TDI and PDI respectively, the
same blue-shift can also be found in absorptions and photoluminescence) [204].
The position of those peaks appeared to be quite stable with temperature, as
well as by varying the donor:acceptor ratio or the donor molecule. We also
observed them at the same position when using MEH-PPV as a donor (see
figure 5.18b). For all those reasons, we attribute those peaks to TDI anions.

Those features, characteristic for charged species, are a strong indication
that the initially generated excitons are efficiently separated into positive P3HT
polarons and negative TDI anions. Efficient charge generation has also been
reported in various polythiophene:PDI blends [222]. An additional indication is
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given by the absence of the peak at 1.05 eV. This peak is a very clear feature
in pure P3HT and has been ascribed to neutral excited species in pure P3HT
(see § 5.2.2); it is totally missing in blends.

Those spectra also confirm that absorption indeed occurs in both materials as
seen by the P3HT photobleaching from 1.9 to 2.2 eV (also seen in P3HT:PCBM)
and one negative peak that we attribute to TDI photobleaching at 1.78 eV
(corresponding to the maximum of the second absorption peak of TDI).

Figure 5.19 shows the ESR measurements which confirm the presence of
photoinduced charges in blends of TDI or PDI with P3HT. A single ESR line
was observed, which exhibited resonance features such as g-factor, linewidth and
saturation under high microwave power conditions (inset in figure. 5.19) quite
typical for positive P3HT polarons as in P3HT:PCBM blends [115]. However
no signal of the negative TDI or PDI polaron was detected. We assume that
this signal might have similar resonance features as the P3HT polaron and is
superimposed by the more intense P3HT polaron spectrum.
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Figure 5.19: Normalized ESR spectra of P3HT blended with TDI, PDI and PCBM
measured at 100 K with a microwave power of 20 mW and white light illumination.
The inset shows the microwave saturation behavior of the peak-to-peak signal intensity
of the P3HT:TDI blend.

5.4.2 Solar cells and EQE

Using the P3HT:TDI blend as an active layer, we were able to produce diodes.
Nevertheless the photovoltaic response of the devices remained quite below our
expectations. A typical current voltage characteristic is shown in figure 5.20.
The open circuit voltage remained comparable to what can be observed in
P3HT:PCBM cells (see Table 5.1), but the photocurrent was very low which
contrasts quite strongly with the charge generation observed by PIA and EQE.
Additionally the photocurrent is exponentially increasing when getting away
from the open circuit voltage, which results in a low fill factor and suggests a
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field dependent generation, and is here again in contrast with the aforemen-
tioned good charge generation properties.
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Figure 5.20: Current–voltage characteristics of a P3HT:TDI solar cell with 0.5 cm2

active area in dark and under halogen lamp 100 mWcm−2 illumination represented
on linear (left axis, continuous lines) and logarithmic (right axis, dotted line) current
scale.
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Figure 5.21: EQE spectrum of 4:1 P3HT:TDI blend (continuous line, left axis), nor-
malised absorption spectra of pristine P3HT thin film (©) and pristine TDI thin film
(4)

The EQE spectrum of those solar cells is shown in figure. 5.21. It reveals that
the charges generated at 500 nm (as shown by the PIA and ESR measurements)
— and more generally in the spectral region where mainly P3HT is absorbing
— are not well extracted. In contrast, in the regions where mainly or even only
TDI is absorbing (above 680 nm), the EQE is higher. In fact, the EQE spectrum
looks quite similar to the absorption spectrum of pure TDI with a distortion
in favour of the UV region. This overweighting of the UV-regions could be
due to the fact that photons of the UV region could generate excitons with
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enough thermal energy to overcome their binding energy and split into charges
even without the assistance of an heterojunction, similar to what occurs in pure
P3HT diodes with photons of energy over 2.6 eV (see § 4.5.1 and Ref. [82]).

5.4.3 Influence of the energy levels

In order to rule out the possibility of an energy level mismatch between the elec-
tron donor and the electron acceptor, we reproduced the experiments changing
one of the components of the blend in order to obtain blends with higher HOMO
levels offsets. This offset is indeed rather small in the P3HT:TDI blend which
might leave some possibilities of energy transfer from P3HT to TDI which has
a smaller band gap. Such a change should also increase the driving force for
charge separation. Nevertheless, it should be noted that none of the photolu-
minescence measurements revealed the occurrence of an energy transfer which
should have caused enhanced TDI luminescence in the blend. To increase the
HOMO offset, two approaches were considered: using an electron donor with
higher HOMO level in a MEH-PPV:TDI blend, and using an electron acceptor
with lower HOMO level in a P3HT:PDI blend (see HOMO offsets in table 5.1).
The blends were studied in following ratios: 2:1 for MEH-PPV:TDI and 3:1
for P3HT:PDI. Although PIA measurements are not quantitatively comparable
from one spectrum to the next, general trends can be extracted from them.

Table 5.1: Summary of the donor:rylene blends performances.

Energy levels [eV]a Excit. harvest. Charge separat.
blend ratiob

∆HOMO ∆LUMO PL quench. PIAc ESRd

P3HT:TDI 4:1 0.4 0.2 ≈ 98% 1 1
P3HT:PDI 3:1 0.4 0.5 ≈ 97% ≈ 8.8 2-3
PPV:TDI 2:1 0.8 0.4 > 99% ≈ 1.5 NA
P3HT:PCBMe 1:1 0.4 0.9 ≈ 96% ≈ 5 ≈ 10

Solar cells
blend ratiob V0 [V] jsc [mA/cm2] fill fact. efficiency

P3HT:TDI 4:1 0.39 1.6 ×10−2 33% 1.0 ×10−3%
P3HT:PDI 3:1 0.39 2.3 ×10−2 25% 1.4 ×10−3%
PPV:TDI 2:1 0.74 0.12 26% 1.6 ×10−2%
P3HT:PCBMe 1:1 0.62 10.33 57% 3.63%

a Calculated from cyclovoltametry measurements shown in [205] using the method presented
in [206] plus data from [223] and [199] b Ratio providing the best efficiencies c integrated P1
peak at room temperature, normalized to the P1 peak of the P3HT:TDI blend d Integrated ESR
signal, relatively to P3HT:TDI, at 100K e Samples prepared from chlorobenzene solution

The results of these studies are summarized in table 5.1. Both blends ex-
hibited a very good harvesting of the primary excitons, characterized by a high
quenching of the materials photoluminescence. In the MEH-PPV:TDI blend,
the remaining photoluminescence was even below the limits of detection except
at the lowest temperature (30 K), though pristine MEH-PPV has the strongest
luminescence of the studied materials. The charge generation measurements
(PIA and ESR) and current–voltage characteristics revealed an absence of cor-
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relation between the photophysically measured charge generation and the de-
vice performances. Indeed, although the use of PDI instead of TDI results in
a clear enhancement of charge generation (see table. 5.1), both P3HT:PDI and
P3HT:TDI based solar cells exhibit a very similar performance, which is a good
indication of a process preventing the charges from being extracted, indepen-
dently of their concentration. In contrast, the MEH-PPV:TDI blend which ex-
hibits smaller P1 peak (see figure. 5.18b) enabled us to process solar cells with
a short circuit current one order of magnitude higher than the P3HT:rylene
blends.

5.4.4 Charge transport

Possible intrinsic limitations regarding electron transport in TDI were inves-
tigated by time-of-flight photoconductivity measurements. Due to excessive
roughness of pristine TDI films, no working device could be processed from
them. Measurements were thus carried out on P3HT:TDI blends. They revealed
an electron mobility between 1.07×10−3 cm2s−1V−1 and 2.37×10−3 cm2s−1V−1

(figure 5.22 (a)) for electric fields ranging from 3.3×107 Vm−1 to 4.0×107 Vm−1.
This value is nearly one order of magnitude larger than our measurements of
the electron mobility with the same method in pristine P3HT and comparable
to the electron mobilities obtained in P3HT:PCBM with excess of PCBM [116].
We therefore attribute it to electron transport through TDI.

The hole mobility on the same sample was found to range from 2.95×10−5

cm2s−1V−1 to 6.92×10−5 cm2s−1V−1 for fields between 6.7×106 Vm−1 and
3.3×107 Vm−1. As represented in figure 5.22 (b), this is one order of magnitude
lower than in pure P3HT. This is expected in blends compared to pure samples
as a percolated pathway is longer than a straightforward way in a bulk, we
therefore attribute this mobility to holes transported in P3HT. Such decrease
has also been observed when blending P3HT with PCBM although to a lower
extent [116], which suggest a less favorable morphology in the P3HT:TDI blend
than in P3HT:PCBM.

5.4.5 Morphology and charge extraction

X-ray diffraction pattern (see figure 5.23) revealed in the bulk of the P3HT:TDI
3:1 sample the same feature as in the typical stacked layer of pure P3HT with a

characteristic distance in the (100) direction of λ/2 sin(θ) = 17.1
◦
A comparable

to 16.8
◦
A found in literature [141]. This feature reveals an undisturbed P3HT-

lamellae formation which is an indication of the presence of a pure P3HT phase
in the blend.

Scanning electron microscopy performed on pristine TDI as well as P3HT:TDI
1:1 and 4:1 blends is represented in figure 5.24. The images are consistent with
the afore-mentioned phase separation as they exhibit two very different kind of
structures. Needle-like structures are present in the pure TDI as well as in the
blends and were already observed in PDI [224, 225]. Their size is decreasing
with the ratio of TDI. We therefore attribute those needles to pure TDI phases.
Between the needles: a flat surface, the level of which is increasing with the
ratio of P3HT to finally leave just a few needles emerge in the 4:1 ratio. We
attribute this feature to the P3HT phase. It should be noted that the propor-
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Figure 5.22: (a) Electron and (b) hole current transients for the neat P3HT and
P3HT:TDI 4:1 blend. The time scale has been normalised to the thickness of the
sample, the arrow thus represents the transit times ttr divided by the films thicknesses,
which is to say the time required by charges to travel 1 µm.

tion of TDI visible at the surface of the 4:1 sample is much lower than 20 %,
suggesting a non homogeneous distribution of the materials in the bulk. Finally
a third kind of feature has to be mentioned: pure TDI also forms a flat surface
on the substrate which differs from the P3HT surface by its larger roughness.
Although it can be observed only in the pure TDI film, this layer could also be
present in the P3HT:TDI under the P3HT.

Those images also make clear why a ratio of at least 3:1 is necessary to obtain
good photophysical properties. In the 1:1 ratio, a big part of the TDI needles
are not covered by the P3HT phase, thus making it impossible for the TDI ex-
citons to reach a donor:acceptor interface, resulting in a strong remaining TDI
photoluminescence in case of a 1:1 ratio. It also explains the problem of mak-
ing devices using pure material where needles height typically reaches several
hundred nanometers, which is an obstacle to the evaporation of an electrode as
thin as 50 nm required for time of flight measurements.
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Figure 5.23: X-ray diffraction by a P3HT:TDI 3:1 (continuous line) sample and pristine
P3HT reference in dotted line (with a vertical offset for clarity).

5.4.6 Discussion

The most remarkable observation resulting from our studies is the mismatch
between the very good properties of terrylene-3,4:11,12-bis(dicarboximide) as
electron acceptor and electron transporter in P3HT:TDI blends and the poor
performances of the solar cells processed from the same blend. Photo-induced
absorption and electron spin resonance measurement concomitantly show that
illuminating a P3HT:TDI blend with a 500 nm light results in the generation
of separated charges.

The comparisons of P3HT:TDI and P3HT:PDI blends confirms that charge
generation, although less efficient than in P3HT:PCBM, is not the main problem
of P3HT:xDI blends. Indeed, while P3HT:PDI blends exhibit a charge gener-
ation efficiency several times higher than the one of P3HT:TDI as proven by
ESR and PIA measurements, the solar cells performances of those two blends
are almost identical.

The measurements of time of flight mobilities in the P3HT:TDI blend en-
abled to rule out transport problems by revealing an electron mobility quite
comparable to the one of PCBM. This is consistent with the high local mobili-
ties reported in literature on crystaline PDI. [226]

At first sight, the morphology appears to be also rather well adapted to solar
cells application: phase separation does occur, as proven by the XRD measure-
ments and SEM images. Moreover, the PL quenching seems to indicate a rather
optimal phase size: too small phases would result in a total PL quenching (as
for MEH-PPV:TDI blends, shown in table 5.1, or P3HT:UH3 blends in § 5.3.2)
whereas excessive phase separation would prevent PL–quenching (see the ex-
ample of UH1 in § 5.3.1). None of these situation is observed with P3HT:TDI
blends.

The EQE spectrum of P3HT:TDI shows that very little photocurrent is
originating from the P3HT absorbing regions, where the maximum of the EQE
would be expected by comparison with P3HT:PCBM cells and the absorption
spectra. We know that charges are generated in that spectral region because
that is where the samples are excited in the PIA experiment. We propose that
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Figure 5.24: SEM pictures of following materials spincoated on sapphire substrates:
pure TDI (a) and P3HT:TDI blends with weight ratio 1:1 (b) and 4:1 (c). The size of
the needles is visibly decreasing when increasing the ratio of P3HT. The cracks visible
on the 4:1 blend are due to a thin layer of gold deposited on the organic layer for
imaging. Schematics in the inset represent the suggested bulk structures with blue
representing TDI, fuchsia representing P3HT.

a thin pure TDI layer — similar to the ones observed on pure TDI samples—
could be formed close to the substrate in the P3HT:TDI blend. This layer could
efficiently prevent the holes in P3HT from reaching the anode. This assumption
is consistent with the observation of a TDI layer on the substrate by SEM
imaging of the pure TDI sample. This layer could also be present in the blend,
even if not observable because lying under the P3HT. Such vertical segregation
have been reported — to a lower extend — in P3HT:PCBM blends, where the
PCBM is found to be much more abundant close to the substrate that at the
surface of the film [227]. We suggest that the extent of this phenomena in
P3HT:TDI results in the ITO cathode being efficiently sealed by a TDI layer.
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This is also consistent with the low solubility of TDI, which thus tends to deposit
first during the solvent evaporation process, whereas the P3HT can just have
its concentration increasing in the remaining solution.

The higher quantum efficiency in the spectral regions where only TDI ab-
sorbs can be explained by pristine material photovoltaic effect: the hot excitons
are generated, separated and extracted within the TDI phase without the assis-
tance of P3HT due to thermally assisted dissociation and the energetic disorder
inherent to organic semiconductors. This is consistent with the SEM measure-
ments that revealed that some TDI needles can reach the surface of the blend,
thus being in contact with the anode. Photoluminescence studies also demon-
strated that the contribution of TDI in the remaining luminescence in the blend
is higher than the one of P3HT, proving that some excitons can remain in the
TDI phase long enough for recombination to occur.

To evaluate the magnitude that charge dissociation can reach in a pure ma-
terial, we processed pure P3HT solar cells. The EQE of those cells reached a
maximum of 4.3×10−3, similar to the P3HT:TDI solar cells whose EQE reaches
a maximum of 3.7×10−3. Another interesting point is the shape of the EQE
spectrum: in contrast to a system in which the charge separation would be
driven mainly by the heterojunction, the highest energy peaks are quite over-
weighted relatively to the absorption, which is a sign that the driving energy
for charge separation could be excess energy of the “hot” excitons generated
through absorption of photons having an energy over the absorption gap (see
also chapter 4 and Ref. [82]).

This hypothesis is also in agreement with the low hole mobility observed in
the P3HT:TDI sample. Indeed, in a TOF experiment, all the countercharges are
immediately extracted. In a solar cells, holes would probably recombine when
reaching the electron-rich TDI layer. In the TOF experiment this recombination
can not occur, holes are thus eventually extracted but the necessity to cross the
TDI layer before reaching the anode makes it much slower.

A last indication of the formation of this TDI layer was obtained by the
processing of a bilayer solar cell in which a layer of P3HT was deposited un-
der a layer of TDI thanks to the use of 2 different solvents (chlorobenzene and
dichloromethane, respectively). Those cells enabled a much higher open circuit
voltage (550mV), possibly indicating the open-circuit voltage is limited by space
charge in the bulk-heterojunction cells. Nevertheless, due to intrinsic limitation
of bilayers (rather poor charge generation), this structure did not notably allow
for a better efficiency than the bulk-heterojunction. We suggest that this prob-
lem could be solved by the use of devices with inverted structure (anode as top
electrode).

A possible reason why this phenomenon does not appear in MEH-PPV:TDI
solar cell is that in contrast with MEH-PPV, regio regular P3HT has a crys-
talline structure. Because of this tendency to crystallize, both P3HT and TDI
crystallizations are in competition thus applying some mechanical constraints
on each other which may push some TDI under the P3HT containing part until
forming this hole blocking layer.
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5.5 Conclusions and outcome

The study of alternative electron acceptors enabled us to pinpoint a number of
limiting factors in photocurrent generation. Although all molecules enable the
conversion of primary excitons into charges, as revealed by the PIA spectra,
critical morphology issues were found to prevent efficient current generation.
Both P3HT:UH1 and P3HT:UH3 blends self organization resulted in morphol-
ogy not favorable for solar cells applications. While the earlier tends to form
too big phases, which impede efficient excitons harvesting, the latter lacked the
minimum phase separation necessary for establishing percolation pathways from
the donor (resp. acceptor) phase to the anode (resp. cathode).

In TDI, we found an organic material exhibiting some very interesting prop-
erties regarding its use as electron acceptor in blend with P3HT. Good charge
generation and transport together with an absorption band complementary to
the one of P3HT were demonstrated, promising good photovoltaic properties to
the P3HT:TDI blend. Nevertheless, the solar cells produced using this blend as
active layer resulted in low performances. In agreement with our morphology
investigations, we present two explanations. In the case of MEH-PPV:TDI, we
propose that the photocurrent is severely limited by the too small phase separa-
tion similar to what was observed in P3HT:UH3. In P3HT:TDI solar cells, the
formation of a thin layer of pure TDI along the ITO electrode seems to prevent
hole extraction.

By enabling to evaluate exciton collection and charge generation, optical
characterization brins crucial knowledge on the strengths and limitations of
new blends. In combination with transport and morphology studies, it enables
to determine the causes of limited performances and thus to send a precious feed
back to the laboratories synthesizing new molecules. In parallel to this work, our
collaborators of Max Planck institute managed to synthesize perylene deriva-
tives overcoming the identified problem: by replacing the N-substitution of PDI
derivative by a core substitution, they managed to limit rylene agglomeration
and to improve solar cell performances [228]. As a result one could expect that
core-substituted TDI derivative also exhibit a morphology more compatible with
solar cell applications, thus enabling the quite promising potential of those ac-
ceptors to be used in good performing solar cells collecting a wider range of the
solar spectra.

117



118



Chapter 6

Bimolecular Recombination

6.1 Introduction

In chapter 4, field dependent PL studies enabled us to uncover the binding en-
ergy of pure P3HT, which is the main reason why P3HT alone can not be used
for photovoltaic applications and has to be accompanied by an electron acceptor
material. In chapter 5, we have identified, thanks to PIA spectroscopy, a num-
ber of bottlenecks and limitations to photocurrent generation and extraction,
that exist when adding an electron acceptor to P3HT in a bulk-heterojunction
structure. We saw that obtaining a morphology that allows for both an efficient
exciton harvesting and an obstacle–free charge transport and extraction could
prove quite challenging. In this last chapter, we will see that even when the
blend morphology meets the aforementioned conditions, obtaining high perfor-
mance solar cells is not straightforward. Indeed, if applying the Langevin theory
such as presented in § 1.2.4 to the mobilities of P3HT and PCBM (on the order
of the 10−4 cm2/Vs) and the average relative dielectric constant of the blend
(typically 3.5), almost 85% of charge carriers should recombine nongeminately
within the time required for charge extraction in organic solar cell devices (typ-
ically 100 ns [57, 59]). However, this does not happen and charges actually do
survive until extraction can occur, with external quantum efficiencies over 80 %
being the rule in P3HT:PCBM based bulk-heterojunction solar cells.

As a matter of fact, experimental observations in blends, obtained by various
transient methods [57, 106, 107], strongly differ from what would be expected
applying Langevin theory alone: recombination rates are found to be quite
lower and associated to relatively high apparent recombination orders.1 In order
to unravel the possible causes for such a discrepancy, we used time resolved
photoinduced absorption — more simply called transient absorption (TA) —
to monitor the dynamics of separated charges recombination. By avoiding the
injection and extraction related perturbations, this methods enable us to focus
on recombination alone. Recombination dynamics were monitored in neat P3HT
and in a P3HT:PCBM blend in a range of temperatures.2

The study will be presented as follow: in section 6.2, we determine from a

1See definition in § 1.2.4.
2For the experiments carried out in this chapter, we used exclusively P3HT “P200 Sepiolid”

synthesized by BASF (See § 3.1.4).
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bibliographical study, as well as temperature dependent PIA spectra, the correct
temperature range and wavelength to observe specifically separated charges. We
then briefly treat the problem of the quantification of charges density from the
observed absorption. Section 6.4 presents the experimental results and compare
them with the results expected from Langevin theory. In section 6.5 we dis-
cuss the possible sources of the differences observed between, on the one hand
Langevin theory and experimental observation in neat P3HT, and on the other
hand the recombination experimentally observed in the blend. Finally, in sec-
tion 6.6, we discuss the generality of our finding in the light of a recent paper
by Guo et al. [57] which presented the possibility of the existence and detection
of two different kinds of polarons in P3HT:PCBM blends, presented there as
exhibiting different transport and recombination modes.

6.2 Monitored species

Literature femto- and transient absorption studies

In complement to section 5.2 which was dedicated to the species observable
in P3HT (neat or blended with PCBM) using steady-state PIA, we present
here the shorter living species that do not accumulate enough to be detected in
steady state mode, but might —or not— be observed in transients. Especially
important for us are the species which can be detected in the times ranging
form 10 ns to 10 ms, which is the range of detection of our TA setup.

Table 6.1: Excited species detectable in transient and femtosecond absorptions.

Species Typical lifetime and decay way Spectral feature

Singlet radiative excitons
660 ps in pure P3HT [191]

Detected by time resolved PL.
Causes stimulated emis-

40–70 ps in P3HT:PCBM [191]
sion at 1.6–1.8 eV [99,191].
Quenched by PCBM [191].

Singlet non radiative excitons
200 ps in pure P3HT [191]

Mainly 0.8–1.1 eV but exten-
ding over 1.35 eV [191,229].

20–60 ps in P3HT:PCBM [191]
Quickest vanishing species,
quenched by PCBM [191].

Coulombically bound Monomolecular decay
1.45–1.65 eV

electron–hole pairs within 2 ns [99]

Separated charges
Hundreds of ns to hundred µs [57].

1.1–1.9 eV [191,229]
No decay before 3 ns [99].

+ below 0.8 eV [191]
. Bimolecular to higher ordersa .

a Guo et al. differentiate a bimolecular decay at 1.77 eV attributed to charges undergoing trap–free
transport, and a higher order one at 1.25 eV attributed to charges undergoing trap–rich transport [57],
this will be discussed in section 6.6

Table 6.1 lists the species that have been reported in literature, together with
their temporal detection range and spectral features (the lifetimes presented
have all been measured at room temperature).

Among those excited species, only the separated charges should be visible
at room temperature in the time range relevant for transient absorption. How-
ever, the typical lifetime attributed to electron–hole pairs is in the order of
the nanosecond at room temperature in pure material, and could thus extend
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to our measurement range at lower temperatures. Moreover, in contrast to
P3HT:PCBM blends, very little report exist concerning transient absorption
in neat P3HT. Such article usually report that no signal can be seen in neat
regio-regular P3HT [54]. As we will see in section 6.4, this is true only at room
temperature where the decays are too quick to be observed in the 10 ns to 10 µs
time range.

The challenge of polarons monitoring in neat P3HT

As presented in § 5.2.1 (figure 5.6), charges can be detected in steady-state in
neat P3HT in spite of the relatively low exciton’s dissociation efficiency. The
formation of charges is confirmed by ultrafast spectroscopy studies by Piris et
al. who detected charge formation with an efficiency as high as 15% in neat
P3HT [191]. In a nutshell, separated polarons can be detected in neat P3HT
in both steady-state and ultra fast transient spectroscopies. However, attempts
to monitor those charges at room temperature in the time range relevant for
charge extraction in solar cells application (which is to say over 100 ns) failed
to detect any signal in neat P3HT [54], which contrasts with strong signal ob-
served in P3HT:PCBM [54, 57]. The reason for this absence of detection was
that polarons recombination in neat P3HT would occur too quickly “within
instrumental response function” [54]. To overcome this first obstacle, we per-
formed measurements at temperatures ranging from 30 K to 300 K to increase
the lifetime of polarons. We observed that signal was detectable in pure P3HT
until a temperature of 250 K (see figure 6.2(a)).

Another difficulty is to address exclusively polarons absorption. Indeed,
unlike ultrafast spectroscopy [191] and steady-state PIA (see § 5.2), TA can
not be used to probe the spectral region further than the near-infrared (until
1400 nm) where only polarons have absorption features (at wavelength over
1500 nm). More precisely, in our case, transient absorption was probed at
980 nm which corresponds to the maximum of the so–called P2 polarons peak
(see inset in figure 6.1 or § 5.2.2 for more details). In this spectral region,
polarons are not the only transient species liable to absorb. Especially the
neutral species which are responsible for the main absorption peak in neat P3HT
at 30 K (see § 5.2.2) have a strong absorption coefficient in that spectral region.
Note that this problem does not exist in the blend as the density of the neutral
species in P3HT:PCBM blends decays on the sub-nanosecond scale even at low
temperatures [229].

To distinguish between the potential absorbing species, we performed tem-
perature dependent steady-state PIA studies. The results of those measurement
are reproduced in figure 6.1. It shows that the absorption from neutral species
(main peak at 1.05 eV) is continuously decreasing when increasing the temper-
ature. As a matter of fact, the contribution of neutral species to absorption at
1.25 eV becomes vanishing above 142 K thus leaving only the P2 absorption
peak due to polarons whose maximal is at 1.25 eV. It is therefore safe to as-
sume that between 142 and 250 K, polarons are the only absorbing species at
980 nm for the blend in the time range 10−8 to 10−4 s. We conclude that above
140 K, the absorption at 980 nm is representative of the polaron density in both
pristine P3HT and P3HT:PCBM blend.
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Figure 6.1: Temperature dependent steady-state PIA spectra of neat P3HT (normal-
ized to its value at 1.2 eV). The blue line indicates the probe wavelength used for
TA; above 140 K, absorption at this wavelength is proportional to the density of po-
larons in both P3HT and P3HT:PCBM. Inset: Steady-state PIA spectra of neat P3HT
(continuous black line) and P3HT:PCBM blend (broken red line) at a temperature of
30 K.

6.3 Quantification of the density of charges

In order to extract physical parameters from the transients, it is necessary to
determine the density of charges represented by those absorptions and thus to
know the absorption coefficient of polarons, or equivalently their absorption
cross section. At the excitation wavelength of 500 nm, 10.3% of incident light
was reflected by the P3HT:PCBM sample. 3.6% was transmitted, yielding an
upper limit for the average density of generated excitons of 1.8×1018 cm−3 at
a pulse energy of 25 µJ/cm2.

By solving the rate equations described by Howard et al. [99] including the
nonlinear losses due to polaron–exciton annihilation [100] at high excitation
intensity and a Gaussian exciton generation term representing the laser pulse, we
estimated the number of generated positive polarons to be (7.8±2.0)×1017 cm−3

in P3HT:PCBM, with a polaron–exciton annihilation rate of (1.7±0.7)×10−7

cm3/s obtained from excitation intensity dependence of the initial change of
optical density ∆OD0. From the corresponding ∆OD, the absorption cross
section of P3HT polarons at 980 nm was evaluated to (1.9±0.5)×10−16 cm2.
The details of the resolution of the rate equations system and the determination
of the absorption cross section σhole can be found elsewhere [111, pp. 29–38].

6.4 Transient absorption results

The transient decay of the change in optical density of neat P3HT and the
P3HT:PCBM blend is shown in Fig. 6.2. The initial change of optical density
∆OD0 at 10 ns, including geminate recombination [229] and exciton–polaron
annihilation [99], is virtually temperature independent—only slightly lowered
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for temperatures approaching 300K due to nongeminate losses starting to set in
already before. For both neat P3HT and the blend, the decay dynamics beyond
10 ns are due to nongeminate recombination, with an increasing recombination
rate for higher temperatures. In agreement with the previous work of Ohkita
et al. in 2008 [54], the decay in pure P3HT is too quick to be observed at room
temperature but remains visible until temperatures as high as 250 K.
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Figure 6.2: (a) Transient absorption decays in P3HT for different temperatures. (b)
Transient absorption decays in P3HT:PCBM (solid line)

6.4.1 Neat P3HT

In order to gain a deeper understanding of the polaron dynamics, we compared
the experimental decays to simulations based on continuity equations. In the
absence of any external contributions (injection or photoexcitation from the
ground state) for t > 0, the continuity equation describing the polaron density
n becomes

dn

dt
= −R (6.1)

Although bimolecular Langevin recombination (Eq. 1.39) is the expected
loss mechanism for separated polarons, we also considered monomolecular de-
cay [59]. The sum of a monomolecular and a bimolecular terms perfectly fitted
the decay observed in neat P3HT for temperatures below 140 K, whereas at
higher temperatures the decays were purely bimolecular. The latter finding
is in total agreement with the assignment of the transient absorption in neat
P3HT to polarons at temperatures above 140 K and to a sum of contributions
from polarons and neutral species at lower temperatures (see § 6.2). These neu-
tral species could be triplets excitons [231], interchain singlet excitons [32] or
polaron pairs [99] (discussed more in details in § 5.2.2).

Strikingly, the recombination of polarons in neat P3HT exhibits the same
bimolecular behaviour as predicted by Langevin theory. The recombination
prefactor kbr obtained from the fits in Fig. 6.3(a) yields a sum of mobilities

123



4

6
810

16

2

4

6
810

17

2

4

6
810

18

ho
le

s 
de

ns
ity

 [c
m

-3
]

10
-8

10
-7

10
-6

10
-5

10
-4

Time [s]

P3HT

111 K
142 K
200 K
250 K

59 K
91 K

(a)

10
-5

2

4

6

8
10

-4

2

4

6

8

M
ob

ili
ty

 [c
m

2
V

-1
s-1

]

300 200 160 140

T[K]

605040302010

(1000/T)
2

[1/K
2
]

(b)

Neat P3HT

µh from Ref. [230]
µh+µe from kbr

(fit Fig.6.3(a))

Figure 6.3: (a) Decay of the density of charges in P3HT corresponding to the tran-
sients of figure 6.2(a) for different temperatures (solid lines). The fits in dashed lines
correspond to bimolecular Langevin recombination and the fits in dotted lines account
for a mono- and bimolecular contributions. The asymptotes that would corresponding
to a purely bimolecular decay are shown for comparison for 111 K, 91 K and 59 K
(dashed lines). (b) Sum of mobilities extracted from the Langevin recombination fit
using Eq. 1.40, compared to experimental hole mobilities from Ref. [230]. The dashed
line is a fit of µ ∝ exp(2σ/3kBT )2, yielding standard deviations of the Gaussian DOS
of 36.6 meV for neat P3HT.

(Eq. 1.40), shown in Fig. 6.3(b), which is in the same range as the experimental
time-of-flight mobilities [230]. This indicates that recombination of free polarons
in neat P3HT follows the Langevin theory, and that the relevant charge carrier
mobility is the macroscopic (intermolecular) instead of the local one (measured
by microwave conductivity [100]). Indeed, the activation energy of recombina-
tion extracted from the temperature dependence of kbr is as high as 75 meV,
one order of magnitude higher than the 6.6 meV observed for the local mobility
in P3HT:PCBM blends [229]. In the frame of a Gaussian disorder model, we
determined from Fig. 6.3(b) a DOS standard deviation of 36.6 meV for µh+µe.
Previously, a value of 56 meV was found by Mauer et al. using time of flight [230]
which may be due to thicker films resulting in different film morphology and
more dispersive charge transport on the micrometer scale than in the mesoscopic
scale relevant for recombination.

6.4.2 Blend

While the dynamics of the charge recombination in neat P3HT follow the
Langevin theory, the transient absorption in the P3HT:PCBM blend exhibits
a much slower decay (Fig. 6.2b), similar to previous reports [57, 106, 107]. It
is characterized by a reduced recombination rate in combination with a high
apparent recombination order. This high apparent recombination order can be
seen from the slope of the experimental curves, which as shown in figure 6.4(a),
exhibits a much more gentle slope than expected for a second order decay.

More quantitatively, the apparent recombination order can be obtained by
fitting the curves using the equation (1.41) for general order recombination. As
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Figure 6.4: (a) Transient absorption decays in P3HT:PCBM (solid line). Typical
shape of mono- and- bimolecular decays (dotted lines). (b) Apparent recombination
order as function of temperature for neat P3HT and blend.

shown in figure 6.4(b), the extracted orders exceed the value of 2 already at room
temperature, increasing to about 7 at 30 K. Those fits should be considered as
purely mathematical and empirical fits. Indeed, with such high orders, it is
excluded that the recombination order reflects the actual number of particles
involved in the recombination mechanism.

6.5 Possible sources for the different recombina-
tion behavior of P3HT:PCBM compared to
P3HT and Langevin theory

The fact that non-Langevin recombination is observed only in the blends and
not in neat P3HT is a finding of prime importance. Indeed, it confirms the
applicability of Langevin’s theory to organic semiconductors (neat P3HT), and
indicates the existence of an additional effect that enables the charges to survive
long enough in the blend so that they can be extracted, thus making this blend
usable for photovoltaic applications. It also suggests that the presence of two
materials or maybe two phases as observed in blends of P3HT with PCBM
(see § 3.3) plays a major role in protecting the charges from a quick Langevin
recombination.

However, the mechanism of this protection can so far only be speculated. In
the following we will examine four possible reasons and see how they seem to
be — or not to be — in agreement with the experimental observations.

6.5.1 Geometrical reduction factor

The idea underlying the geometrical reduction factor is that, due to the existence
of a strong phase separation, electrons and holes can meet — and thus recombine
— only at the interface between an electron acceptor domain (here a pure PCBM
domain) containing only negatively charged polarons, and an electron donor
domain (here a pure P3HT domain) containing only positively charged polarons.
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Figure 6.5: Schematic view of the polarons recombination in a bilayer: lrec,n and
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electron donor regions, respectively; ln and lp correspond to the total width of those
regions.

Taking the extreme case of a bilayer can help to understand qualitatively
what is to be expected in such cases. In a system such as the one represented
in figure 6.5, polarons located in the vicinity of the interface3 are expected to
undergo a normal Langevin recombination, which is to say to recombine with a
rate proportional to their own density multiplied by the density of recombining
partners. If we consider that the event of having charges diffusing from outside
this recombination area is more likely than having a polaron in the recombin-
ing area finding a recombining partner within its coulomb radius (because the
density of charges remain relatively small), then recombination should not sig-
nificantly affect the density in the neighborhood of the interface compared to
the rest of the volume. Thus:

Rrec.area = kbrnrec.areaprec.area = kbrnp (6.2)

On the other hand, no recombination is expected in the rest of the volume. As
a result the total recombination rate becomes:

R = Rrec.area +Rvolume = x · kbrnp+ (1− x) · 0 = x · kbrnp (6.3)

where x is the proportion of the volume located in the recombination area, and
de facto the geometrical reduction factor. A more detailed analysis could be
done by considering that the local recombination rate does not pass from zero
to kbrnp when entering the recombination but actually increases progressively
from a distance to the interface of one Coulomb radius to a distance of zero,
as a bigger part of the coulomb radius sphere would be located in the part of
the system where counter–charges can be encountered. However, as long as
the polarons diffusion is sufficient to avoid local depletion at the interface, this
should still result in a geometrical reduction factor.

3i.e. the region going from the interface, to one Coulomb capture radius away from it
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Figure 6.6: Numerical simulation of the decay of polarons density, with and without
taking into account CT-states reformation and redissociation (from equations (6.5)).

6.5.2 Reservoir of CT–states redissociating into polarons

Another hypothesis, is that polarons might upon “recombination” form a new
coulombically bound polaron pair or interface exciton (“CT–state” for general-
ity) instead of directly returning the system to its ground state. This CT–state
could in turn either geminately recombine to ground state, or dissociate again
into a new pair of separated polarons. In such a situation, the rate equations
describing the system would become (without taking into account the initial
generation term, as we consider times were this step is over):

dn

dt
= −kbrnp+ kdissnCT (6.4)

dnCT
dt

= kbrnp− kdissnCT −
nCT
τCT

(6.5)

with nCT the density of the CT–states, kdiss the rate of dissociation of those
CT–states into polarons and τCT the time constant of CT–states geminate re-
combination.

To study the effects that such a mechanism would have, we simulated those
rate equations for realistic values. The lifetime of CT–states (inverse of kdiss+
1/τ) has been taken as 0.8 ns in the order of magnitude observed in literature [99,
232]. 1/τ has been taken 4 times smaller than kdiss to account for the very good
dissociation efficiency in P3HT:PCBM blend. Finally the recombination rate kbr
for separated polarons has been taken equal to the Langevin rate (equation 1.40)
with ε = 3ε0 and µe = µh = 4.10−4 cm2/V/s.

The initial densities of separated polarons were set to 1018 cm−3 correspond-
ing to the initial density obtained in our transients. The initial density of CT–
state has been taken 5.5 times smaller than the density of separated polarons, in
agreement with measurements from Howard et al. [99] who detected in annealed
P3HT:PCBM blends the ultrafast initial formation of 15% of bounded polaron
pairs for 85% of separated polarons.

The results are shown in figure 6.6. As can be seen the decay of p exhibits
the same slope as when CT–states redissociation is not taken into account. The
only difference being that the characteristic kink occurs at later times which
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Figure 6.7: Verification of the quasi-static hypothesis for the effect of CT–states reser-
voir: (a) Comparison of dnCT

dt
(blue line) with the CT–states formation (red line) and

disappearing (green line) rates. (b) Comparison of the evolution p(t) given by the
equations 6.4 and 6.5 (full line) and its approximation by a reduction factor in the
Langevin rate equation (equation 6.9, dotted line).

corresponds to a same recombination order but a reduced prefactor. Notably
nCT decreases more quickly than p with an apparent recombination order of 1.5
and remains negligible in comparison to p. As a result, even if both separated
and bound charges were detected together, p+nCT would follow the same trend
as p (see figure 6.6). Note that other initial values were also tried, all giving the
same results in terms of apparent recombination orders.

This result can also be obtained analytically under the assumption that the
variation of the density of CT–states dnCT /dt is slow compared to other relevant
parameters. In this case, the system can be considered at every instant in quasi
equilibrium. Thus:

dnCT
dt

≈ 0 = kbrnp− kdissnCT −
nCT
τCT

(6.6)

⇔ kbrnp ≈ (kdiss + 1/τCT )nCT (6.7)

⇔ nCT ≈ kbr
kdiss + 1/τCT

np (6.8)

⇒ dn

dt
≈ −kbr

(
1− kdiss

kdiss + 1/τCT

)
np (6.9)

Figure 6.7(a), shows that the aforementioned hypothesis is verified: at times
exceeding 1 ns, the variation of the density of CT–states (dnCT /dtin blue) is
negligible in comparison with the rates of their formation (kbrnp in red) and
disappearing (kd+ 1/τCT in green), which practically compensate each other as
expected from equation 6.6.

As a result, the effect of intermediate CT–states (if they exist) can be rea-
sonably accounted by a constant reduction factor kred,CT = 1 + kdiss

kdiss+1/τCT
in

the Langevin rate equation 1.39, as shown in figure 6.7. It can thus not be
responsible for the experimentally observed change of recombination order.

Concerning the likeliness of such a phenomena, a study by Lee et al. [79] sug-
gests that CT–states can dissociate without additional thermal energy. More-
over, CT–states formed not from excitons but from separated polarons have 3/4
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chances of being triplet and thus to not undergo recombination to ground state,
which also speaks in favor of their subsequent redissociation.

6.5.3 Carrier concentration dependent mobility

Alternatively, it was proposed that carrier concentration dependent mobility
could be responsible for the high apparent recombination order. This hypothe-
sis was considered by Rauh et al. who carried out simultaneous measurements
of n and µ. They concluded that the variation of µ with the charge carrier
concentration alone was insufficient to fully explain the observed decays for
P3HT:PCBM at T < 300 K [233].

6.5.4 Reservoir of not-recombining “trapped” charges

Finally, it is likely that energetically trapped charges play a different role in
a phase separated system like P3HT:PCBM than in an homogeneous one like
neat P3HT.

Indeed, taking into account the density of trap charge carriers leads to the
following rewritten form of the recombination rate in a homogeneous medium:

Rhomogeneous = kbr,ccncpc + kbr,ctncpt + kbt,tcntpc, (6.10)

where the index c stands for conducting (mobile) charge carriers and t for
trapped ones, with n = nc + nt and p = pc + pt. Compared to Eq. (1.39),
only the ntpt term is missing, which means that both equation are practically
equivalent in case of a low density of traps, as observed in neat P3HT [234].

On the other hand a composite system such as P3HT:PCBM contains do-
mains where only one of the blends components is present (see section 3.3).
Charges trapped in those domains can not be reached by their counter charges
which are restricted to the other phase, and R is further reduced to:

Rphas.sep. = kbr,ccncpc. (6.11)

We stress that in any case, the recombination mechanism is still bimolecular,
and the order should actually be two if expressed as function of the density of
charges actively participating at a given time. Nevertheless, trying to express
R as function of the total density of charges can result in higher apparent
recombination orders, as shown by the successful modelizations of power law
decays by models accounting for the immobilization of charges occupying levels
in the deeper energy tail of an exponential density of states [105]. However, we
note that no model has so-far explained the evolution of apparent recombination
orders with temperature.

6.6 Possibility of selectively probing different kind
of polarons in P3HT:PCBM

In 2010, Guo et al. published an article suggesting that not all positive polarons
may be affected by trap-limited transport [57]. By carrying out TA measure-
ments at two different wavelengths on an annealed P3HT:PCBM blend, they
observed two different behaviors. When probing at 980 nm, they observed a
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Figure 6.8: Steady-state PIA spectrum of annealed P3HT:PCBM (1:0.8) at T=30K.
The two green lines show the wavelengths 1000 nm and 700 nm at which transient ab-
sorption decays were measured by Guo et al. [57]. We also carried out measurements at
those two wavelengths (more precisely 982 nm and 700 nm), additional measurements
were carried out at 750 and 825 nm (red lines).

slow “high order” decay similar to the one we described in the previous sec-
tion, which they attributed to the recombination of polarons following a “trap
limited transport”. However, when probing at 700 nm, they observed a second
order decay which they attributed to polarons following a “trap-free transport”.
Such a result forces us to wonder what we actually probe at 980 nm. Does this
method give us access to the whole or just a part of the density of polarons?
This section is dedicated to checking the existence or the absence of those two
transport —and thus recombination— modes.

The two wavelengths chosen by Guo et al. are shown on a steady-state
P3HT:PCBM PIA spectrum on figure 6.8. They roughly correspond to the
maxima of the so–called P2 (980 nm) and DP2 (700 nm) peaks which are tra-
ditionally associated to intrachain polarons in amorphous P3HT domains (P2)
and 2-dimensional polarons in the crystalline P3HT domains (DP2) (see § 5.2.2).
This is consistent with the two different transport modes, as a broader energetic
distribution is expected in amorphous domain due to polymer chain alignment
defects.

6.6.1 Comparison with other contactless transient prob-
ing techniques

However, no trace of this trap–free transport has been found when monitor-
ing transient decays of polarons densities by method not sensitive to the po-
larons absorption wavelength. On the opposite, other methods always show
polarons density decays exhibiting apparent recombination orders higher than
2 in P3HT:PCBM [91, 106, 235]. In this regard, the study we carried out in
association with the Delft University of Technology is of particular relevance.
In this study, we compared the transients obtained by transient absorption, and
those obtained by time-resolved microwave photoconductance (TRMC) [236].
TRMC being — in the same way as TA — an eletrodeless measurement, it was
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Figure 6.9: TA (blue) and TRMC (green) transients recorded on excitation at λ = 500
nm with a fluence of 25 µJ/cm2/pulse. The amplitudes of the traces were normalized
at 100 ns and plotted in a log–log representation with the y-axis ranging over 2 orders
of magnitude. Adapted from Savenije et al. 2011 [236]

possible to carry out the TA and TRMC measurements on identical samples,
thus insuring the comparability of the transients.

As written in the experimental section (§ 2.3), the change of microwave
conductance probed by TRMC, is proportional to the product of the density
of conductive species, times their mobility; or in the case of several conductive
species, the sum of their mobility × density products (equation 2.16). As such
it is supposed to be sensitive to the density of both kind of positive polarons,
with probably the ones following a defect–free motion overweighted due to their
higher mobility.

Remarkably, not only did the curves of TRMC and TA exhibit similar be-
havior, but they totally superposed when normalized at 100 ns4 and this for
a range of temperature between 150 and 300 K5. This result is reproduced in
figure 6.9.

Between other consequences, the perfect superposition of both transients
seems to indicate that the TA at 982 nm is representative for all polarons,
unless the polarons at 700 nm exhibit a notably lower mobility which would
be unexpected considering their supposed defect–free transport mode. Another
possibility would be that those polarons exhibit a high mobility mainly in the
direction perpendicular to the substrate,6 as the electric field vector of the
microwaves is parallel to the substrate [236].

6.6.2 Comparison of the decays at different wavelengths

After extending our setup by adding to it a white light coupled to a monochro-
mator as a source of probing light (see § 2.1.6), we were able to reproduce the
experiment of Guo et al. [57].

The results of those first measurements are shown in figure 6.10(a) and (b)
in a timescale from 30 ns to 100 µs. As can be seen, very little difference exist
between the two measurements. This is not in contrast with Guo et al. findings,

4Response time of the instruments with a certain security margin.
5Which is also the temperature range studied in the article of Guo et al. [57].
6Which is extremely unlikely according to what we know of P3HT chains preferential

stacking on a substrate, see § 3.1.
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Figure 6.10: (a) Normalised transient absorption decays of annealed P3HT:PCBM
blend film upon 25 µJ/cm2 excitation on a timescale from 30 ns to 100 µs and tem-
peratures between 60K and 285K probed at 700 nm (a) and 982 nm (b) respectively.
Empirical general order fit of those transients (green lines).(c) Apparent recombination
orders extracted from the general order empirical fits depicted on ((a) and (b)).

as they also mentioned the similarity of both measurements in the early stage
(until 10 µs in their case). However, while Guo et al. attributed those decays to
a trap-free recombination7 characterized by a recombination order of two, our
measurements clearly show the setting of a slower recombination which exhibits
higher apparent recombination orders at both wavelengths.

More quantitatively, the apparent recombination orders can be extracted
by applying a general recombination order fit (equation 1.45). As can be seen
in figure 6.10(c), the fits are quite good and result in apparent recombination
orders which are (1) very similar in their value and temperature dependence
for both wavelengths, (2) largely exceeding 2. We thus reject the attribution of
those early stage decays to “trap–free bimolecular recombination”.

Expanding the scale until 1 ms (figure 6.11), which is the scale used by Guo
et al., brings no change at 982 nm but reveals the appearance of a second kink
in the decays measured at 700 nm. As shown, the decay after this kink could
be interpreted as a second order. However, as the kink appears close to the
end of the time window, it is uncertain if the decay curve has reaches a stable

7Preceding trapping for the polarons absorbing at 1000 nm.
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Figure 6.11: Transient absorption decays of annealed P3HT:PCBM blend film probed
at 700 nm and 982 nm upon 25 µJ/cm2 excitation on a timescale from 30 ns to 1 ms
and temperatures between 60K and 285K; the dashed lines show the slope expected
after the kink for a second order recombination (note that a purely bimolecular re-
combination should exhibit a plateau before the kink, and not a started decay as seen
here).

asymptote or if the slope is still evolving.

Thanks to the use of wider time and temperature range, as well as the use
of additional wavelength within the DP2 peak (750 and 825 nm, see figure 6.8),
we were able to better resolve this second kink and the subsequent evolution of
the density of polarons. As shown in figure 6.12, it can clearly be seen at 700 nm
for the temperatures 60 K and 119 K, that the second order decay previously
observed is actually only the transitory slope of a decay which is subsequently
accelerating, without reaching an asymptote. Such a trend is characteristic of
monomolecular dynamics. The same can be seen at 750 and 825 nm where it
can be seen for temperatures as high as 130 K.

For higher temperatures, it is extremely likely that such a phenomenon also
occurs, and that only the weakness of the signal at those temperatures pre-
vents us from undoubtedly identifying the second kink. As a result, we assume
that the decay observed by Guo et al. was not a trap–free second order recom-
bination, but rather the onset of an unidentified monomolecular phenomena.
Interestingly, such a monomolecular decay also takes place at 982 nm, though
it starts at later time, which explains why it could not be observed by Guo et
al.

Based on those observation, we can say, in contrast to the first conclusions
obtained by Guo et al., that trap–limited recombination appears to govern the
dynamics of non-geminate recombination for all wavelengths. However, the dif-
ference observed by Guo et al. between the decays of the P2 and DP2 peaks
intensity indeed exists. This difference is caused by a monomolecular decay that
comes in addition to the previously mentioned high apparent order recombina-
tion. The nature of this decay is still unclear. In particular, it is not known if it
is due to a second polaron recombination mechanism exhibiting monomolecular
dynamics (with different time constants for the polarons absorbing in the DP2
and P2 regions) or to another excited species exhibiting a monomolecular decay
(and whose absorption spectra would correspond to the DP2 peak).

The monomolecular decay of polaron density could be due for example to
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Figure 6.12: TA decays of annealed P3HT:PCBM at 700, 750, 825 and 982 nm upon
25 µJ/cm2 excitation on a timescale from 30 ns to 10 ms and temperatures between
60K and 285K; the dashed lines show the slope expected after the kink for a second
order recombination.

the existence of a deep monoenergetic trap level from where charges would be
released monomolecularly with a time constant τr. This release of trapped
charges would be the limiting factor of their recombination, thus causing a
monomolecular decay. The recombination rate would thus be:

dp

dt
= −kλpλ −

p

τr
(6.12)

where λ and kλ are the polarons empirical recombination order and prefac-
tor,respectively.

In case of 2 absorbing species — the second of which could be for example
triplet excitons of one of the materials having a density nt, an absorption cross
section σt and a lifetime τt — the absorption would be:

A = dσp+ dσtnt (6.13)

A(t) = dσ
(
p−λ0 + t · λ · kλ

)− 1
λ + dσtnt0e

−t/τt (6.14)

where d is the thickness of the sample, p0 and nt0 the initial densities of positive
polarons and triplets.

As seen in figure 6.13, both models can relatively well reproduce the exper-
imental decays. The exact nature of this monomolecular decay is thus still an
open question.
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Figure 6.13: Fitting of the experimental TA decay at 825 nm by curves representing
the expected decays for polarons + geminately recombining species (left) and po-
larons exhibiting order λ+ 1 + monomolecular decays (right, adapted from Kämpgen
2011 [111, p. 47]).

6.7 Conclusions

The high order decay of the density of polarons in organic semiconductor blends,
and in particular in the reference blend P3HT:PCBM, has been a long standing
interrogation as well as a key point of BHJ solar cells efficiency, as decays
conform to Langevin’s prediction would be too quick to enable efficient charge
extraction.

Thanks to a comprehensive analysis of the steady state absorption spectra
of P3HT and P3HT:PCBM, we determined a temperature range where the pho-
toinduced absorption can be used to monitor exclusively the density of polarons
in both pure P3HT and the blend. We use transient absorption to monitor
the nongeminate polaron decay in P3HT and P3HT:PCBM blend following an
initial photoexcitation.

The comparison of the transients obtained in pristine P3HT and in
P3HT:PCBM reveals that — in contrast with what is observed in the blend—
polarons density decay in pure P3HT follows the Langevin theory both qual-
itatively (2nd order decay) and quantitatively (mobilities calculated from the
experimental Langevin prefactor are quite consistent with what is usually mea-
sured in pure P3HT). This perfect agreement between the theory and the exper-
iment brings us two crucial informations: First, it confirms that Langevin type
bimolecular recombination leads to a too quick decay of polarons densities for
applications in solar cells, thus pointing out the importance of the high order
decay observed in the blend. Second, it suggests that the presence of several
materials or phases is the main reason for the slow decay observed in the blend.

After considering several possibilities, we propose an interplay of phase sepa-
ration and energetic trapping to be the cause of the high order decays observed
in the blend: phase separation prevents trapped charge carriers from partic-
ipating in the recombination process, which results in a stronger dependence
of the recombination order upon the distributions of free and trapped charge
carriers, respectively. Phase separation can additionally yield a geometrical re-
duction factor. Moreover, dissociation of coulombically bound polaron pairs
can also lower the recombination rate. Clearly, quantitative modeling—being
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both mathematically appropriate and physically representative—remains chal-
lenging. In terms of the solar cell performance, we expect that phase separation
protects trapped charges from recombination, thus enabling lesser losses and an
enhanced photocurrent in the coarse grained blend morphology of P3HT:PCBM
as compared to finely intermixed blends. Those results have been published in
the Journal of Applied Physics [237].

Following a publication by Guo et al. [57] revealing the existence in
P3HT:PCBM of different two of polarons — one of which claimed to undergo
trap-free transport and recombination —, we undertook additional research to
check the applicability of our finding to the non-geminate recombination of
those different kind of polarons. Comparison of TA (probed at 982 nm) and
TRMC measurements showed a perfect match between the transients measured
by both methods. Especially, no indication of trap–free second order recombi-
nation could be found in the TRMC transients. Those two methods should a
priori not be sensitive to the same polarons, the absorption at 982 nm being
attributed by Guo et al. to polarons located in amorphous parts of the blend,
thus less mobile, whereas TRMC is more sensitive to the charges with the high-
est mobility. As a result the fact that both TRMC and TA perfectly superpose,
speaks in favor of the generality of the slow–decay observed at 982 nm. This
comparative study has been published in the Journal of Physical Chemistry
Letters in 2011 [236].

Reproducing the TA measurements of Guo et al. at 700 nm we confirmed
that, in contrast to their observation, trap–limited recombination is also ob-
served at 700 nm. Moreover, the decay at 700 nm that they attributed to
trap–free bimolecular recombination was found to be most likely the onset of a
monomolecular decay coming additionally to the aforementioned trap–limited
recombination. This monomolecular decay was also found at all the wavelengths
studied within the DP2 peak, a similar decay but shifted to later times was also
found at 982 nm.

The nature of this kink being still in need for clarification, it is not known yet
whether two different kind of polarons are indeed present in the blend, or if the
two features P2 and DP2 are due to polarons only and polarons plus something
else, respectively. Nevertheless we are now sure that all the polarons detected
by transient absorption undergo trap–limited recombination and that this trap–
limited recombination is made possible thanks to the presence of two materials
and do not exist in the pristine polymer’s films. These findings represent an
important step in our understanding of non–geminate recombination in organic
semiconductors.
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Summary

In the course of this dissertation, we have presented the interest of using spec-
troscopic methods to unravel the physics of polymer semiconductors in photo-
voltaic applications. Applying photoluminescence and photoinduced absorption
spectroscopy to the reference system P3HT:PCBM has enabled us to study the
major steps of photocurrent generation in organic bulk heterojunctions, from
excitons generation to charges extraction and loss mechanisms and thus to im-
prove the understanding of those mechanisms.

The exciton binding energy, is the first obstacle to overcome for photocur-
rent generation in organic solar cell and the reason for the use of two materials,
whose heterojunction act as a driving force for charge separation. We developed
an original photoluminescence-detected field-induced exciton quenching method
to investigate this energy. Absorption and photoluminescence spectra of pure
P3HT show that, while both amorphous and crystalline domains participate in
absorption, the energy is then transferred to the crystalline domains, from where
the photoluminescence is exclusively originating. The field dependence of this
photoluminescence showed that an energy of no less than 420 meV is necessary
to split excitons into non photon–emitting species. Comparing those results
with energy levels obtained by absorption and photoelectron spectroscopies,8

confirmed that the formation of those species is only a first step toward dis-
sociation into free charges. Indeed, photoemission spectroscopy and the onset
of photocurrent upon increasing the photon energy in a pure P3HT solar cell,
concomitantly show that the energy level of a pair of free polarons is located
0.7 eV above the one of the exciton. The comprehensive analysis of those re-
sults originating from those different method enable us to draw a global picture
of the states and energies involved in free polarons generation in pure material.
This work has been widely acknowledged by the scientific community, published
in Physical Review B in 2010 [82] and presented in national [238] and interna-
tional [239] conferences.

The spectroscopy of excited states is used to detect the presence of wanted
species (charges) and potentially unwanted neutral species upon photoexcita-
tion. As such, it offers us the possibility to qualify the efficiency of charge
generation and, if any, identify the competing processes and the generation of
unwanted species. In the frame of the European Marie Curie Research Network
SolarNType,9 this possibility was used — in combination with morphological,
charge transport and devices characterizations — to study a number of new
donor–acceptor blends. Thanks to those techniques, we were able to not only

8Collaboration with the chair of experimental physics VII.
9Marie-Curie RTN “SolarNTyp” Contract No. MRTN-CT-2006-035533.
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quantify the potential of those blends, but also to provide the chemist labo-
ratories with a precious and detailed feedback on the strengths and weakness
of the molecules, regarding charge generation, transport and extraction. The
detailed study of terrylene-3,4:11,12-bis(dicarboximide) as electron acceptor for
solar cells application was published in the peer review journal Synthetic Metals
and was chosen to illustrate the cover page of the issue [220].

Finally, in the last chapter, we have used time resolved photoinduced ab-
sorption to improve the understanding of the charge carrier loss mechanisms in
P3HT:PCBM active layers. This comprehension is of prime importance because,
the fact that this recombination is far weaker than expected from the Langevin
theory, enable polarons to travel further without recombining and thus to build
thicker and more efficient devices. A comprehensive analysis of steady-state
PIA spectra of pure P3HT, indicates that probing at 980 nm at a temperature
between 140 and 250 K enables to monitor specifically polaron densities in both
neat P3HT and P3HT:PCBM. Applying this finding to transient absorption
enabled us to monitor, for the first time, the bimolecular recombination in pure
P3HT, and to discover that — in sharp contrast with the blend — this recom-
bination was in agreement with the Langevin theory. Moreover, it enables us
to pinpoint the important role played by the existence of two materials and
of energetical traps in the slow recombination and high recombination orders
observed in the blend. This work has been published in the Journal of Applied
Physics. [237]

Those new insights in the photophysics of polymer:fullerene photoactive lay-
ers could have a strong impact on the future developement of those materials.
Consistent measurements of the binding energy of excitons and intermediate
species, would enable to clarify the role played by excess thermal energy in
interfacial states dissociation [54, 73–75, 240]. Better understanding of blends
morphology and its influence on solar cells parameters and in particular on re-
combination could enable to reproduce the conditions of limited recombination
on material systems offering some promising performances but with only limited
active layer thicknesses [240]. However, due to the number of parameters in-
volved, further experimentation is required, before we can reach a quantitative
modeling of bimolecular recombination.
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Zusammenfassung

In der vorliegenden Arbeit wurden die zugrundeliegenden Mechanismen, die
während der Photostromgeneration in Polymer:Fulleren-Solarzellen stattfinden,
von der Exzitonengeneration bis zur Ladungsträgerextraktion, mittels spek-
troskopischer Methoden untersucht.

Nach der Absorption eines Photons ist die Exzitonenbindungsenergie das er-
ste zu überwindende Hindernis, um einen Photostrom in organischen Halbleitern
zu generieren. Diese begründet die Notwendigkeit, zwei unterschiedliche Hal-
bleitermaterialien zu implementieren, deren energetischer Offset die treibende
Kraft für Exzitonentrennung am Heterogrenzfläsche bildet. Zur Erforschung
dieser Energie haben wir eine neuartige Methode entwickelt, mit welcher wurden
Einfluss eines elektrischen Feldes auf die Exzitonen durch Photolumineszenzmes-
sungen quantifizieren können. Aus Absorptions- und Photolumineszenzspektren
ist ersichtlich, dass im reinen P3HT sowohl amorphe als auch kristalline Bere-
iche zur Absorption beitragen. Daraufhin erfolgt ein anschließender effektiver
Energietransfer zu den kristallinen Domänen, der durch die ausschließlich in
diesen Bereichen auftretende Photolumineszenz nachgewiesen wird. Diese Exzi-
tonen sind als interchain excitons bekannt, die bereits bei 0.42 eV; in nicht
emittierende Spezies dissoziiert werden können, wie unsere feldabhängigen Pho-
tolumineszenzmessungen zeigen. Mit Hilfe komplementärer Methoden konnten
wir nachweisen, dass diese Dissoziation nur ein erster Schritt zur Generation
freier Ladungsträger ist. So konnte durch Photoelektronenspektroskopie 10 und
Messungen der externen Quanteneffizienz gezeigt werden, dass die Erstellung
freier Ladungsträger 0.7 eV benötigt. Die zusammenführende Analyse dieser
Ergebnisse ermöglicht die Erstellung eines umfassenden Bildes der für die Pho-
tostromgeneration relevanten Energieniveaus in reinem P3HT. Desweiteren wur-
den die Ergebnisse dieser Arbeit national [238] als auch international [239] auf
Konferenzen präsentiert und im Jahr 2010 in Physical Review B [82] publiziert.
Die Tatsache, dass diese bereits über 50 mal zitiert wurden, verdeutlicht die
große Bedeutung der erlangten Resultate.

Durch die Verwendung der Quasi-Steady-State-Spektroskopie angeregter Spezies
können unter Beleuchtung erwünschte (Ladungsträger) und unerwünschte (neu-
trale) Zustände detektiert werden. Im Rahmen des EU-Projekts “SolarNType”,11

wurden dazu mehrere, als Elektronenakzeptor dienende, Moleküle teilnehmender
Institutionen untersucht. Mit Hilfe unserer spektroskopischen Methode und
durch ergänzende Messungen des Ladunsträgerstransports sowie der Morpholo-
gie und Strom-Spannungs-Charakteristiken der Solarzellen waren wir im Stande,

10In Kollaboration mit dem Lehrstuhl für experimentelle Physik VII.
11Marie-Curie RTN “SolarNTyp”; Contract No. MRTN-CT-2006-035533.
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nicht nur das Potential dieser Moleküle zu beurteilen, sondern auch unseren Pro-
jektmitarbeitern detaillierte und wertvolle Informationen über die Stärken und
Schwächen der von ihnen synthetisierten Materialien zu geben. Die detaillierte
Untersuchung von terrylene-3,4:11,12-bis(dicarboximide) als Elektronenakzep-
tor, welche wir für das Max-Planck-Institut in Mainz erstellten, wurde im Jahr
2012 in Synthetic Metals publiziert und für die Titelseite ausgewählt. [220]

Im letzten Abschnitt werden die Ergebnisse transienter photoinduzierter
Absorptionsmessungen diskutiert, welche zur Bestimmung der Rekombination
freier Ladunsträger in P3HT:PCBM-Mischschichten durchgeführt wurden. Diese
Rekombination ist dafür bekannt, nicht der Langevin-Theorie zu folgen, was für
Solarzellen von großer Bedeutung ist. Anstelle von Rekombination zweiter Ord-
nung nach der Langevin-Theorie, rekombinieren Ladungsträger in dieser Ma-
terialkombination unter höherer Ordnung und einem starken zusätzlichen Re-
duktionsfaktor. Dies hat zur Folge, dass die Ladungsträger weiter diffundieren
können, was die Erstellung dickerer und daher effizienterer Solarzellen ermöglicht.
Durch umfassende Analysen der P3HT Quasi-Steady-State-Spektren wurde ein-
spektraler sowie thermischer Bereich identifiziert, in dem in reinem P3HT auss-
chließlich Polaronen für die Absorption verantwortlich sind. Die Verwendung
dieser Ergebnisse in transienten Absorptionsmessungen ermöglichte es erstmals,
das Rekombinationsverhalten in reinen sowie mit PCBM gemischten P3HT-
Schichten zu vergleichen. Es zeigt sich, dass die Abnahme der Ladungsträgerdichte
in reinem P3HT der Langevin-Theorie perfekt folgt. Demzufolge scheint die
beobachtete limitierte Rekombination in gemischten P3HT:PCBM-Schichten
aus der Präsenz zweier unterschiedlicher Materialien zu resultieren. Nach der
Betrachtung mehrerer möglicher Mechanismen kommen wir zu dem Schluss,
dass eine Kombination von energetischem Trapping und Phasenseparation für
dieses Verhalten verantwortlich ist. Diese Ergebnisse wurden im Jahr 2014 in
the Journal of Applied Physics publizierrt.

Die erlangten neuen Einblicke in die photophysischen Eigenschaften von
Polymer:Fulleren-Mischschichten besitzen große Bedeutung für die weitere En-
twicklung in diesem Bereich. Systematische Messungen der Bindungsenergien
von Exzitonen sowie Polaronenpaaren scheinen eine vielversprechende Meth-
ode zu sein, die Bedeutung der Exzitonen-Überschussenergie für die Photo-
stromgeneration zu verstehen. [54,73–75,240] Ein besseres Verständnis der Mis-
chungsmorphologie sowie ihren Einfluss auf die bimolekulare Rekombinationsdy-
namik bahnt den Weg zur Steigerung der Leistung in vielversprechenden Mate-
rialsystemen, die bisher durch die limitierte Dicke der Solarzellen eingeschränkt
ist. [240] Allerdings bedingt die große Anzahl an Faktoren, die in diesen Rekom-
binationsmechanismen eine Rolle spielen, weitere fundierte experimentelle Ergeb-
nisse, bevor eine quantitative Modellierung der Prozesse erreicht werden kann.
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culation of excitonic properties of conjugated polymers using the Bethe-
Salpeter equation. J. Chem. Phys., 114:6950, 2001.

[196] M. Liess, S. Jeglinski, Z. V. Vardeny, M. Ozaki, K. Yoshino, Y. Ding, and
T. Barton. Electroabsorption spectroscopy of luminescent and nonlumi-
nescent π-conjugated polymers. Phys. Rev. B, 56:15712–15724, 1997.

[197] J.-W. van der Horst, P. A. Bobbert, P. H. L. de Jong, M. A. J. Michels,
G. Brocks, and P. J. Kelly. Ab initio prediction of the electronic and
optical excitations in polythiophene: Isolated chains versus bulk polymer.
Phys. Rev. B, 61:15817–15826, 2000.

[198] C. R. McNeill, A. Abrusci, J. Zaumseil, R. Wilson, M. J. McKiernan,
J. H. Burroughes, J. J. M. Halls, N. C. Greenham, and R. H. Friend.
Dual electron donor/electron acceptor character of a conjugated polymer
in efficient photovoltaic diodes. Appl. Phys. Lett., 90:193506, 2007.

[199] W. S. Shin, S. C. Kim, S.-J. Lee, H.-S. Jeon, M.-K. Kim, B. V. K. Naidu,
S.-H. Jin, J.-K. Lee, J. W. Lee, and Y.-S. Gal. Synthesis and photo-
voltaic properties of a low-band-gap polymer consisting of alternating
thiophene and benzothiadiazole derivatives for bulk-heterojunction and
dye-sensitized solar cells. Journal of Polymer Science Part A: Polymer
Chemistry, 45(8):1394, 2007.

[200] S. Oosterhout, M.M.Wienk, S. van Bavel, R. Thiedmann, L. J. Koster,
J. Gilot, J. Loos, V. Schmidt, and R. Janssen. The effect of three-
dimensional morphology on the efficiency of hybrid polymer solar cells.
Nat. Mater., 8:818, 2009.

[201] C. R. McNeill, J. J. M. Halls, R. Wilson, G. L. Whiting, S. Berkebile,
M. G. Ramsey, R. H. Friend, and N. C. Greenham. Efficient Poly-
thiophene/Polyfluorene Copolymer Bulk Heterojunction Photovoltaic De-
vices: Device Physics and Annealing Effects. Adv. Funct. Mater., 18:2309,
2008.

156



[202] G. Horowitz, F. Kouki, P. Spearman, D. Fichou, C. Nogues, X. Pan, and
F. Garnier. Evidence for n-type conduction in a perylene tetracarboxylic
diimide derivative. Adv. Mater., 8:242, 1996.

[203] A.-Y. Jen, Y. Liu, Q.-S. Hu, and L. Pu. Efficient light-emitting
diodes based on a binaphthalene-containing polymer. Appl. Phys. Lett.,
75(24):3745, December 1999.

[204] F. Nolde, W. Pisula, S. Muller, C. Kohl, and K. Mullen. Synthesis and self-
organization of core-extended perylene tetracarboxdiimides with branched
alkyl substituents. Chem. Mater., 18:3715, 2006.

[205] S. K. Lee, Y. Zu, A. Herrmann, Y. Geerts, K. Müllen, and A. J. Bard.
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ert, and V. Dyakonov. Energetics of excited states in the conjugated
polymer poly(3-hexylthiophene). In International Conference of Synthetic
Metals, 7Ax:05, Kyoto, 2010.

[240] M. A. Faist, S. Shoaee, S. Tuladhar, G. F. A. Dibb, S. Foster, W. Gong,
T. Kirchartz, D. D. C. Bradley, J. R. Durrant, and J. Nelson. Under-
standing the reduced efficiencies of organic solar cells employing fullerene
multiadducts as acceptors. Adv. Ener. Mater., 3(6):744–752, 2013.

160



Appendix

161





A– List of Constants

These constants are adapted from the official CODATA set of internationally
recommended values of fundamental physics constants maintained by NIST.12

Constant Value Unit Description
h 6.626 069 57(29) · 10−34 J s Planck constant
~ = h

2π 1.054 571 726(47) · 10−34 J s Planck constant over 2 π
kB 1.380 648 8(13) · 10−23 J K−1 Boltzmann constant
ε0 8.854 187 817(00) · 10−12 F m−1 = A s (V m)−1 electric constant
e 1.602 176 565(35) · 10−19 A s elementary charge
eV 1.602 176 565(35) · 10−19 V A s = J electron volt
me 9.109 382 91 · 10−31 kg electron mass

12Jan. 2013: http://physics.nist.gov/cuu/Constants/index.html
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B– List of Abbreviations

Abbreviation Description
A electron acceptor
BO Born Oppenheimer
CB chlorobenzene
CF chloroform
CT charge transfer
CuPC copper phtalocyanine
D electron donor
DOS density of states
EPIA European photovoltaic industry association
EQE external quantum efficiency
ESR electron spin resonance
F-PL field dependent photoluminescence
FET field effect transistor
IEA International Energy Agency
IPES inverse photoelectron spectroscopy
IQE internal quantum efficiency
IPCC Intergovernmental Panel on Climate Change
ITO indium tin oxyde
MeLPPP ladder-type poly(para-phenylene)
MDMO-PPV poly(2-methoxy-5(3’,7’-dimethylloctyloxy)-1,4-phenylene-vinylene)
OLED organic light emitting diode
OPV organic photovoltaic
P3AT poly(3-alkylthiophene)
P3HT poly(3-hexylthiophene)
PADMR photoinduced absorption detected magnetic resonance
PIA quasi steady-state photoinduced absorption
PLDMR photoluminescence detected magnetic resonance
PEDOT:PSS poly(3,4-ethylenedioxythiophene):(polystyrenesulfonate)
PES photoelectron spectroscopy
PDI perylene-3,4:9,10-bis(dicarboximide)
PL photoluminescence
PF polyfluorene
PV photovoltaic
PPV poly(phenylene vinylene)
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Abbreviation Description
PCBM [6,6]-phenyl-C61 butyric acid methyl ester
TA transient absorption
TDI terrylene-3,4:11,12-bis(dicarboximide)
TOF time of flight
TRMC time-resolved microwave (photo)conductance
UPS ultraviolet photoelectron spectroscopy
XRD X-rays diffraction
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