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"Als een vrouw een speciale gave heeft 
voor het uitoefenen van theoretische 
natuurkunde en de ambitie heeft om haar 
talenten te ontwikkelen, wat zelden 
voorkomt, dan vind ik het onrechtvaardig 
haar uit principe categorisch alle 
mogelijkheden om te studeren te 
weigeren. Aan de andere kant houd ik vast 
aan het idee dat zo'n geval altijd als een 
uitzondering moet worden beschouwd ... 
De natuur heeft vrouwen bestemd voor 
het beroep van moeder en huisvrouw." 
Was getekend: Max Planck, honderd jaar 
geleden. 
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Summary 

In this report we describe Angular Resolved Photo-electron Spectroscopy (ARUPS) and Electron 
Energy Loss Spectroscopy (EELS) on two materials, namely C60 and OPV5. Before and during the 
measurements, some modifications have been made to the experimental setup, including the design and 
assembly of an annealing stage and a modification of the electron lens system in the hemispherical 
electron analyser. The measurements that have been performed were focussed on two topics: triplet 
excitons and vibrations. 
A triplet exciton in a solid has a dispersion, which has been investigated in C60• We suggest that the 
dispersion of the triplet in C60 is not larger than tensof me V's. This indicates a small nearest neighbour 
interaction, which is caused by the weak Van der Waals interaction between the C60 molecules. 
The energy of a triplet exciton provides information about the exchange interaction; this is what we 
examined in OPV5. At low primary energy of the prohing electrons, a feature was found in the EEL 
spectra of OPV5 at an energy of -2.4 eV, which may be assigned to the third triplet exciton. 
Another research topic was the vibrational spectrum of OPV5. The electronic ground state vibrations 
were measured with EELS and compared to an IR spectrum of OPV5. All theEELS peaks could be 
assigned to IR active vibrations, except for one vibration at -0.16 eV, which is possibly Raman active. 
The lowest-energy singlet is accompanied by a vibration with an energy of 0.18 ± 0.1 eV, which 
corresponds to the C=C stretch vibration. The presence of this vibration arises from the fact that the 
singlet is an excitation of the delocalised n-electrons, which are responsible for the C=C bond in the 
OPV5 chain. The vibration is comparatively strong, because an electron is excited from a bonding 
orbital to an anti-bonding orbital, causing a considerable change in the C=C bond length. 
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Chapter 1 Introduetion 

1. 1 Technology assessment 

In the past decade, the call for environment saving energy sourees has become !ouder. As a result, 
research on the impravement of photovoltaic devices, in daily life referred to as solar cells, has been 
stimulated. The primary focus were devices made of inorganic semiconductors, mainly silicon, but 
since the discovery of conducting polymers, a lot of effort is being put in the development of 'plastic' 
solar cells. In prototype designs, efficiencies of a few percents have already been reached, which comes 
quite near the efficiency of -10% of generally used amorphous silicon cells. 
A polymer that deserves special interest for the use in photovoltaics is poly{p-phenylene vinylene), 
PPV, or derivatives of this structure. PPV is a semiconductor with a conductivity gap of a few eV. The 
most promising organic photovoltaic devices are a blend of PPV with C60, produced as a thin film 
between two metallic electrodes. C60 is an excellent electron acceptor: each of its molecules, which are 
nicknamed buckyballs, can accept as many as six electrons. Light with an energy that exceeds the 
optica! gap of PPV can make an excitation and the excited electron is transferred to a nearby buckyball. 
The absorption of the excited electron by C60 occurs on a much shorter time scale than the 
recombination of the electron with the hole that it has left behind in the PPV molecule, so that the 
absorption process prevents the electron from recombining. The electron and the hole are then each 
transported separately to the electrodes. This processis called photo-induced electron transfer [1]. 
The advantages of polymer-based solar cells are numerous. The electrooie properties of polymers, like 
the optica! gap, can be controlled through molecular design. Moreover, they have attractive mechanica! 
properties: from their flexibility the idea has sprung to produce organic cells shaped as roofing tiles. 
Finally, not unimportant, polymers can be mass-produced in a low-cost fabrication process [2,3]. 

In this report, two materials have been investigated that are very important in the development of 
organic solar cells, namely C60 and OPV5. 
C60 is, among graphite and diamond, one of the three forms in which crystalline carbon exists. Solid 
C60 is a crystallattice of molecules, each molecule being constructed of 60 carbon atoms. The molecule 
is shaped as a truncated icosahedron, built up from 20 hexagons and 12 pentagons. lt looks like a 
soccer ball, but then with a diameter of 7.1 Á, and in solid phase the nearest neighbour distance 
between the balls is 10.0 A. c60 belongs to the family of fullerenes, named after the architect 
R. Buckminster Fuller, whose geodesic constructions are based on hexagons and pentagons. C60 is the 
smallestand most stabie fullerene and it has the cosy nickname buckyball. Buckyballs have only been 
known since 1985, when their structure was suggested for the first time by Krotoet a1.[4]. Eleven years 
later Curl, Kroto and Smalley were awarded the Nobel Prize in chemistry for their discovery of 
fullerenes. The interest in buckyballs has even grown since the discovery of the superconducting 
properties of alkalidoped fullerenes [5]. 
OPV5 belongs to the family of PPV materials. Compared to most memhers of this family, which are 
polymers and consist of long conjugated chains of repeating units, OPV5 is quite smal!. It is therefore 
called an oligomer. lts name stands for oligo(p-phenylene vinylene)5 and it consists of five phenyl 
groups, connected to each other with four vinyl groups in between. In many fundamental experiments 
PPV derivatives, like MEH-PPV, are investigated in order to obtain a general understanding of PPV's 
[1,2]. However, MEH-PPV has side chains that may have significant influence on the electrooie 
structure of the PPV core. For this reason OPV5, which is a much simpler molecule, has been chosen 
as a subject in our research. 

1.2 Scope of this report 

For a proper understanding of photo-induced electron transfer it is important to have a detailed 
knowledge of the electrooie structure of the materials involved. Especially electrooie excitations play 
an important role in the process. This report presents the results of measurements on the electrooie 
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strueture and exeitations of C60 and of OPV5. An introduetion in eleetronic struetures is given in 
chapter 2. The terms singlet and triplet exciton are explained and their selection rules with respect to 
optica! speetroscopy are stated. 
The main experimental technique that has been used is Electron Energy Loss Spectroscopy (EELS), 
because this is the most suitable methad to study the triplet exciton, which was the primary goal of this 
research. Chapter 3 discusses the theory of EELS and it ciarifles why EELS is the best technique for 
detecting triplet exeitons. 
Besides EELS, also Angular Resolved Ultraviolet Photo-electron Spectroscopy (ARUPS) has been 
carried out on the investigated materials. Both the ARUPS and the EELS measurements have been 
performed in the same ultra-high vacuum system, which is described in chapter 4. During the past year 
several modifications and improvements have been made to the setup, which have also been written 
down in this chapter. 
In chapter 5, the results of the UPS and EELS measurements on C60 and OPV5 are discussed. Data on 
the triplet exciton in C60 that were published by A. Lucas et al. [6] have been verified and an attempt 
has been made to measure the dispersion of the triplet exciton. Next, OPV5 has been studied: its 
vibrational structure and the lowest energy singlet states, which were clearly visible in the EEL spectra. 
Finally, we present an EEL spectrum of OPV5 that shows a feature, which we suggest to be a triplet 
exciton. Finding a triplet exciton and its singlet partner in OPV5 would provide information about the 
exchange interaction in the materiaL 
The conclusions that ean be drawn from these results are summarised in the last chapter. Also some 
recommendations for future experiments are given there. 
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Chapter 2 Electronic structure 

2. 1 Ground state electronic structure 

Atoms are the building blocks of matter. An atom has a positively charged nucleus and negatively 
charged electrons, circling around the nucleus with a spin angular momentum, an orbital angular 
momenturn and energy. The spin can be described as the intrinsic angular momenturn of an electron 
and can be either up or down. Due to their wave character, the electrans are divided over discrete 
energy levels. An energy level can be split up in several states, called orbitals; if more orbitals occupy 
one energy level, the level is said to be degenerate. Pauli's exclusion principle says that no more than 
two electrans may occupy any given orbital, and if two do occupy one orbital, their spins must be 
pa i red. 
At a temperature of 0 Kelvin the atom is in the state of Jo west energy, which is called the ground state. 
The electronic configuration of atom in the ground state satisfies the Aufbau principle: 
1. the lowest energy levels are filled up first; 
2. electrans occupy different orbitals of a degenerate energy level before doubly occupying any one 

ofthem; 
3. an atom in its ground state adopts a configuration with the greatest number of unpaired electrans 

(Hund's rule). 
The electrans in the highest energy levels of an atom in its ground state are called the valenee electrons. 
They are largely responsible for the chemica! boncts that the atom forms. The remaining electrons, in 
the lowest energy orbitals, are the core electrons. 
When atoms join to form a molecule, their valenee orbitals interact and form new molecular orbitals. 
The highest occupied molecular orbital is abbreviated as HOMO; the lowest unoccupied molecular 
orbital is the LUMO. 

In molecular solicts Iike C60, the molecules are ordered in a three-dimensional Iattice. They are weakly 
bound by Van der Waals interaction. Consequently, the molecular orbitals form energy bands, which 
are occupied by the valenee electrons. These are the electrans that determine the electronic properties 
of the solid. In the ground state the energy bands are filled up to the Fermi level. 
In a roetal the Fermi level lies inside an energy band. There are empty orbitals very close in energy to 
the Fermi level, so it requires hardly any energy to excite the uppermost electrons. Therefore, the 
electrans are mobile and give rise to electrical conductivity. 
In other materials the Fermi level appears in between two energy bands. An energy equal to the size of 
the band gap is needed to bring electrans from the lower band (the valenee band) to the empty band 
(the conduction band). The size of the band gap affects the conductivity of the solid, soit is named the 
conductivity gap. The material is either an insuiator or a semiconductor, depending on how large the 
conductivity gap is. 

The description of polymers is somewhat different. A polymer molecule consists of identical 
monoroers that are bonded together covalently and form a chain. Each monoroer is a molecule-like unit 
soa single polymer strand can beregardedas a one-dimensionallattice. In this case, one Iattice unit is 
presented as a monomer. 
If two monoroers form a bond, they interact with each other. Two of their monoroer orbitals that are at 
the same energy level can overlap, combine with each other and form two new orbitals: one lying 
lower in energy (the bonding orbital) and one lying higher in energy (the anti-bonding orbital) than the 
original orbitals. The degeneracy of the original orbitals is lifted. When a third monoroer is added to the 
chain there are three overlapping orbitals, one from each monomer, that form three new molecular 
orbitals. This can be extrapolated to an infinite amount of monomers, where the infinite amount of new 
orbitals that is constructed cannot be separated from each other any more: they form an energy band. 
The effect of polymerisation on the molecular orbital diagram is visualised in figure 2.1. In reality, not 
only orbitals at the same energy level, but also orbitals at different energy levels can overlap and form a 
bonding and an anti-bonding orbital. 
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OPV5, which is one of the subjectsin this report, belongs to the family of oligomers. These materials 
are, just like polymers, built up by coupled units, but their chain length is much shorter than in case of 
polymers. Typically, the amount of units varies from 2 to 10 monomers. Therefore, the difference with 
polymers is that the oligomer orbitals are still distinguishable as discrete levels and not as energy 
bands. 
If we go one step further, the polymers and oligomers can also form a solid, in which the Van der 
Waals force keeps the individual chains together. This interaction is much weaker than the bond 
between two monomers in a chain, so in this report the Van der Waals bonding is not taken into 
consideration for OPV5. 

Figure 2.1 

(a) (b) (c) 

Molecular orbital diagram of" (a) a two-units oligomers, (b) a three-units oligomer 
and (c) a polymer. 

2.2 Excitons 

When an electron is excited from the valenee band to the conduction band it becomes a free carrier and 
leaves behind a hole, which is also a free carrier. This is called an interband transition. Sametimes the 
electron is excited to a state in which it is not free, but still bound to the hole by means of Coulomb 
interaction. The bound electron-hole pair is called an exciton. The energy that is needed to excite an 
electron from the ground state into the lowest-energy excitonic state is the optica! gap. The binding 
energy of an exciton is defined as the energy difference between the conductivity gap and the exciton 
energy. 

Figure 2.2 

optical 
gap 

Frenkel 
excitons 

Wannier 
charge-transfer excitons 

excitons 
conducti vi ty 

gap 

ground state _.--~- _____________________ _. ___ 
on-site 

excitations 
interband 
transitions 

Different kinds of excitons, divided on the ground oftheir spatial extension. 

Excitons can be divided into several types on grounds of their binding energy. If the binding energy is 
much stronger than the band widths of the energy bands involved, then the result is an electron-hole 
pair concentrated on mainly one lattice site (on-site). The electron and the hole are able to hop as a pair 
from one site to another and thus move through the lattice. These kinds of excitons are called Frenkel 
excitons and they are found in many molecular solids, because the Van der Waals interaction between 
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the molecules is very weak. All the excitons of C60 that are discussed in this report are Frenkel excitons 
[7]. In oligomers Frenkel-like excitons can exist, but other types of excitons as wel!, because the 
nearest neighbour interaction between the monomers is stronger than Van der Waals interaction [8,9]. 
These excitons are usually either charge-transfer excitons or Wannier excitons. The former consistsof 
an electron and a hole that are on nearest neighbour sites, whereas the Wannier exciton has a size that 
extends over severallattice sites. Figure 2.2 shows the different kinds of excitons in an energy diagram. 

Just like other partiele-like phenomena in solids, excitons have dispersion. This means that their energy 
changes as a function of their k-vector. A free electron has an energy that is equal to: 

n2e 
E=-

2m 
(2.1) 

where li is Planck's constant and mis the partiele mass. An exciton in asolidisnot free though, it is in 
the potential field of the molecule (or monomer) on which it is localised. Moreover, theexciton has a 
finite probability to hop from one lattice site to the nearest neighbour. Consequently, the dispersion 
relation of an exciton differs from equation 2.1. At the centre of the Brillouin-zone, the k-vector of the 
exciton is zero. The maximum dispersion wil! be found if the energy on the edge of the Brillauin-zone 
is compared with the energy at k = 0. For the triplet exciton in C60 this maximum dispersion is expected 
to be -40 meV [10]. In polymer chains, the nearest neighbour interaction between the monomers is 
much larger, resulting in a maximum dispersion that is probably some orders of magnitude larger than 
in C60• OPV5 cannot be considered as an infinite one-dimensionallattice, so then it is useless to speak 
of the dispersion of an exciton due to the nearest neighbour interaction of the monomers. 

2.3 Singlets and triplets 

When an orbital is doubly occupied, the electrons have paired spins (Pauli's exelusion principle) and 
the spin of one electron is cancelled by the spin of the other. Consequently, a completely tilled energy 
level, like the core levels in an atom, has no net spin. The spin of all the valenee electrons together 
determines the magnetic properties of the materiaL If all the energy levels, ineluding the HOMO, are 
completely filled, then the net spin is zero and the material is non-magnetic. 
Spin plays a very important role in the theory of excitons. Consider a material with a completely tilled 
HOMO: the net spin is S = 0. When an electron with spin up is excited to an excitonic state, it leaves 
behind all the other electrons in the HOMO with a total spin down. In case the excited electron still has 
spin up, the net spin of the material hasn't changed: S = 0 is still valid and the resulting exciton is 
called a singlet. Quantummechanically there is only one possibility to form a singlet exciton: 

<f>s = )I [iJ,- J, i] (2.2) 

On the other hand, if the spin of the excited electron is flipped, then the net spin is not conserved: S = 1 
after the excitation. This is called a triplet exciton, because there are three quantummechanical wave 
equations for the spin part of this exciton: 

</>n =[i i] (2.3) 

</>n=JI[iJ,+J,i] (2.4) 

</>n = [ J, J,] (2.5) 

An electronk triplet excitation is only possible if the partiele that makes the excitation can also change 
its spin, so that the total spin of the system consisting of the material and the exciting partiele is 
conserved. The spin change of the exciting partiele must be equal to & = ±1. A photon cannot make 
the triplet excitation, as it has no interaction with the spin of an electron and therefore it cannot induce 
a spin flip; an electron though, can change from spin up (s = Yz) to spin down (s = -l/2), so it can flip the 
spin of another electron. Therefore, EELS is able to make some excitations that are not possible in 
optica! spectroscopies. 

The singlet and triplet forms of an exciton are not at the same energy: the triplet is always lower in 
energy than the singlet. The origin of this energy difference can be explained with Pauli's principle: 
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two identical fermions cannot be in the same state. In a molecule, if two electroos in overlapping 
orbitals have a parallel spin alignment, then due to Pauli' s principle there is just a small probability that 
the electroos come near toeach other. This weakens their Coulomb interaction, which is repulsive. The 
resulting lowering in energy is reflected by the exchange integral. On the other hand, in case of an anti
parallel contiguration the spins don't prevent the electroos from approaching each other, so that their 
repulsive Coulomb interaction is much stronger than in case of parallel spins. Consequently, the energy 
is raised by the exchange energy. 
A triplet excitation results in a parallel spin contiguration, whereas the anti-parallel spin picture is 
suitable for a singlet exciton. On that account, the energy of the triplet is smaller than that of the singlet 
and their energy difference equals the exchange interaction. 

2.4 Vibrations 

The energy of a solid can change not only as a result of electrooie transitions, but also because of 
vibrational excitations. In a crystal with manatomie basis, vibrations are elastic displacements of planes 
of atoms and they are called phonons. A different detinition holds for molecular solids, where 
vibrations are elastic deformations of a single molecule. In physics of condensed matter, these 
vibrations are aften also referred to as phonons, although their character is somewhat different. 
A molecule can vibrate in its electrooie ground state as well as in its electrooie excited state. In tigure 
2.3 the potential energy curves of a molecule in its electrooie ground state and its tirst electrooie 
excited state are shown. Quantummechanically, only discrete vibrationallevels are possible, which are 
indicated as horizontallines in the potential curves. 
The lowest energy transition, the 0-0 transition, is from the ground state to the relaxed excited state. 
However, if the bottoms of the two potential energy curves are not at the same bond length, the 
equilibrium geometry of the electrooie ground state and the electrooie excited state are different. This 
brings about that an electrooie excitation from the ground state to the tirst excited state (indicated in 
tigure 2.3 as a vertical arrow) is accompanied by a vibrational transition of the excited state: the 
molecule starts to vibrate. 

Radiationless decay 

singlet singlet 

f~~s~:=triplet 

Bond length Bond length 

(a) (b) 

Figure 2.3 The potential curves, due to vibrations, ofthe ground state and thefirst electronic 
excited state of a molecule. Two types of decay processes are shown: (a) fluorescence; (b) 

phosphorescence (via intersystem crossingtoa triplet state). 
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If an electronic transition is induced by light, then because of dipole selection rules, the excited state 
must be a singlet. The electron can decay to its ground state by tirst losing some of its energy via 
radiationless decay, until it reaches the lowest vibrational level of the excited electronic state. lts 
remaining energy is then discarded as a photon, resulting in what is called a fluorescence spectrum in 
which the vibrational states of the electronic ground state are visible. Another decay possibility is via 
intersystem crossing of the electron from the singlet to the triplet state, at the point where their 
potential energy curves interseet The radiative decay process of the triplet to the ground state, which is 
called phosphorescence, is spin-forbidden and therefore very weak. 

Vibrations typically have an energy in the order of 100 meV. Besides vibrational energy, a molecule 
can also have rotational energy, which is due to rotations of the molecule. These energies are typically 
smaller than 1 me V, so they are thermally excited even at Iow temperatures. The rotations are usually 
too low in energy to be distinguishable with EELS and therefore they contribute to the speetral width of 
excitation peaks. 
Only one other motion of the molecules hasn't been discussed yet, namely the intermolecular 
vibrations of the molecules in their lattice. These motions are considerably Iower in energy than 
internal vibrations of the molecule, because the Van der W aais interaction that keeps the molecules 
together is comparatively weak. Intermolecular vibration energies are about one order of magnitude 
larger than rotational energies. In tigure 2.4, the vibrations are put in an energy scale, together with 
other excitations. At room temperature intermolecular vibrations are thermally excited and thus they 
account for some peak broadening in EEL spectra. However, unlike rotations, the intermolecular 
vibrations can quite easily be 'frozen' by cooling down: liquid nitrogen temperature is already low 
enough to prevent molecules from vibrating in their lattice. This explains why EELS peaks are 
narrower at Iiquid nitrogen temperature than at room temperature. 

Energy (eV) 

102 
core excitations 

101 

wo excitons 

10-1 intramolecular vibrations 

10-2 intermolecular vibrations 

I0-3 
rotations 

Figure 2.4 Energy scale with different kinds of excitations indicated on it. 

2.5 Electron ie structure of C6o 

The neighbouring atoms in C60 are connected via cr-bonds, which are considered to be sp2
-

hybridizations of the 2s with two 2p orbitals of the carbon atoms. Besides the cr-bonds, the carbon 
atoms also form n-bonds, which are considered to be built up by 2p orbitals. The n-bonds are 
delocalised over the molecule; in tigure 2.5 one of its resonance structures is shown. Although in 
reality the hybridization is nut purely sp2 but a mixture with sp3 -hybridization, the contribution of the 
latter is so small that it is often neglected for simplicity [ 11]. 
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Figure 2.5 One of the resonance structures of a C60 molecule. 

At room temperature, the buckyballs form a face centred cubic crystal lattice with a nearest neighbour 
distance of 10.0 Á. The molecules rotate freely, so the crystal is orientationally disordered. The 
Brillauin-zone of a three-dimensional C60 Iattice has a length of k = 2.22 nm-1

• The two-dimensional 
(111) surface, which has to be considered insection 5.3, because EELS only looks at the surface of the 
crystal, the edge of the Brillauin-zone is at k11 = 3.14 nm- 1

• 

Solid C60 behaves like a semiconductor with a conductivity gap of 2.3 ± 0.1 eV [12]. The 
intermolecular bonding in C60 is generally thought to be van der Waals [13] and this weak coupling 
implies that transitions that take place within a single molecule, the Frenkel excitons, are highly 
dominant. The molecular-orbital scheme of C60 around its bandgap is shown in figure 2.6 [14,15]. All 
energy levels in figure 2.6 consist of n-orbitals. The cr-orbitals are much further away from the HOMO 
and the LUMO and on that account the n-electrons are the important electrans in the Iow-energy 
excitations up to several eV. The HOMO is five-fold degenerate and the LUMO is three-fold 
degenerate. The lowest-energy exciton is an excitation from HOMO to LUMO, of which both a singlet 
and a triplet form exist. The triplet is lower in energy than the singlet, because of exchange interaction. 

LUMO 

-H- -H- -H- -H- -H- HOMO 

Figure 2.6 Part ofthe energy diagram of a C60 molecule in its ground state. 

Our interest goes to the dispersion relation of the triplet exciton in C60. Knowing the dispersion of the 
triplet gives an estimate of the hopping probability of the exciton from the molecule on which it is 
situated to its nearest neighbour. This determines the exciton transport in the materiaL Moreover, the 
dispersion can provide some information about the hopping mechanism. Two different theories 
compete with each other at this moment. One theory says that an exciton is transported via dipole 
induced-dipole interactions. According to this theory, a triplet exciton cannot hop as easily as a singlet, 
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because a triplet excitation is dipole forbidden. The second theory prediets an equal dispersion for the 
triplet and the singlet, because the hopping mechanism does not distinguish between the singlets and 
triplets: first the hole of the exciton hops to the nearest neighbour and then it is foliowed by the 
electron, or vice versa [ 10]. 

2.6 Electronic structure of OPV5 

Figure 2.7 is a picture of the molecular structure of one OPV5 chain. The carbon atoms have the same 
hybridization as in C60 and again the atoms are connected to each other with cr-bonds and n-bonds. As 
indicated already by the circle in the phenyl rings, it is not possible to allocate the n-bonds between the 
carbon molecules in the phenyl ring and actually they are delocalised not only over the ring, but over 
the whole molecule. Many oligomers are n-conjugated compounds, which means that they have 
delocalised n-electron bonding along the oligomer chain, and this accounts for their semiconducting 
properties. The optica) bandgap of0PV5 is 2.7 eV [16]. 

Figure 2.7 The molecular structure of an OPV5 oligomeric chain. 

Like in C60, the cr-electrons in OPV5 are much deeper in energy than the n-electrons, so that the energy 
levels that are drawn in figure 2.8, which shows a part of the energy diagram of OPV5 around its 
bandgap, are all n-orbitals. Calculations with the semi-empirica) method ZINDO/S show that three 
triplet excitons have an energy within the optica) bandgap. In table 2.1 they are Jisted, together with the 
calculated energy of the three Jo west singlet excitons. 

- - ~ near-degenerate 

LUMO 

-i+- HOMO 
-i+-
-i+-

-i+- -i+- i'rr -i+- -i+- ~ near-degenerate 
-i+-

Figure 2.8 Part of the energy diagram of an OPV5 chain in its ground state. 

The first triplet and the first singlet state are a transition from HOMO to LUMO and the singlet-triplet 
splitting of this transition unveils the strengthof the exchange interaction in OPV5. The second and the 
third singlet and triplet excitons are combinations of several transitions, so that the relation between the 
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energy splitting of these exciton pairs and the exchange interaction is more complicated. Knowing the 
exchange interaction in OPV5 means more understanding of the electron-electron interaction in OPV5. 
This contributes to the development of a model that can describe the OPV5 electronic structure. 
The first triplet in OPV5 cannot be detected with phosphorescence measurements, because the lifetime 
of the triplet is very long and thus the probability that it decays radiationless is comparatively large. 
Phosphorescence of OPV5 is too weak to measure the triplet energy directly, but with EELS the triplet 
excitations in OPV5 should become visible. 
Optica! measurements on the more frequently studied MEH-PPV, which belongs to the same family of 
polymer and oligomer materials as OPV5, have revealed indirectly that the energy of the triplet in this 
polymer is 1.4 eV [17,18]. This and the ZINDO/S calculations on OPV5 were reasans for us to expect 
the first triplet exciton in the vicinity of 1.4 eV. 

triplet energy singlet energy 
(eV) (eV) 

1 st 1.48 2.26 
2"d 1.82 3.32 
3'd 2.26 4.00 

Table 2.1 The energies ofthe three lowest tripletand singlet excitonic stafes in OPV5. 
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Chapter 3 Theory of EELS 

3. 1 Introduetion 

Electron Energy Loss Spectroscopy (EELS) can be performed in two different setups: transmission 
EELS measures electrans that are scattered in the forward direction through a thin slice of material, 
whereas reflection EELS concentrates on the backscattered electrons. A material that is probed with 
reflection EELS can be deposited as a film on a substrate, which makes it less fragile to handle. 
Transmission EELS provides information about the bulk properties of a material, whereas reflection 
EELS is very surface sensitive, as explained at the end of this section. Another difference between both 
methods is that transmission EELS needs a much higher energy (in the order of 100 keV) of the 
probing electrans than reflection EELS, which generally uses energies below 100 eV. The energy can 
influence to a great extent the cross section of the excitation that one wants to detect. This is also true 
for the triplet exciton that takes a central position in this report, and therefore our measurements have 
been performed with reflection EELS. 

The principle of reflection EELS is visualised in tigure 3.1 [ 19]. An electron souree generates electrans 
with a range of different kinetic energies. Electrans with a specitic energy are selected by an 
hemispherical monochromator, in order to make a monoenergetic beam of electrons. The beam is 
aimed at the surface of the material under investigation and the electrans that are scattered from the 
sample are analysed by a hemispherical analyser. In our setup, both the sample and the analyser are 
rotatable, which makes angular resolved measurements possible. As a result, both the angular 
distribution and the energy distribution of the electrans can be scanned. 

monochromator analyser 

Figure 3.1 Schematics of the principle of EELS. 

Reflection EELS is a very surface sensitive technique. In the experiments that are described in this 
report, the electrans that probe the sample with a primary energy in the range of 4-20 eV penetrateat 
most a few monolayers into the materiaL The backscattered electrans thus carry information of only the 
near vicinity of the surface. Th is indicates the importance of the condition of the sample surface. 

3.2 Conservation ru/es tor EELS 

Two conservation rules are very important in EELS: the conservation of energy and the conservation of 
k mapped onto the surface. Because of these conservation rules, which are illustrated in tigure 3.2 and 
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described in this section, it is possible to relate electron energy loss measurements to excitation 
processes in the crystal. 

Figure 3.2 

vacuum 
··sample · 

(a) (b) 

Visualisalion oflhe conservalion rulesfor EELS: (a) conservalion of energy and (b) 
conservalion of parallel momenlum. 

In the vacuum above the sample surface, the electrans that probe the sample have an energy E~. When 

they reach the sample surface, the electrans have a different energy, due to the workfunction ifJs of the 
sample. The energy of the electrans in the sample is equal to: 

EP =EP +Al (3.1) s vs 'f's 

The subscripts indicate whether the electron is in the ,~:ample or in the 1:acuum above the ,~:ample 
surface; the superscript indicates whether the energy is considered befare scattering (Qrimary) or after 
scattering (,~:cattered). An elastically scattered electron suffers no energy loss, whereas an electron that 
is inelastically scattered from the sample loses energy Eloss· On its way to the vacuum above the 

sample it loses an amount of energy that is necessary to overcome the workfunction of the sample. In 
the vacuum above the sample, the energy of the electron is: 

E:s = E~- Eloss (3.2) 
The workfunction of the sample has dropped out of the equation and in our experiments it is not 
important that, when the electron makes the excitation in the sample, it has an energy different from its 
vacuum energy. Therefore, in this report the primary energy of the prohing electrans is defined as: the 
energy of the electrans in the vacuum above the sample befare they enter the sample. 
When the scattered electrans go from the vacuum above the sample to the 1:acuum above the g_nalyser, 
their energy has to be corrected for the workfunction difference between the sample and the analyser, 
and it becomes: 
Es - EP - E Al -Al 3 3 

va - vs loss + 'I's 'I' a ( • ) 

where ifJa is the workfunction of the analyser. This is the energy that is measured by the analyser. The 
workfunction difference can be corrected for, because we measure the excitation energy Eloss with 

respect to the zero-loss line, which appears at an energy of: 

E:a = E~ + l/J s -l/J a ( 3.4) 

The relation between the energy E of a free electron and its momenturn k is given by the following 
equation: 

fi21kl2 
E=-- (3.5) 

2m 
During inelastic scattering the electron transfers some of its momenturn to the sample. lt is physically 
justified to ignore the influence of the sample workfunction on the k-vector of the electron during the 
scattering process. Therefore, in the following we only consider the k-vector of the electron in the 
vacuum above the sample. Moreover, we only consider the value k of the momenturn and not its 
direction. 
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As translational symmetry only holds parallel to the surface, the part of the momenturn parallel to the 
surface k11 is conserved, but the part perpendicular to the surface kj_ is not. Expressed in an equation, the 
conservation of k11 looks like: 

qll =~I-~; (3.6) 
where qu is the parallel momenturn transfer to the sample, ku is the parallel momenturn of the electron 
before scattering and k11* is the parallel momenturn after scattering. Assume that the electron is scattered 
in the plane of specular reflection. The value of k11 of the incoming electron can be calculated from its 
total momenturn k and its angle of incidence (}in compared to the surface normal: 
k11 =ksin8in (3.7) 

After being scattered, the electron has a parallel momenturn that is equal to: 

~; = k* sinBout (3.8) 

In this equation k* is the total momenturn of the scattered electron and 80111 is the angle between the 
direction of the outgoing electron and the surface normaL By combining equations 3.5 to 3.8, the value 
of the parallel momenturn transfer q11 to the sample can be determined from the energies of the 
incoming and outgoing electron by using the following equation: 

~2mE:. . ~2mE:s . 
qll = h smein- h smeout (3.9) 

As clarified in section 2.2, due to the dispersion of an excitation, its energy Etoss depends on its 

momenturn q11 • When (}in and 80111 are varied and E:s is measured under these angles, q11 of the induced 

excitation can be calculated with equation 3.9. Plotting the values found for q11 against Etoss results in 

the dispersion relation of the excitation. 

3.3 Scattering processes 

At the surface of the sample, most of the monochromatic prohing electrans coming from the EMU are 
elastically scattered. Two processes account for this kind of scattering: Bragg diffraction and specular 
reflection, which can be considered as zero-order Bragg diffraction. Bragg diffraction is the process 
that accounts for the spots in the LEED pattem of a crystalline surface. From the position of the spots, 
the in-plane reciprocal lattice veetors can be calculated. Specular reflection is the simplest way of 
scattering, because the electron loses no energy and its parallel momenturn is also conserved, so that 
the angle of incidence and the scattering angle are the same. During other Bragg diffraction processes, 
a part of the perpendicular momenturn of the electron is transferred to its parallel momentum, while its 
total momenturn is conserved. lts parallel momenturn becomes: 

k~ =kil+ gil (3.10) 
The momenturn transfer g11 must be equal to a combination of the in-plane reciprocal lattice veetors in 
order to have constructi ve interference of the electron waves, and thus a Bragg peak. 
Although EELS measurements can be performed at the position of a Bragg beam, it is more usual to 
measure at or in the near vicinity of the specular direction. Likewise has been done in this research. 

Although a major part of the electrans is elastically scattered from the sample surface, the small 
amount that is inelastically scattered is far more important in EELS. This type of scattering can be split 
up in four possible processes: dipole scattering, impact scattering, exchange scattering and resonance 
scattering. Resonance scattering only happens under very specific conditions and is not important for 
the experiments in this report. The other three mechanisms are explained in the next few paragraphs. 

3.3.1 Dipole scattering 
Dipole scattering is produced by long-range dipolar fields generated by the molecules in the sample 
surface. The distance between the electron and the surface at the moment of scattering is typically in 
the order of 100 Á. Before or after the scattering process, the electron is specularly reflected from the 
sample surface. The dipolar fields result from excitations in the sample, often referred to as charge 
fluctuations, that simply rearrange the charges already present. As a consequence, the system is always 
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electrically neutra!. This neutrality condition requires that at large distances from the surface, the 
dipolar contribution is the first nonvanishing term of the electrastatic potential that is seen by an 
electron that is approaching the surface. 
One of the properties of dipale scattering is that the scattered electrans have a small angular 
distribution. The most probable angle of de ft eetion from the specular direction is: 

(} = Eloss 

E 2EP 
s 

(3.11) 

The electrans are concentrated in this direction in what is called the dipale lobe. For small loss events, 
like molecular vibrations, this deflection angle approaches zero and such processes produce a 
contribution to the energy loss cross section that is peaked sharply around the specular direction. 
Not all dipolar field generating excitations contribute to the dipale lobe, but only excitations that 
generate an asciilating electric dipale moment perpendicular to the surface. If the excitation of the 
molecule generates an asciilating dipale moment parallel to the surface, with no component normal to 
it, then because of symmetry its dipale lobe will be absent. 

3.3.2 Impact scattering 
Just like dipale scattering, impact scattering is a result of the Coulomb interaction of the incoming 
electron with the materiaL The calculations on dipale scattering are comparatively easy because the 
electron scatters from the fluctuating electric field at large distance, befare or after it is elastically 
scattered by the sample. However, the dipale scattering picture breaks down if either the scattering 
angle of the electrans is far outside the dipale lobe or if the excitation that is induced is dipale 
forbidden. Instead, these excitation processes are described with the impact scattering mechanism. 
Impact scattering is much more complicated than dipale scattering and a microscopie theory is needed 
to describe the mechanism. For understanding the research of this report, it is enough to know that an 
excitation that is assigned to impact scattering is created primarily while the electron is inside or very 
close to the sample, not when it is in the vacuum far above it. 

3.3.3 Exchange scattering 
A completely different type of scattering is exchange scattering. The basic idea of this mechanism is 
quantummechanical. In quantummechanics, two electrans are not distinguishable from each other and 
if two electrans are exchanged, then this doesn't change the situation as it is. Applying this to EELS, 
one can say that the incoming electron does not necessarily have to be the same electron that comes out 
of the sample after scattering: it can just as well be exchanged with one of the electrans in the sample. 
This process is called exchange scattering. A comparison with Coulomb scattering is visible in 
tigure 3.3. 
Exchange scattering is the main process that is responsible for triplet excitation. The spin flip of an 
electron during its excitation can be explained with an exchange of the original valenee electron, that 
has for example spin up, with an incoming electron with spin down. Of course, the valenee electron can 
also be exchanged with an incoming electron that has the same spin: in that case the result is a singlet 
and cannot be distinguished from a singlet that is caused by Coulomb scattering. 
The probability of exchange scattering depends largely on the energy of the incoming electrons. The 
probability reaches a maximum if the wavefunction of the incoming electron has a large overlap with 
the wavefunction of the valenee electron, with which it is exchanged. For extended molecules, like C60 
and OPV5, this results in a maximum probability at a primary energy in the order of 1 eV. 
Consequently, in order to detect a triplet exciton in our experiments, we go to very low primary 
energies. One of the primary criteria for an EELS peak to be assigned to a triplet exciton is that the 
peak intensity must decrease rapidly with increasing primary energy. 
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Figure 3.3 The processes of Coulomb scattering, which produces a singlet exciton, and 
exchange scattering, resulting in a triplet. 

3.4 The EEL spectrum 

21 

A spectrum that results from an EELS measurement usually shows the intensity of electrans as a 
function of their loss energy, measured with both the sample and the analyser in a fixed position. Three 
kinds of electrans are distinguishable in an EEL spectrum: 
1. at zero loss energy there is a very strong peak of electrans that were elastically scattered from 

the sample; 
2. at loss energies larger than zero are visible the electrans that have made an excitation in the 

sample; 
3. at low kinetic energies of the detected electrons, that is at loss energies close to the primary 

energy of the electrons, the so-called secondary electrans are detected. Among those are 
electrans that are kicked out of the sample by incoming electrans that induce an ionisation, 
and also multiply scattered electrons, that are not suitable for characterising the sample 
because they have lost energy in more than one scattering process. The background of 
secondary electrans decreases exponentially in going to higher kinetic energies. 

In an EEL spectrum, the region of main importance is where the electrans are detected that are 
described in number 2. Structures very near the zero-loss peak, at loss energies in the order of tenths of 
eV's, are due to vibrational excitations. Excitons are visible at some higher loss energies, just below the 
conductivity bandgap, and above this energy interband transitions are possible. Core excitations are not 
visible in our spectra, because the primary energies that were used in this research are too smal!. 

3.5 Other material investigation techniques 

In this research, a few other investigation techniques beside EELS have been used to characterise the 
materials. A short description of each of these methods is given in this paragraph. 

3.5.1 UPS 
Photo-electron Spectroscopy is a method that provides information about the binding energies of 
electrans in a materiaL A monochromatic beam of light shines onto the sample and electrans inside the 
sample can absorb the photons. An electron must overcome its own binding energy Eb as well as the 

workfunction of the sample in order to be excited to the vacuum level. If the energy tzw of the absorbed 
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photon is high enough for this ionisation, the electron leaves the sample with a kinetic energy that is 
equal to: 
E = tuv- Eb- (/Js (3.12) 
The kinetic energy distribution of the emitted electrons is detected with the same analyser that is used 
for EELS. The analyser is rotatable around the sample, so it is possible to do angular resolved 
measurements. Our light souree is a helium discharge lamp that generates photons with an energy of 
21.21 eV. This energy is in the vacuum ultraviolet regime of the electromagnetic spectrum, hence the 
name Angular Resolved Ultraviolet Photo-electron Spectroscopy (ARUPS). The electronic energy 
levels that can be measured with UPS are less than -17 e V below the Fermi level of the material, so 
only valenee orbitals and valenee bands are visible intheUP spectrum. 
UPS reveals the energy diagram of the (N-1)-electron system, because one electron is removed during 
the photo-electron process. Therefore, it is not comparable to the features that are visible in an EELS 
spectrum, which shows the (N)-electron system. 
We used UPS to check whether our sample surface was clean and not charging: both surface 
contamination and charging result in a.o. a broadening of the UPS peaks. 

3.5.2 LEED 
Low Energy Electron Diffraction (LEED) is used to examine the crystallography of the sample surface. 
A monochromatic beam of electrons, with an energy typically in the range 10-1000 eV, is aimed at the 
surface. The beam is Bragg diffracted and the backscattered electrons are visible on a fluorescent 
screen that lights up where it is hit by electrons. If the surface from which the electrons are diffracted is 
crystalline, then a pattern of spots appears on the screen, as described in section 3.3. From this pattem 
one can determine the configuration of the atoms or molecules at the sample surface. If the surface is 
amorphous, the fluorescent screen lights up everywhere, because the backscattered electrons are 
divided almost evenly. In our experimental setup, the amount of absorbed molecules that contaminate 
the sample surface is too small to influence the LEED pattern. 

3.5.3 Optical absorption techniques 
InfraRed (IR) and Raman spectroscopy are two different techniques that monitor the vibrational and 
rotational spectrum of molecules. Both experimental methods make use of the absorption of light by 
molecules that are excited to a higher mode. 
IR spectroscopy is an optica! technique in which the absorption of photons is detected. The IR 
spectrum that is presented in section 5.5 of this report is taken in transmission. The absorption of 
monochromatic radiation that passes through the sample is monitored as the frequency of the incident 
light is varied. The gross selection rule for IR is that the dipole moment should change as the molecule 
vibrates or rotates. The classica! basis of this rule is that an oscillating dipole can interact with 
electromagnetic waves. 
In Raman spectroscopy, photons are detected that scatter from molecules with an energy that is 
different from their original energy. A monochromatic beam of light, typically in the visible region of 
the spectrum, is passed through the sample and the radiation scattered perpendicular to the beam is 
monitored. The photons that are being scattered may either excite a molecule to a higher vibrational or 
rotational mode, resulting in energy loss of the photon, or they may collect some energy from 
molecules that are already excited, resulting in energy gain. The gross selection rule for Raman is that 
the polarizability should change as the molecule vibrates or rotates. 
The penetration depth of light in solid materials is in the order of 1000 Á, which is much larger than for 
EELS. Consequently, IR and Raman are not surface sensitive: they show more bulk properties of the 
investigated material than EELS does. The exclusion rule for IR and Raman states that if a molecule 
has a centre of inversion (like C60 and OPV5 do), then no modescan be both IR and Raman active. A 
mode may be inactive in both spectroscopie techniques, though. An advantage of using EELS over IR 
and Raman is that, because of different selection rules, in one EEL spectrum IR as well as Raman 
active vibrations are visible. However, also because of the selection rules some vibrations that are 
either IR or Raman active, may be inactive in EELS. 
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Chapter 4 The ARUPS/EELS experimental setup 

4. 1 Substrate and sample carrier 

C60 and OPV5 are both semiconducting materials, so that in executing electron spectroscopy the 
experimentator must beware of charging of the sample. In order to reduce the danger of charging, 
which depends among others on the thickness of the sample, the materials under investigation were 
deposited as thin films onto a metallic substrate. In this report, mainly single-crystalline Ag(l11) was 
used as the substrate for C60 and OPV5. The reason for this choice was that C60 can form a crystalline 
film on single-crystalline Ag(111) [20,21]. Besides the single-crystalline substrate, also a poly
crystalline Ag substrate was available, which has been used for calibrating the electron lens system of 
the analyser. Moreover, in the first C60 experiments poly-crystalline Ag was taken as the substrate for 
C60. The surface of both Ag substrates was approximately 1 cm2• 

In order to be able to handle a sample with only the tools available in the UHV system, each of the Ag 
substrates was fixed to a sample carrier. In tigure 4.1 a schematic drawing of such a carrier is shown. 
lts length and width are respectively 34.60 mm and 13.85 mrn; the thickness is 1.00 mm. The width 
and thickness of the carrier are important for making it fit in the sample support of the annealing stage 
and the manipulator. On one end, the sample carrier has a bayonet connector. A counterpart is fixed to 
the magnetic transfer probe in the preparation chamber, so that the sample carrier can easily be picked 
up and released again by the probe. 
The carrier is made of tantalum. Being a metal, tantalum is a good conductor, which is necessary for 
ARUPS, EELS and LEED in order to prevent charging. It is a non-magnetic material, so it will cause 
no local magnetic field that could influence the prohing electrans duringa measurement. Tantalum has 
a melting point of 3270 K, so it can easily stand the temperature that is reached during the annealing 
process. Another advantage of the material is that it allows spot welding, a methad that is suitable for 
UHV systems. This makes it possible to fix the substrate to the carrier in a very convenient way: two 
tantalum strips are bend over the substrate and spot welded to the sample carrier. The strips keep the 
substrate in position and can be removed without darnaging it, thus enabling second usage of both the 
carrier and the substrate. 

screws 

D 
substrate bayonet 

Figure 4.1 Schematic drawing ofthe sample carrier. 

4.2 The UHV setup 

As mentioned already in section 3.1, the condition of the sample surface is extremely important for the 
quality of EELS measurements. Even small amounts of contamination on the surface can influence the 
EEL spectrum significantly. The lifetime of a sample, which is defined as the period of time after 
which one monolayer of dirt is accumulated onto the surface, depends on the reactivity of the sample 
and the pressure in which the sample is kept. Because of the latter, the measurements described in this 
report were performed in an ultra-high vacuum (UHV) system, which is shown in tigure 4.2. The 
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system consists mainly of three parts: the Ioad loek, the preparation chamber and the main chamber. 
The three chambers are secluded from each other with airtight valves. 

LEED 

EMU 

magnetic 
transfer probe 

Figure 4.2 Top view ofthe experimental setup that is used in ARUPS/EELS measurements. The 
numbers indicate the three ma in parts of the setup: the load loek ( 1 ), the preparation chamber (2) and 

the ma in chamber ( 3 ). 

The load loek is used for brioging samples from atmospheric pressure into the UHV system. It is 
evacuated with a small turbo pump, that has a rotary pump as a backing pump, and a minimum 
pressure of 3x 1 o·8 mbar can be reached. Like in all three chambers of the UHV system, an ion gauge is 
installed to monitor the pressure. The load loek can be aired while the main chamber and the 
preparation chamber are still UHV. Nitrogen gas is lead into the load loek via a teak valve in order to 
bring it at atmospheric pressure. The load loek has a flange that is sealed with a teflon ring, so that it 
can easily be opened and closed. The sample can be put in a support on a mechanically driven arm that 
is attached to the flange. When the flange is closed again and the load loek is pumped to a pressure of 
-10·7 mbar, the valve between the load loek and the preparation chamber can be opened and the sample 
can be transported into the preparation chamber with the mechanically driven arm. There, it is picked 
up with a magnetic transfer probe, which can be manoeuvred by hand from outside the UHV system. 
The magnetic transfer probe can transport the sample inside the preparation chamber and from the 
preparation chamber into the main chamber. 

In the preparation chamber the sample substrate is cleaned and the sample is prepared. The facilities 
that are available for this purpose, and their methods, are described in detail in section 4.3. After the 
preparation, the measurements are performed in the main chamber. Each of the two chambers has a 
cyopump, which keeps the base pressure at -2xl0.10 mbar in the preparation chamber and even below 
10" 10 mbar in the main chamber. These low pressures can be reached only if, after airing the chambers, 
they are baked for a few days at a temperature of -130° C. The purpose of this process is to evaparate 
water molecules that stick to the sides of the chambers, after which they are pumped off by the 
cryopumps. Water is very contaminating for the sample: a water molecule that hits the material surface 
has a large probability to stick to it. Therefore, baking the chambers enhances the Iifetime of the 
sample. 

The clock-shaped main chamber is made of )..1.-metal to block out magnetic stray fields that may 
influence the electroos during the measurements. The main chamber is equipped for performing several 
different techniques: 

a manipulator holds the sample in a fixed position; 
a helium discharge lamp can be used as a souree of radiation for UPS; 
an Electron Monochromator Unit (EMU) provides a monoenergetic beam of electroos for EELS; 
an analyser detects the electrans coming from the sample in UPS and EELS; 
a facility for doing LEED is available. 

All materials that are used inside themainchamber have to be non-magnetic to prevent that local fields 
influence the electrons. Moreover, to equalise the workfunction of the materials in the near vicinity of 
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electrans flying in the vacuum, the parts of the He-lamp, EMU and analyser within 10 cm of the 
sample are coated with carbon. 
The manipulator, and thus the sample, is in the central vertical axis of the main chamber and the other 
facilities are oriented towards this axis. The He-lamp, the EMU and the analyser are aligned, so that it 
is possible to perfarm both UPS and EELS on the same sample spot. For aligning, tirst the EMU and 
the analyser were positioned in direct beam contiguration: the electrans coming from the EMU were 
aimed directly at the analyser entrance slit with no sample in between. After the optimum position and 
orientation of both was found, the analyser was rotated over 30°, so that it formed a direct beam 
contiguration with the He-lamp. The orientation of the lamp was then adjusted to the position of the 
analyser. In the ideal case, the beams coming from the EMU and the He-lamp would now cross each 
other in the centre of the main chamber, where the sample is, and the analyser would look at exactly the 
same spot from any position and orientation it can have. However, in reality there was a small 
misalignment of a millimetre maximum at the sample surface. 

4.3 Sample preparation 

As EELS is a surface sensitive technique, the cleaning and preparation process of the sample is very 
important. In atmospheric pressure, outside the UHV system, the Ag substrate is covered with a few 
monolayers of dirt, like water and oxides. In the preparation chamber, the contamination is removed 
from the surface by argon ion etching. The substrate is bombarded with argon ions coming from an 
argon sputtering gun. When they hit the sample they kick atoms and molecules off the surface. 
However, not only the contaminating molecules are removed during the sputtering process, but also 
Ag atoms, resulting in small defects in the sample surface. The acceleration voltage of the argon ions, 
and thus the power that the sample is sputtered with, depends on the vulnerability of the sample. For a 
poly-crystalline Ag sample a voltage of -1.5 kV can be used, but a single-crystalline Ag surface gets 
rough if it is sputtered with a voltage higher than -0.5 kV. After sputtering, the substrate can be 
annealed in a specially designed oven. This annealing stage is described in section 4.4. During this 
process the substrate is heated to 400° C and the amount of point defects in the crystal lattice, induced 
by sputtering, is reduced. 

Figure 4.3 

annealing 

stage 

monitor 

A cut through the preparation chamber at the position where the film of C6o or OPV5 
is deposited. 

When the substrate is clean, it is transferred to the part of the preparation chamber where the sample is 
prepared for the measurements. A cut through the preparation chamber at that position is visible in 
tigure 4.3. 
A Knudsen cell is built into the chamber for vapour deposition of the material to be investigated onto 
the Ag substrate. The material, C60 or OPV5, is in solid phase in a tube, that can be heated to a 
temperature of a few hundred degrees Celsius, so that the material evaporates. The temperature is 
measured with a K-type thermocouple and can be controlled with a feedback system consisting of a 
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Eurotherm temperature controller and a Delta Electronika power supply. The evaporated material 
condenses on the substrate, which is placed above the aperture of the Knudsen cell. The aperture can be 
shielded with a lid at the moment that the film of deposited material is thick enough. 
The deposition rate of material can be measured with a film thickness monitor, of which the quartz 
crystal is almast in the middle of the preparation chamber. The quartz crystal has a vibrational 
frequency that depends on the sum mass of the crystal and the deposited film. Consequently, the 
change of frequency during the condensation of material onto the crystal surface is a measure for the 
deposition rate. The film thickness monitor is mounted to a flexible connector in the top of the 
preparation chamber: it can be swung around in order to find the exact position where the beam of 
evaporated material, coming from the Knudsen cell, is most intense. The substrate should be placed at 
that spot during the deposition process. 
The third device that is used during sample preparation is an annealing stage, which is described in the 
next paragraph. The annealing stage and the Knudsen cell are installed in the chamber in such a way 
that the sample, when it is placed in the annealing stage, faces the aperture of the Knudsen cell. This 
generates the possibility to deposit material onto the substrate while heating it. In case of C60 it was 
proved that deposition on single-crystalline Ag at a temperature of 200° C leads to a more perfect 
crystalline layer of C60 than when the Ag substrate is kept at room temperature [22]. 

4.4 Annealing stage 

The annealing stage was especially designed and assembied for the deposition of C60 and OPV5 on a 
substrate of single-crystalline Ag. A schematic drawing of the stage is printed in tigure 4.4. 
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Figure 4.4 Top view (upper picture) and side view (lower picture) ofthe annealing stage that 
was designedfor measurements on C60 and OPV5 on single-crystalline Ag. The smalt prielure at the 

right shows a bottam view. Only the stainless steel head and part ofthe carrying bar are shown in the 
pictures. 

A stainless steel bar (low thermal conductivity) is mounted to a flange and at the other end the bar 
carries a stainless steel head. On the topside a heating element is embedded in the head. It consists of 
tubes made of aluminumoxide, which is electrically isolating, with tungsten wire running through 
them. The tungsten wire is heated by putting an electrical current ( <2.0 A) through it, resulting in a 
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maximum power generation of -30 W. The heating element is covered with a few layers of tantalum 
foil (not shown in figure 4.4 ), in order to reduce the loss of heat due to radiation on the topside. 
The sample carrier can be placed in a support on the bottorn side of the head of the annealing stage, 
with the sample surface facing down towards the aperture of the Knudsen cell. In the stainless steel 
between the sample carrier and the heating element is an open window, so that thermal radiation 
coming from the heating element is directly caught by the backside of the sample carrier. The 
temperature of the sample is measured with a K-type thermocouple, which is clamped under a screw 
near the sample. The heater and thermocouple cables run along the stainless steel bar to a cable 
feedthrough in the mounting flange. 
The mounting flange is connected to a z-motion in horizontal direction, that has a range of travel of 
25 mm, so that the head of the annealing stage can be moved towards and from the central axis of the 
preparation chamber. In the position where the head is away from the centre, the magnetic transfer 
probe can pass it to move the sample from the preparation chamber to the main chamber. If the head is 
positioned in the centre of the preparation chamber, the sample can be placed into the sample support 
of the annealing stage. 
A temperature of at least 600° C can be reached in the annealing stage. For annealing the single
crystalline Ag substrate, it was placed in the annealing stage for -5 minutes at a temperature of 
-400° C. During the deposition of C60 the Ag substrate was kept at a temperature of 200° C. OPV5 was 
deposited at room temperature, because as described in chapter 5, heating up a film of OPV5 doesn't 
genera te the same impravement as in case of C60• 

4.5 Manipulator 

On the top flange of the main chamber, the manipulator is mounted that holcts the sample during the 
measurements. The manipulator, visible in figure 4.5, looks like a tube that goes down into the main 
chamber, with a copper block connected at the bottorn end. The sample is placed in a sample support 
on the copper block and it is clamped with four screws. The manipulator is destined for moving the 
sample to the desired position in the main chamber. lt has four motions of freedom: its translation 
range in xy-direction is 25 mm, in z-direction it can travel over 400 mm and it can be rotated around its 
own z-axis (vertical axis) over an angle of 360° maximum. 

LN2 inlet 

~ 
gasoutlet~ 

+- z-motion 

11( sample 

Figure 4.5 Schematics ofthe manipulator, with built in cryostat and isolating connector. 

The manipulator has a built-in cryostat that can be cooled with both liquid helium and liquid nitrogen. 
In our experiments, we only used liquid nitrogen. A pipe leads the liquid nitrogen all the way down 
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through the manipulator to the copper block and the evaporated nitrogen gas goes up the manipulator 
again to the gas outlet The copper block can be cooled down to a stabie temperature of -80 K or a Jittle 
bit higher, depending on the nitrogen gas flow. The temperature is measured with two Si-diodes: one 
positioned next to the sample in the UHV and the other inside the cryostat, where the nitrogen flows. A 
Lakeshore temperature controller monitors the temperature. 
An aluminumoxide connector has been installed in the manipulator to electrically isolate the sample 
from ground (see tigure 4.5), so that during measurements the current through the sample can be 
measured by closing the circuit with an ammeter. This facility has been used to determine the optimum 
pressure of the helium gas in the helium discharge lamp (see section 4.6). During other measurements, 
the sample and ground were connected with a simple copper wire. 

4.6 Helium discharge lamp 

In the He-lamp, ionised He gas recombines with electrans and emits VUV-Iight with an energy of 
21.21 eV. The He-lamp has a satellite line that is due to an excited state of He different from the one 
causing the strong 21.21 eV line. The satellite is 1.85 eV higher in energy and it has 1.84% of the 
intensity of the main line. All UP spectra shown in this report have been corrected for this satellite. The 
intensity of the satellite depends on the pressure of the He gas in the lamp, which is therefore kept 
constant. The gas pressure cannot be monitored directly, but the pressure in the large turbo, which is 
pumping the He-lamp, is an indirect measure for it. The optimum gas pressure of the lamp was 
determined by observing the electrical current flowing through the sample while the pressure of the He
lamp, which was shining onto the sample, was varied. The maximum current through the sample was 
generated at a pressure of 7x10"7 mbar in the large turbo, which means that at this value the He-lamp 
starts suffering from self-absorption of the radiation that it produces. Therefore, the He-lamp is 
operated at a slightly lower pressure, namely 7xl0·7 mbar. 

4. 7 Analyserand EMU 

One of the most delicate parts of the ARUPS/EELS set up is the hemispherical electron energy analyser 
in the main chamber. The analyser is situated on a two-axis goniometer that enables a rotation of the 
analyser around the centre of the main chamber, where the sample is positioned. In the horizontal plane 
the analyser can rotate over -200° and perpendicular to it a rotation of -90° is possible. 
The principle of the analyser is clarified in tigure 4.6. The electrans that enter the analyser first go 
through an electron lens system, which is intended for focussing them. The lens system is described in 
detail in section 4.8. Next, the energy of the electrans is analysed by two hemispheres with a potential 
difference across them, resulting in an electric field between the hemispheres. The electrans that enter 
the space between the hemispheres are deflected by the electric field. Only electrans with a specific 
energy, called the pass energy of the hemispheres, Jeave the hemispheres at the other end, while an 
electron with an energy unequal to the pass energy hits one of the hemispheres and disappears out of 
the electron beam. 
The energy resolution of the measurements depends to a great extent on the pass energy of the 
analyser. When the analyser is scanning a range of energies, the pass energy must be kept constant in 
order to have the same energy resolution for every datapoint in the resulting spectrum. Therefore, the 
energy of the electrans leaving the hemispheres is not determined with only the pass energy of the 
analyser deflector, but in combination with a potential offset of the deflector as a whole: the retardation 
potential. Before they enter the hemispheres, the electrans coming from the vacuum above the sample 
are slowed down by an amount equal to the retardation potential, corrected for the workfunction 
difference between the sample and the analyser. Only if their remaining energy is equal to the pass 
energy of the hemispheres, then they appear at the exit slit of the detlector. The entrance and exit slit of 
the hemispheres are also at the retardation potential in order to reduce fringe effects at the edges of the 
hemispheres. Changing the retardation potential while keeping the pass energy constant can vary the 
energy of the electrans that pass the hemispheres. 
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At the exit slit of the hemispheres the electrans are captured by an electron multiplier. Every time an 
electron enters the multiplier, a pulse is generated at the output of the multiplier, which is registered by 
a pulse counter. 

The EMU and the analyser are almost a mirror image of each other, as one can see in figure 4.6. 
Nevertheless, there are some eminent differences, as the EMU is a souree of electrans and the analyser 
has to detect them. 
In the EMU, a tungsten filament generates electrans in a range of energies. For EELS it is necessary 
that all the primary electrans have the same energy, so the cloudof electrans coming from the filament 
is monochromised by use of a hemispherical monochromator. Again, a combination of the retardation 
potential and the pass energy selects the electrans with the correct energy. The monochromatic 
electrans then go through an electron lens system, which focusses them onto the sample surface. The 
energy of the electrans that reach the vacuum above the sample is equal to the sum of the retardation 
potential and the pass energy of the EMU, corrected for the workfunction difference between the EMU 
and the sample. 

(a) 

(b) 

Figure 4.6 The analyser (a) and the EMU (b) are a/most a mirror image of each other. 
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4.8 The analyser lens system 

The analyser captures electroos coming from the sample in a limited spatial angle. An electron lens 
system is used to focus these electroos onto the exit slit of the hemispheres, where they are detected by 
the electron multiplier. In genera!, electron lenses treat electroos like optica! lenses treat light. The lens 
system consists of electrically isolated cylinders, each with its own potential. Between two 
neighbouring cylinders there is a potential difference, resulting in an electric field that changes the path 
of the electroos passing through the cylinders. Unlike light, which can diverge under the influence of a 
lens, electroos are always deflected towards the symmetry axis ofthe cylinders. 
The lens mode of the system is defined as the potential on each of the lenses, including their 
dependenee on the kinetic energy of electroos that one wants to detect. Changing the potential on one 
of the lens segments can influence the angular resolution, the energy resolution and the electron 
countrate, so the lens mode that one should choose depends on which parameter one tries to optimise. 
The lens mode that gives the optimum result also varies slightly with varying pass energy of the 
hemispheres. However, in our experiments, this dependency was neglected and a lens mode that was 
optimised for one pass energy has also been used in combination with other pass energies. 

segment segment segment segment segment 
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Figure 4. 7 A cut through the lens system that was used in our analyser. In grey are indicated the 
parts ofthe old lens setup that were removed in order to obtain an enhanced countrate with the new 

lens setup. 

Our lens system, of which a cut through is shown in figure 4.7, consists of an aperture, that is 
grounded, and five cylinders. The totallength of the lens system is -50 mm and the inner diameter is 
-5 mm. The last cylinder that the electroos pass is at the retardation potential, so that the electron path 
is not influenced between the lens system and the entrance slit of the hemispheres. The third cylinder 
originally had two diaphragms with a diameter of -0.5 mm. During our measurements we had to deal 
continuously with a trade-off between energy resolution and countrate and the only way to increase 
both was to give upsome of the angular resolution by increasing the diaphragms in the lens system. lt 
was decided to make the diameter of the diaphragm ciosest to the aperture -1.0 mm and to remove the 
second diaphragm completely. Theoretically, this would result in a higher countrate, not only because 
the diameter of the beam of electroos going through would increase, but also because the influence of a 
possible misalignment between the focussed electron beam and the diaphragms would decrease. The 
countrate was estimated to become about four times higher, but in practice the increase was no more 
than 25%. This indicates that, apparently, in the original setup there was hardly any misalignment 
between the electron focus and the diaphragms. Moreover, the amount of electroos passing through the 
lens system was grossly determined by the aperture of the lens system and not by the diameter of the 
diaphragms. 

The lens modes that have been used in our experiments were determined withUPS on a sputtered poly
crystalline Ag sample. The process was performed as follows. The potentials of two electron lens 
segments of the analyser were scanned over a range of voltages, while keeping the remaining segments 
at a fixed potential, and measuring the countrate of electroos for every combination of voltages. The 
voltage range over which was scanned was limited by the lens power supply to values between -60 V 
and +60 V. The result of such a two-dimensional scan is visible in figure 4.8: the bright areas indicate a 
large countrate of electrons, while in the dark areas the countrate was very smal!. Such scans have been 
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obtained for two kinetic energies of electrons, namely for 3 eV, where the intensity of secondary 
electrans is large, and for 11 eV, where the Ag d-band provides a high electron intensity. The lens 
voltages at which the countrate showed a maximum were used to calculate a lens mode in which the 
lens voltages increase linearly with the kinetic energy of electrons. This lens mode gives a high 
intensity of detected electrons, whereas the energy resolution was not taken into consideration in the 
determination of the lens mode. The lens modes that resulted from these calibrations depend on the 
pass energy of the analyser. They are presented in table 4.1 . 
It is quite complicated to determine the angular resolution of the lens modes that have been used in the 
experiments. From measurements on the angular width of the zero-loss peak in EELS around the 

. specular direction, we can estimate that the angular resolution is :52°30'. 

12 

0 

0 12 

Figure 4.8 An example of a 2D-scan of the countrate of electrans as a function of the voltages 
on two ofthe electron lens segments. 

segment 1 se_gment 2 I segment 3 I segment 4 segment 5 
PE:52.5 eV co --- -~fr-~ ---~----·-:ó:f~--~· ~:~~H -0.719 I Vretard 

Cl -0.344 
PF25.0eV co 0.446 -0.030 I 2.011 I 0.089 Vretard 

oo ·-·-·~MMM•---

Cl 2.352 0.177 I 2.933 I -0.613 

Table 4.1 The lens mode values that resultedfrom the 2D-scans (after the change ofthe lens 
system)for several pass energies (PE) ofthe analyser. From these values the voltages ofthe lens 
segmentscan be calculated with the following linear equation: Vsegment = CO+ Cl *(Vretard + PE) 

4.9 Energy reso/ution 

The combined energy resolution of the EMU and analyser in the present system setup (i.e. after the 
modification of the lens system) is tabulated in table 4.2. These values were determined by measuring 
the Full Width at Half Maximum (FWHM) of the zero-loss peak in direct beam contiguration of the 
EMU and the analyser. The resolution depends on the passenergiesof both the EMU and the analyser 
and as well on the analyser lens mode that is used to focus the electrons. The lens mode that was used 
to make table 4.2 was the lens mode has been used during the measurements on OPV5. 
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PE of the analyser 
(eV) 

0.25 0.50 1.00 2.50 I 5.00 I 10.0 
0.25 15 19 21 I 29 

8~ 
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I 0.50 14 14 16 21 29 . . ... 

=tf=H!j I 1.00 14 22 28 
-····-·-····-·······--····-········ [_ --· 

2.00 17 29 
I 

34 48 
2.50 ---·22~~=: 31 36 I 49 --

37 39 I I 43 I 5.00 38 41 I 54 

Combined energy resolution (in me V± 3 me V) ofthe EMU and the analyserat 
several pass energies ( PE). 
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Chapter 5 Results and discussion 

The experimental results that are presented in this chapter have been obtained with Angular Resolved 
Ultraviolet Photo-electron Spectroscopy (ARUPS) and Electrans Energy Loss Spectroscopy (EELS). 
The usual procedure for doing EELS is that first a UP spectrum is taken of the sample. If the spectrum 
is not approved of, for example because there are indications of charging (due toa large film thickness 
at that spot) or surface contamination, then another spot is examined. When a suitable spot is found, 
EELS can be started. All EELS measurements were performed in the plane of specular reflection, with 
an incoming angle of 45°. In most EELS experiments the outgoing angle was also 45°, but tigure 5.3 
was measured for varying outgoing angles. Except for tigure 5.8, which was measured at liquid 
nitrogen temperature, all other experiments were performed at room temperature. 
The data on C60 were taken with the old lens setup of the analyser with two diaphragms, as explained in 
section 4.8. The OPV5 experiments were carried out after the electron lens system was modified. 

5.1 UPS on C6o 

Two different films of C60 have been investigated: one that was deposited on a substrate of poly
crystalline Ag, the other on a single-crystalline substrate. The thickness of the films was in both cases 
estimated to be between 5 and 10 monolayers. 
The film of C60 on single-crystalline Ag was grown with a substrate temperature of 200° C. A 
diffraction pattem appeared when the sample surface was investigated with LEED, which indicates that 
our sample was a crystalline film of C60• B y camparing the pattem to the LEED pattem of clean single
crystalline Ag(lll), that showed the same contiguration of LEED spots, the lattice constant of C60 

could be determined to be 3.5 times larger than the lattice constant of Ag. This is in exact agreement 
with the ratio of the nearest neighbour distance of Ag, which is 2.86 Á, and the nearest neighbour 
distance of C60, 10.0 Á. Moreover, the pattem of C60 was rotated over -30° compared to the pattem of 
Ag, which indicates that the C60 surface construction was rotated over the same angle compared to the 
Ag surface construction. 
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The UP spectra ofC60 on single-crystalline Ag (upper line, with offset) and C60 on 
poly-crystalline Ag (lower line). 
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UPS was performed on the samples and the resulting spectra are shown in tigure 5.1. As explained in 
section 2.1, the exact position of the Fermi level of a semiconducting material is unknown: it is 
somewhere in between the HOMO and the LUMO. Therefore, in tigure 5.1 (and also later in 
tigure 5.4) the binding energy is defined with respect to the Fermi level of our metallic Ag substrate. In 
tigure 5.1, no Ag is visible any more: the Fermi edge at zero binding energy is not distinguishable. The 
HOMO of C60 on poly-Ag is detected at a binding energy of 2.01 ± 0.04 eV, the HOMO of C60 on 
single-crystalline Ag is at a binding energy of 1.69 ± 0.04 eV, measured from the onset of the HOMO 
to the Fermi level. This shift in binding energy, which is equal for all the energy levels that are visible 
in tigure 5.1, can have several causes, like a differing amount of impurities in the samples. The effect 
has no influence on the EEL spectra, because the energy levels only shift with respect to the Fermi 
level, but not compared to each other. 

5.2 Triplet exciton in C60 as a tunetion of primary energy 

High Resolution EELS on C60 was performed for the first time in 1992 by A. Lucas et al. [6] . A 
disordered film, grown on Si(lOO) was used in the experiments. We repeated one of the measurements 
with our own experimental setup and a C60 film that was deposited on poly-crystalline Ag. Figure 5.2 
shows the EEL spectrum, taken in specular direction. The primary energy of the incoming electrans 
was 10 eV and the resolution, which was taken as the Full Width at Half Maximum (FWHM) of the 
zero-Joss, was 70 me V. Our spectrum is camparabie to the EEL spectrum measured by Gensterbium et 
al., shown in the inset of tigure 5.2. This is a strong indication that our machine is working properly 
and that the results that are presented in this report are reliable. 
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Figure 5.2 EELS in specular direct ion, performed on C60 deposited on a poly-crystalline Ag 
substrate. The resolution ofthe plots at Ep =JO eV and Ep = 20 eV was respectively 40 me V and 

70meV. 

Close to the zero-loss in tigure 5.2, at a distance of a few hundred me V, roughly two features can be 
distinguished that can be assigned to vibrational modes of the C60 molecule. The first feature at 
-0.17 eV actually consistsof two peaks, at 1250 cm·1 and 1570 cm-1

, which are Raman active. The 
second feature, at -0.35 eV, is due to combinations of the vibrations that caused the first feature. 
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The optical gap of C60 is 2.3 ± 0.1 eV and below this energy, several excitons can be distinguished in 
theEELS spectrum [12] . At -1.55 eV the lowest-energy triplet exciton of C60 is visible and the intense 
peak at -2.20 e V is the corresponding singlet state of the excitation. Also shown in the sa me tigure is a 
part of the EEL spectrum that contains the lowest-energy tripletand singlet, measured with a primary 
energy of 20 eV. Justas we would expect fora triplet, its intensity decreases with increasing primary 
energy. The triplet has our special interest: in the next paragraph, experiments that were focussed on 
the triplet exciton are presented. 

5.3 Angu/ar dependent EELS on the triplet exciton in C60 

On a single-crystalline surface of C60 it is possible to do angular dependent EELS measurements. 
According to the expectations the triplet exciton at -1.55 e V will shift in energy if the detection angle 
is changed, due to its dispersion. The energy shift is estimated to be 40 me V maximum. An attempt has 
been made to measure this triplet dispersion. The primary energy was 10 eV, the angle of incidence 
was 45° and the detection angle was varied. 
The results of the measurements are shown in tigure 5.3. The EELS spectrum was taken from two 
different detection angles, namely 5° off-specular, which corresponds to q11 = 0.05 nm·1 and 10° off
specular, which corresponds to a momenturn transfer of q11 = 0.74 nm·1

• These momenturn transfer 
values are well within one Brillouin-zone of the sample surface, of which the edge is at k11 = 3.14 nm·1
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Figure 5.3 Angular dependent EELS measurements on Có(}o The inset shows a close-up ofthe 
EEL spectra near the triplet exciton energy (scattered datapoints), including a smooth of these data 

( solid /in es). 

In tigure 5.3 no energy shift can beseen by eye between the triplet peak at -1.55 eV in the two plots. 
When the plots are smoothed, a small shift in the order of 15 meV can be distinguished (see inset of 
tigure 5.3). However, smoothing is not an appropriate way öf analysing data, because averaging one 
datapoint with several of its neighbours artiticially reduces the noise. Therefore, the best way to get 
more certainty about the energy shift would be to reduce the noise by obtaining more counts of 
electrons. Due to limitations like the sample lifetime and the trade-off between the countrate of 
electrons and the energy resolution obtained, these measurements were not possible with the EELS 
setup as it was. 
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5.4 UPS on OPV5 

The OPV5 film that was investigated in this report was grown on a single-crystalline Ag substrate at 
room temperature. The film thickness was estimated to be in the range of 5-50 monolayers of OPV5 
and it was no single-crystal, because no pattem was found in LEED. The bottorn plot in tigure 5.4 
shows a UP spectrum of OPV5. No Ag substrate is visible any more and three distinct peaks are clearly 
distinguishable at 2.45 ± 0.02 eV, 3.01 ± 0.01 eV and 3.57 ± 0.01 eV. These are the three highest 
occupied orbitals of the oligomer that are shown in the energy diagram in tigure 2.8. The other two 
non-degenerate occupied energy levels from the diagram, which are at lower energies, cannot be 
distinguished because ofthe intense peak at 4.43 ± 0.02 eV, which is due to an occupied five-fold near
degenerate energy level. 
It was hoped that by heating up the OPV5 sample, the molecules would become more mobile and they 
would forma crystalline layer of OPV5 on the Ag substrate. The upper plot in tigure 5.4 shows the UP 
spectrum of a film of OPV5 on single-crystalline Ag(111), which was deposited at room temperature 
and afterwards annealed for 30 minutes at a temperature of 100° C. The peaks in the spectrum of the 
annealed OPV5 sample are broader than before annealing and moreover, the peaks have a slight shift in 
energy. These changes in the spectrum are indications that the sample is charging. In our opinion, at 
elevated temperature the mobile OPV5 molecules cluster together in small islands that are 
comparatively thick. Another indication for this theory is found in X-ray Photo-electron Spectroscopy 
(XPS), where after annealing the intensity of the substrate !i nes in the spectrum is increased with regard 
to the carbon lines of OPV5, meaning that more substrate is visible in between the OPV5 islands. The 
formation of these islands, although they may be crystalline, makes the sample less suitable for UPS 
and EELS after it has been annealed. 
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UPS on OPV5, befare and after annealing ofthe sample. 

5.5 Ground state vibrations of OPV5 

The first feature in the EELS spectrum of OPV5 that draws the attention is the extensive spectrum of 
peaks near the zero-loss, shown in tigure 5.5 fora primary energy of 6 eV. The intensity of the peaks 
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drops very quickly for increasing loss energy, but nevertheless they are visible up to the energy of 
-1.5 e V, where the lowest triplet exciton is expected to be found. These peaks are vibrations of the 
OPV5 molecule in its ground state, which have been excited by the incoming electron without making 
an electronic excitation. 
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Figure 5.6 A part ofthe EEL spectrum offigure 5.5 and an IR spectrum in the same energy 
range. The EEL spectrum has a resolution of 30 me V. The braadfeatures intheIR spectrum around 

0.20 eV and 0.29 eV are due to respectively H20 and C02 contamination. 
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For comparison, an EELS measurement near the zero-loss has been placed on one energy scale with an 
IR spectrum in figure 5.6. The lowest-energy vibrations that are visible in EELS, between 0.06 eV and 
0.13 e V, can be assigned to different modes of the C-H bend vibration. The three strong modes that are 
visible in the IR spectrum at 552 cm·', 826 cm·' and 970 cm·' are also clearly distinguishable in the 
EEL spectrum. Two other vibrations can be assigned: the one at -0.19 eV is due to C=C vibrations and 
the last one, at -0.38 eV, is aC-H stretch vibration. One peak in the EEL spectrum, at -0.16 eV, does 
not correspond to an IR peak. lt is possibly aRaman active vibration, as such vibrations are not visible 
in IR spectra. The in-plane bending mode of a (=C-H) group generates a Raman peak around 
1254 cm·', which corresponds very well to the energy of the unidentified peak in our EEL spectrum 
[23]. 
The intensities of the vibrations in the EELS spectrum and in the IR spectrum differ, because their 
selection rules are not the same. The resolution of IR is better than of EELS, but the latter has the 
advantage that it has a much more extended range and its selection rules allow both IR and Raman 
active vibrations in a single spectrum. Moreover, in an EEL spectrum there are no contamination 
peaks, like the braad H20 and C02 peaks that are visible in the IR spectrum. 

Returning to figure 5.5, the vibrations that are visible at energies above 0.4 eV are combinations of the 
primary vibrations that have just been discussed, as more than one vibration can be excited during one 
scattering process. It is questionable whether the peak at -1.44 e V is also a vibration or the triplet 
exciton that we have been searching for. In figure 5.7 a close-up of the energy range 1.0-1.7 eV is 
shown, for spectra that were taken with different primary energies. Compared to the intensities of the 
vibrational peaks at -1.10 eV and -1.25 eV, the intensity of the peak at -1.44 eV, doesn't change very 
much. One of the properties of a triplet exciton is that its intensity in an EELS spectrum decreases 
rapidly with increasing energy. As this seemsnot to be the case in figure 5.7, it is not very likely that 
the peak at -1.44 e V is a triplet. Moreover, the peak is close to the energy of four times the C=C 
vibration and its width is camparabie to the peak broadening of the other vibrational peaks that are 
visible. These indications plead for assigning the peak to a vibration, and not to the lowest energy 
triplet. 
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Figure 5. 7 EELS on OPV5 with Jour different primary energies. The intensities (I) are 
normalised with respect to the intensity of the zero-loss (/zero-loss). The resolution of the spectra is 

between 35 and 60 me V. 
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5.6 Vibrational spectrum of singlet exciton in OPV5 

At room temperature each singlet exciton in OPV5 appears as a broad peak, as shown in the inset of 
figure 5.8. The main plot in figure 5.8 shows the EEL spectrum of the lowest energy singlet exciton at 
liquid nitrogen temperature. At this temperature the peak broadening due to intermolecular vibrations is 
reduced, so that the vibrational structure on the singlet transition is revealed. The remaining peak 
broadening can be mainly assigned to rotations, which are still thermally excited at liquid nitrogen 
temperature. 

The first vibrational peak that is clearly visible is at a loss energy of 2.77 ± 0.01 eV. It is quite possible 
that this is not the Jo west vibrational state of the excited molecule, as there seems to be some structure 
in the spectrum at energies below this value. The probability of making a 0-0 transition, as described in 
section 2.4, may be so small, that the 0-0 transition hardly has any intensity and that would mean that 
the first clearly visible peak is the 0-1 transition (from the ground state to the first vibrational mode of 
the electronic excited state). The onset of the 0-0 transition of theexciton is a measure for the optica! 
bandgap, the energy that is needed to bring an electron from the HOMO to the LUMO of the molecule. 
As there is no guarantee about the position of this transition in our spectrum, we have taken the onset 
of the first clearly visible vibrational peak as an estimate of the optica! bandgap. It was found to be 
2.67 ± 0.04 eV, which is in accordance with the value that has been measured in optica! spectroscopy, 
namely 2.7 eV [16]. 
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Figure 5.8 EEL spectrum ofthe lowest-energy singlet at 77 K, split up in vibrational stales of 
the excited OPV5 molecule, which have beenfitled with Gauss peaks. The inset shows the EEL 

spectrum at room temperature; notice that the energy ranges ofthe main plotand the inset differ. The 
resolution of the ma in plotand the ins et are respectively 30 me V and 60 me V. 

The spectrum in figure 5.8 has been fitted with Gauss peaks. Most important are the fits of the two 
most clearly visible vibrational peaks, at -2.77 eV and at -2.95 eV, because these were used to 
estimate the energy difference between the vibrational states. It has been determined as 0.18 ± 0.01 eV, 
which corresponds to the C=C stretch vibration. The two C-H vibrations do not show up, because the 
first singlet is an excitation of the 1t-electrons, which are responsible for the C=C honds, but have no 
contribution in the C-H bonds. The strong interaction between theexciton and the C=C vibration can 
be explained in a simple model, which is visualised in figure 5.9. Imagine two atoms with a two-fold 
degenerate half-filled highest energy level, which form a molecule. The energy levels of the atoms 
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overlap and we assume that they form two Iow-energy bonding orbitals and two high-energy anti
bonding orbitals. In the ground state all the electrans that are contributed by the atoms occupy the 
bonding orbital. The two atoms are strongly bound and the distance between their nuclei is smal!. Now 
if an exciton is formed, it means that one of the electrans is excited to the anti-bonding orbital, leaving 
behind a hole in the bonding orbital. Consequently, the bond between the atoms, caused by the three 
electrans in the bonding orbital, is weakened by the anti-bonding influence of excited electron, 
resulting in a Jonger bond Iength between the atoms. The molecule starts to vibrate, because it is not in 
its new equilibrium position immediately after the excitation. 

Figure 5.9 
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+Ö~ 
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Explanation ofthe bonding strengthof a molecule befare and after an excitonic 
excitation. 

5. 7 Triplet exciton in OPV5 

Going to Iower primary energy of the incoming electrons, the triplet excitation becomes more probable. 
Figure 5.10 shows an EEL spectrum of OPV5 with a primary energy of 4 eV. 

30000 
EP=4eV 
Resolution = 45 me V 

25000 

20000 

-::l 
~ 15000 
(/) 

ë 
::l 
0 

ü 10000 

5000 

0 
0 2 3 4 

Loss energy (eV) 

Figure 5.10 EEL spectrum of 0 PV5, measured with a primary energy of 4 eV. 

The vibrational spectrum, discussed in section 5.5, is again clearly visible at Ioss energies up to 
-1.5 eV and around 2.7 eV the onset of the singlet excitons shows up. A feature is visible in the 
spectrum at -2.4 eV, which has notbeen detected so clearly in previous spectra. Figure 5.8, measured 
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with a primary energy of 8 eV, shows some structure around 2.4 eV, but it is less intense than in 
figure 5.10. The decreased intensity at higher primary energiesis a first indication that the feature may 
be assigned to a triplet exciton. The position of the feature is in good agreement with the energy of the 
third triplet exciton, which has theoretically been determined to be 2.26 eV. 
Although this is a very exciting and promising result, it is too early to draw any conclusions from it. 
Apart from the fact that more measurements are needed to verify the triplet nature of the feature, also 
the energy of the corresponding singlet exciton has to be determined, either by EELS or by optica! 
techniques, to be able to calculate the singlet-triplet splitting and thus to say anything about the 
exchange interaction in OPV5. 
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Chapter 6 Conclusions and recommendations 

From the results on C60 measurements can be concluded that our ARUPS/EELS setup was proved to 
work and to be able to detect optically forbidden features like the lowest triplet excitonic state in C60• 

The trade-off between energy resolution and electron countrate makes very precise measurements, with 
a resolution better than 40 meV, rather time-consuming and thus complicated. Measurements that are 
more detailed than the ones presented in this report require a change of the EELS setup, as the 
modification that has al ready been made in the analyser lens system didn 't provide statistics much 
better than before. 

The triplet exciton in C60 was measured at an energy of -1.55 eV. Our measurements suggest that the 
triplet has a dispersion in the order of tens of meV's, which is in accordance with the theoretically 
expected value of -40 me V. lt would be very interesting to measure the dispersion of the triplet more 
precisely with an improved EELS setup. 

EELS has been proved to be a useful technique for detecting excitations in a large range of energies. 
The ground state vibrational spectrum, including many combinations of vibrations, is visible in one 
spectrum with the low-energy electronic excitations. Also the vibrational spectrum of the electronic 
excited statescan be revealed with EELS, like we saw for the lowest-energy singlet in OPV5. 
A Raman spectrum of OPV5 should be made to examine if the ground state vibrational peak that is 
visible in the EEL spectrum at -0.16 e V, is Raman active. 

The vibrational structure on the first singlet of OPV5 can give more insight in the difference between 
exciton-vibration interaction and electron-vibration interaction, if it is combined with the vibrational 
progression on the HOMO of OPV5. The latter should be visible in a UP spectrum that is measured at 
liquid nitrogen temperature. Campare the process of making an exciton, which has a strong interaction 
with the C=C vibration, to an ionisation, in which an electron from the HOMO is excited and 
disappears completely out of the molecule. This last process results in a weakening of the bond 
between the atoms, because there is one bonding electron less, but the bond is still stronger than when 
an exciton is induced, because the electron in the anti-bonding orbital is missing. So the bond length 
between the atoms, and with it the vibrational strength, is affected less by the ionisation than by an 
exciton. According to these predictions, the vibrational structure on the HOMO of OPV5 in UPS will 
be less extended than the vibrational progression on the singlet exciton that is visible with EELS. 

In OPV5 it has appeared to be much more difficult to measure the low-energy triplet excitations than in 
C60, which means that the probability of making such an excitation under the experimental 
circumstances that we used is much smaller. A possibility to gain more intensity would be to make a 
single-crystalline sample of OPV5. The triplet excitons then become angular dependentand each of the 
triplets will be much more intense in the direction of its resonance angle, which is determined by the 
conservation of parallel momenturn transfer. Our attempt to make a single-crystalline film of OPV5 by 
annealing the sample didn't succeed; other possibilities will have to be studied. 
If the feature that we measured with EELS at -2.4 eV is indeed a triplet of OPV5, it should also show 
the vibrational structure that is visible on the first singlet at liquid nitrogen temperature. Therefore, the 
EELS measurement of the feature at low primary energy (4 eV) should be repeated at low temperature 
(liquid nitrogen or liquid helium) to obtain more insight in its nature. 



Acknowledgements 45 

Acknowledgements 

During the past year that I worked here in Groningen on my graduation, there were many people who 
helped me, supported me and taught me. 
I would like to thank Harry Jonkman for supervising me and making the ZINDO/S calculations on 
OPVS, which have been very useful in the research that is presented in this report. Moreover, you 
convineed me that physicists completely mess up when they start talking about chemistry! I also 
acknowledge professor Wolter for supervising my work. Although it wasn't easy to keep an eye on me 
from such a distance (three hours by train!), you managed to give me valuable advices. I really enjoyed 
your visit to our group. 
I am very grateful to George Sawatzky and Hao Tjeng, who always seemed to have time to answer my 
questions patiently. Without the help of Arend Heeres I would still be calibrating my EELS setup. I 
would like to thank Sjoerd, Ronald, Peter and Karina for helping me solve my experimental and 
theoretica) problems, but also for the relaxed coffee breaks and lunches. Let's hope that the "half-past 
three, time for coffee and thee" is going to continue! 
I want to show my appreciation to Jan Kappenburg and Leo Huisman for their contribution to the 
modifications that have been made to the ARUPS/EELS setup, J. Wildeman for providing OPVS and J. 
Vorenkamp for making an IR spectrum ofOPVS. 
I want to thank my parents, my sisters Kirsten and Renée, Eelco and Guusje for their continuous 
support and love. And last, but surely not least, I thank Hans for his understanding and love: it was 
priceless! 



References 47 

References 

[1] N.S. Sariciftci, L. Smilowitz, A. Heeger, and F. Wudl, Science 258, 1474 (1992). 

[2] G. Yu, J. Gao, J.C. Hummelen, F. Wudl, and A.J. Heeger, Science 270, 1789 (1995). 

[3] R.H. Friend, R.W. Gymer, A.B. Holmes, J.H. Burroughes, R.N. Marks, C.Taliani, D.D.C. 
Bradley, D.A. Dos Santos, J.L. Brédas, M.Lögdlund, and W.R. Salaneck, Nature 397, 121 
(1999). 

[4] H.W. Kroto, J.R. Heath, S.C. O'Brien, R.F. Curl, and R.E. Smalley, Nature 318, 162 (1985). 

[5] R.C. Haddon, A.F. Hebard, M.J. Rosseinsky, D.W. Murphy, S.J. Duclos, K.B. Lyons, B. 
Miller, J.M. Rosamilia, R.M. Fleming, A.R. Kortan, S.H. Glarum, A.V. Makhija, A.J. Muller, 
R.H. Eick, S.M. Zahurak, R. Tycko, G. Dabbagh, and F.A. Thiel, Nature 350, 320 (1991). 

[6] A. Lucas, G. Gensterblum, J.-J. Pireaux, P.A. Thiry, R. Caudano, J.P. Vigneron, Ph. Lambin, 
and W. Krätschmer, Phys. Rev. B 45, 13 694 (1992). 

[7] A.-M. Janner, R. Eder, B. Koopmans, H.T. Jonkman, and G.A. Sawatzky, Phys. Rev. B 52, 
17 158 (1995). 

[8] J.L. Brédas, J. Cornil, and A.J. Heeger, Adv. Mater. 8, 447 (1996). 

[9] M. Knupfer, J. Fink, E. Zojer, G. Leising, and D. Fichou, Chem. Phys. Lett. 318,585 (2000). 

[10] R. Eder, A.-M. Janner, and G. Sawatzky, Phys. Rev. B 53, 12 786 (1996). 

[11] R.C. Haddon, L.E. Brus, and K. Raghavachari, Chem. Phys. Lett. 125, 459 (1986). 

[12] R.W. Lof, M.A. Veenendaal, B. Koopmans, H.T. Jonkman, and G.A. Sawatzky, Phys. Rev. 
Lett. 68, 3924 (1992). 

[13] Y. Wang, D. Tománek, and G.F. Bertsch, Phys. Rev. B 44, 6562 (1991). 

[14] B. Koopmans, A.-M. Janner, H.T. Jonkman, G.A. Sawatzky, and F. van der Woude, Phys. 
Rev. Lett. 71,3569 (1993). 

[15] B. Koopmans, A. Anema, H.T. Jonkman, G.A. Sawatzky, and F. van der Woude, Phys. Rev. 
B 48, 2759 (1993). 

[16] H.J. Brouwer, A. Hilberer, V.V. Krasnikov, M.P.L. Werts, and G. Hadziioannou, Synth. Met. 
84, 881 (1997). 

[17] J.M. Leng, S. Jeglinski, X. Wei, R.E. Benner, Z.V. Vardeny, F. Guo, and S. Mazumdar, Phys. 
Rev. Lett. 72, 156 (1994). 

[18] R. Österbacka, M. Wohlgenannt, D. Chinn, and Z.V. Vardeny, Phys. Rev. B 60, R11 253 
(1999). 

[ 19] H. Ibach and D.L. Mi lis, Electron Energy Loss Spectroscopy and Surface Vibrations, 
Academie Press, New York (1982). 

[20] A. Fartash, Phys. Rev. B 52, 7883 (1995). 

[21] E.I. Altman and R.J. Colton, Phys. Rev. B 48, 18 244 (1993); Surf. Sci. 279,49 (1992). 



48 References 

[22] U.D. Schwarz, W. Allers, G. Gensterblum, J.-J. Pireaux, and R. Wiesendanger, Phys. Rev. B 
52, 5967 (1995). 

[23] M. Davies, Infra-Red Spectroscopy and Molecular Structure, Elsevier Publishing Company, 
Amsterdam-London-New York (1963), page 218. 


