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Chapter One 
 
 
 

IInnttrroodduuccttiioonn  
 
 
 
 
 
 

Abstract 
 

 
This chapter gives a short account on conjugated molecules, with the 

emphasis on conjugated oligomers and polymers. Several possible applications of 
these molecules in devices are outlined. Although the first application, a conjugated 
polymer based light emitting diode, reached the commercial stage recently, the 
device physics is still not completely understood.  The susceptibility of the 
electronic structure of the conjugated molecules on the molecular environment is 
shortly described. Finally, the outline of this thesis is presented.



2 Chapter One 

1.1 Conjugated oligomers and polymers 
 
Oligomers and polymers are molecules that consist of a number of repeating units. 

The somewhat arbitrary difference between the two groups of molecules is the number of 
repeating units: the number is large for polymers and small for oligomers.  Synthetic 
polymers are well known and may be viewed as one of the greatest successes of the 
twentieth century chemistry.  These ‘plastics’ found applications in a wide range of  
products, from (bio-degradable) coffee cups to sport shoes and from medical implants to 
high-tech fibers. Most of these polymers are saturated, meaning that all valence electrons of 
the carbon atoms constitute to single covalent (σ-) bonds. This electron configuration (sp3) 
makes the material an insulator, and these plastics were thus considered uninteresting as 
active component in electronic devices.  

Unsaturated molecules were also studied but received less attention [1-3]. This 
changed considerably after a serendipitous discovery of metallic-like properties of doped 
polyacetylene films: upon doping the film with iodine, the conductivity increased by a 
factor of 10 million [4,5]. Polyacetylene is an example of a special group of unsaturated 
polymers, namely conjugated polymers. In conjugated polymers single and double bonds 
alternate in the main chain. Figure 1.1 shows several examples of conjugated polymers. 

.  

 
 
Figure 1.1 Several examples of conjugated polymers (or oligomers if n is small), in each 

compound one can identify a sequence of alternating single and double 
bonds. 
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 The presence of the alternating single and double bonds is responsible for the 
interesting properties of this class of polymers. Take for example polyacetylene, each 
carbon atom in the chain has one unpaired electron (electron configuration sp2pz

1). These 
unpaired electrons give rise to π-bonds in the conjugated polymer. The mutual overlap of 
the π-orbitals on neighboring atoms in the polymer chain causes the wave functions to 
delocalize over the conjugated polymer.  
 The unpaired electrons form a half-filled band. However, the half-filled band does 
not give the material metal-like properties: all pristine conjugated polymers, including 
polyacetylene, have absorption gaps that fall in the range from 1 to 4 eV. The presence of 
the gap may be explained by either a strong electron-electron interaction, or by a structural 
rearrangement of the polymer backbone, or by a combination of both effects. If the system 
has strong electron-electron interactions, the gap may be explained by a so-called Mott-
Hubbard insulator [6]. If structural rearrangements are important, then the system may be 
subject to a lattice instability: the system lowers its energy by creating alternating single 
and double bonds. The lattice distortion  is known as Peierls instability [7]. In the Su-
Schrieffer-Heeger (SSH) theory the interaction between electrons and the molecular 
geometry is explicitly described (by an electron-phonon coupling constant), and the 
interaction between electrons is neglected [8,9].  

The SSH theory is widely and successfully used to explain most properties of 
conjugated polymers. Nevertheless, there is still no consensus whether it is allowed to 
ignore the Coulombic interaction in conjugated polymers. The discussion is mostly 
concentrated around the exciton binding energy, the energy that is necessary to split a 
bound electron-hole pair into free charges [10]. Reported values for the exciton binding 
energy range from smaller than 0.1 eV up to ~1 eV [11-14]. The magnitude of the exciton 
binding energy is not only crucial for a good understanding of the relative importance of 
the different interactions in these polymers, it also plays an important role in applications.   

The long sp2-hybridized backbone is characteristic for conjugated polymers. A few 
examples are depicted in  figure 1.1. A disadvantage of these polymers is their low 
solubility in common solvents, making them hard to  process into thin films. This problem 
was solved, in part, by designing new conjugated polymers with soluble side-groups [15]. 
The solubility of the polymer in combination with other good film forming properties of 
these polymers makes it possible to use simple (and cheap) techniques, such as spin 
coating, to form neat films for electronic device fabrication.  

The fact that the electronic structure of  these organic semiconductors is strongly 
related to the molecular structure, combined with the chemical possibilities to alter the 
chemical as well as the geometrical structure of these polymers motivated many chemists to 
‘tune’, the electronic properties of conjugated polymers. For this purpose, side-chains were 
added, new repeating units were synthesized and others were combined in alternating 
copolymers and block copolymers [16].  
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1.2 Applications 
 
 The large academic and nowadays industrial interest in conjugated polymers was 
initiated by two publication in the early 1990’s. The first paper was written by Burroughs et 
al. and showed that electro-luminescence was possible with conjugated polymers, [17]. The 
second paper showed that polymer based light-emitting diodes (pLED’s) are reasonably 
efficient [18]. In the next decade a large number of more or less typical inorganic 
semiconductor devices were prepared with conjugated polymers: photodiodes [19], 
including large area image sensors [20], photovoltaic cells (PVDs)[21], field effect 
transistors (FETs) [22], light-emitting electrochemical cells [23], optocouplers [24], 
optically pumped solid state lasers [25] and an all-polymer integrated circuit [26]. 
 Of these applications, pLEDs [27] and PVDs [28] are probably the most investigated 
conjugated polymer based devices. Figure 1.2 gives a schematic representation of the 
device structures of pLEDs and PVDs together with the energy diagrams. There is a large 
resemblance between both devices structure: in principle both devices consist of an active 
organic layer sandwiched between two electrodes. Furthermore, the working mechanism of 
both devices is basically the same, only the time arrow is reversed: pLEDs convert 
electrical energy into light, PVDs absorb light to generate electrical energy. Note, that the 
PVD consists of an organic blend, whereas the emissive polymer layer in pLEDs is ‘pure’.   
 

 
Figure 1.2 Schematic presentation of the structure (left-hand side) and relevant energy 
levels (right-hand side) in polymer based light-emitting diodes (pLEDs) and photovoltaic 
devices (PVD) based on donor-acceptor blends. The numbers indicate a sequence of steps 
in the device operation. Ca is also often used as metal electrode, especially for pLEDs.  



Introduction 5 

 In figure 1.2 the sequence of steps in a working pLED is schematically presented 
[27]. This sequence starts with the injection of charges at the polymer metal interfaces: 
holes are injected at the high work function electrode (anode), and electrons at the low 
work function electrode (cathode) (1). These charges migrate through the thin organic film 
towards the counter electrode under the influence of an applied field (2). When two 
opposite charge  meet and recombine, a bound neutral excited state (exciton) is created (3). 
The exciton is formed from two spin-1/2 electronic charges and consequently the exciton 
carries either spin 0, corresponding to a singlet state, or spin 1, yielding a triplet state. Spin 
allowed emission occurs from the singlet state (4). Radiative decay from triplet states only 
proceeds through phosphorescence or triplet-triplet annihilation, which have low rate 
constant, and the triplet states mainly decay non-radiatively, thus reducing the efficiency of 
the LED. According to simple spin statistics only 1 singlet state is created upon the 
recombination of two opposite charges against 3 triplet states. It is therefore clear that 
triplet states severely suppress the efficiency of pLEDs. However it should be mentioned 
here that the simple spin statistics do not always apply to these materials [29].  

In PVDs, the sequence of steps starts with the absorption of a photon and the 
formation of an (singlet) exciton (1). The exciton diffuses over several nanometers, the 
exciton diffusion length (~14 nm [30]), before decaying radiatively or non-radiatively. Yet, 
if the exciton finds a donor-acceptor interface before decaying to the ground state, the 
exciton is dissociated into a hole localized in the donor material and an electron in the 
acceptor material (2). For blends consisting of PPV- and C60-derivatives the exciton 
dissociation occurs so fast (~ 45 fs [31]) that no other decay processes can compete, the 
exciton dissociation efficiency is therefore nearly unity (the time constant of competing 
decay processes is at least three orders of magnitude larger). Nevertheless, since the exciton 
diffusion length is about an order of magnitude smaller than the organic layer thickness 
(~100-200 nm), a simple double layer structure is not sufficient to dissociate all photo-
generated excitons in the organic layer. Instead, blends or ‘bulk heterojunctions’ of 
conjugated polymers with C60-derivatives are used to increase the photon-to-electron 
conversion efficiency. C60-derivatives are used since they are excellent electron acceptors 
and have better film forming properties compared to unsubstituted C60. Ideally, both phases 
in these devices form a continuous or percolated path from one electrode to the other, while 
at least one dimension of the phases is smaller than the exciton diffusion length. The 
generated charges move to the electrodes (3) and there the charges are collected (4). 
 In order to achieve efficient pLEDs and PVDs it is therefore necessary to have: a 
strong coupling between the (singlet) excited state and the ground state via radiative decay 
(pLEDs) or a good spectral match between the absorption spectrum of the organic blend 
with the solar spectrum, combined with high extinction coefficients for these wavelengths 
(for PVDs); an efficient electron-hole recombination or dissociation respectively; a good 
and  balanced charge transport; and an efficient charge transfer process at the 
electrode/active organic layer interfaces. 
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1.3 Effects of inter-molecular interactions on the electronic structure 
of molecular systems 

 
 The scientifically interesting questions that are related to conjugated polymers, 
combined with the industrial interest in conjugated polymer based devices resulted in a 
strong research effort in this particular field of material science. A question that arises when 
one wants to study a material is: ‘What is the electronic structure of the material?’. One of 
the most powerful ways to determine the occupied densities of states experimentally is by 
photoelectron spectroscopy. However, before answering that question one should further 
specify it, since the electronic structure of molecular systems has intra-molecular and inter-
molecular contributions and therefore the electronic structure of a molecular material 
differs when measured for example in a solid or on isolated molecules in the gas phase. The 
effect of the molecular environment on the electronic structure of a particular molecule in 
the solid turns out to be important for device applications, since even in the solid phase not 
every molecule has exactly the same ‘surroundings’ as all the other molecules. Therefore 
the electronic structure of identical molecules in the solid may differ due to differences in 
the molecular environment. These inter-molecular interactions, though generally weak, 
have implications in the interpretation of energy diagrams, as will be outline below. 
 In order to study the electronic structure of conjugated molecules it is especially 
interesting to use series of conjugated oligomers in stead of conjugated polymers. The 
molecular structure of these oligomers can be altered in a systematic way and hence the 
influence of these modifications on the electronic structure may be studied by photoelectron 
spectroscopy (PES). Obvious examples are the influence of side-chains or the oligomer 
chain length on the electronic structure. Furthermore, with oligomers one can measure the 
importance of intermolecular interaction on the electronic structure of the molecules by 
comparing the PES spectra of isolated molecules with the PES spectra of solid films. This 
is practically difficult to achieve with polymers since it is difficult to get these large 
molecules into the gas phase. For the same reason oligomers are more suitable to use in an 
ultra high vacuum setup, since it is possible to obtain relatively clean thin films by in-situ 
vacuum deposition of the oligomer.    
 Energy diagrams as shown in figure 1.2 are often used to explain the electronic 
properties of these devices. These diagrams show in a schematic and over simplified way 
the relevant material properties of a simple device structure, such as the energy gap 
(important for the absorption and emission characteristics), the work functions of the 
electrodes, and the barriers for charge transfer at the material interfaces. The usage of 
energy diagrams to interpret and explain the behavior of semiconductor devices comes 
from the inorganic semiconductor field. The applicability of these diagram is therefore not 
straightforward. Take for example the diagram representing the electronic structure of a 
pLED. The highest occupied molecular orbital  (HOMO) or valence band, and the lowest 
unoccupied molecular orbital (LUMO) or conduction band are depicted as two parallel, 



Introduction 7 

continuous lines, indicating that the energy levels exist throughout the devices. It is at least 
questionable whether this is a correct representation of the relevant energy levels in a 
conjugated polymer based device. In organic materials, the interaction between neighboring 
molecules (or polymer chains) is often a weak, Van der Waals-type interaction. The weak 
intermolecular interaction results in  narrow valence and conduction bands. However, local 
disorder, for example due to the amorphous nature of the polymer chains, may disturb the 
narrow band and cause a disintegration into localized wave functions that extent over 
dimensions that are considerably smaller that the device dimensions. This disintegration has 
severe consequences for the transport properties of the material. Instead of band transport, 
the charge transport has to occur by a hopping mechanism: the charges ‘hop’ from one 
localized site to another. It is nevertheless often very helpful to use these energy diagrams 
to discuss the electronic structure of devices, despite the over simplified nature, that should 
be kept in mind. 
 It is now obvious that the electronic structure of molecules at interfaces, as they are 
found in real organic based devices, will also be affected by the asymmetry in the local 
environment. Recall that at these interfaces important processes occur with respect to the 
device operation. At the electrode/organic interface for example, charges are injected or 
collected in pLEDs or PVDs respectively, while the exciton dissociation in organic bulk 
heterojunction based PVDs occurs at the donor-acceptor interface. We can therefore 
conclude that in order to understand molecular based electronic devices one needs detailed 
information about the electronic structure throughout the device.  
  
   
1.4 Outline of this thesis 
 

The studies reported in this thesis may be summarized as an investigation in the 
electronic structure of several conjugated molecules, and how the electronic structure of 
these molecules is influenced by the molecular environment. The results of these studies are 
relevant for devices such as conjugated polymer based light emitting diodes and 
photovoltaic devices consisting of blends of conjugated polymers with C60-derivatives. The 
experimental technique that was used to elucidate the electronic structure is photoelectron 
spectroscopy (PES). The technique is shortly introduced in chapter two, in order to explain 
the basic features of this experimental technique to interested readers that are not familiar 
with PES. The chapter continuous with a description of the set-ups that were used to collect 
the PES spectra. 

Chapter three describes the electronic structure of conjugated oligomers and 
polymers. The gas phase ultra-violet photoelectron spectra of series of unsubstituted para-
phenylenevinylene based oligomers with increasing chain length are reported. The 
electronic structure of these and other conjugated oligomers is described using a simple 
tight-binding theory which includes Coulomb interactions. 
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In chapter four the morphology of vacuum deposited thin films of an unsubstituted  
five ring oligo(para-phenylenevinylene) oligomer (P5V4) is discussed. The results indicate 
the presence of micro-crystallites in the thin film. Furthermore, computer simulations 
indicate that several polymorphs may coexist. If so, these polymorphs will increase the 
disorder in the films.   

Chapter five reports on the electronic structure of P5V4 in a thin, vacuum deposited 
film, and compares the electronic structure of the P5V4 thin film with the electronic 
structure of an isolated P5V4 molecule. The chapter further focuses on the electronic 
structure of metal/oligomer and oligomer/C60 interfaces. 

Finally, in chapter six, preliminary results are presented on combined PES and 
current-voltage (J-V) measurements. Ultimately, these measurements enable a one-to-one 
comparison between the electronic structure of an in-situ prepared device measured by 
PES, with the J-V characteristics of the same device.      
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Chapter Two 
 
 
 

EExxppeerriimmeennttaall  
 
 
 

Abstract 
 
In this chapter a brief introduction is given to photoelectron spectroscopy 

(PES). Further, two set-ups are described in detail, which were primarily used to 
collect the photoelectron spectroscopy data on organic molecules. One set-up is 
utilized for measurements on molecules in the gas phase. These measurements 
provide basic information on the electronic structure of molecules without 
contributions from surrounding matter. The data collected with this apparatus are 
presented in chapter 3 together with a model describing the electronic structure of 
several conjugated oligomers and polymers. 

The second set-up is designed for photoelectron spectroscopy on thin solid 
films and interfaces. The investigated interfaces represent interfaces found in organic 
donor-acceptor based photovoltaic devices. The data collected on these interfaces are 
discussed in chapter 5. The apparatus was further modified to build in situ complete 
device structures consisting of an organic layer sandwiched between two metal 
electrodes in an ultra high vacuum environment. These structures were studied by 
PES during device preparation and after completion of the device by electrical 
measurements like current-voltage and capacitance-voltage measurements.  The first 
results of these measurements are reported in chapter 6. 
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2.1 Introduction 
 
Over the last decades, a class of organic materials received attention as active 

components in electronic devices. Some of these materials are referred to as ‘organic 
semiconductors’. These semiconductors are roughly divided into two groups based 
on their molecular structure. One group is formed by conjugated polymers like 
polyacetylene (PA), polythiophene (PT), poly-para-phenylene (PPP) and poly-para-
phenylenevinylene (PPV). The other group is formed by so-called ‘small molecules’. 
This group contains, rather large, molecules like N,N’-diphenyl-N,N’-(3-
methylphenyl)-1,1’-biphenyl-4,4’-diamine (TPD), tris(8-hydroxyquinolino)-
aluminum (Alq3) and copper-phthalocyanine (CuPc) and the fullerene C60.  

An interesting aspect of the first group is the possibility to study physical 
properties, such as the optical gap, as function of the number of repeating units, see 
for example the work of Kuhn [1], Hörhold [2] and Müllen [3]. An important rule of 
thumb that was distilled from these studies states that the energy of the optical gap 
increases almost linearly with the inverse number of repeating units. This ‘rule’ 
makes it possible to design organic molecules with certain desired optical properties 
just by changing the number of repeating units in the polymer (or oligomer) 
backbone. Another important observation was the possibility to change the 
absorption spectrum of a particular conjugated oligomer by changing the side-chains 
while keeping the number of repeating units constant.  

In an attempt to better understand the relation between the molecular structure 
of conjugated oligomers and the electronic properties of these materials, a project 
was initiated to measure the photoelectron spectra of series of well-defined 
oligomers. These spectra closely represent the position and density of occupied states 
of the investigated materials, and are therefore particularly valuable in the study of 
the relation between the chemical and the electronic structure of these materials. In 
the next section (2.2) the technique will be shortly introduced. In section 2.3 a set-up 
is described that was used to record the photoelectron spectra of conjugated 
oligomers in the gas phase. 

As we will see later, the photoelectron spectrum of isolated molecules differs 
from the photoelectron spectrum of the same molecules in the solid-state. This is 
caused by the influence of surrounding matter on the electronic structure of a 
particular molecule. Since the molecules studied here are model systems for organic 
semiconductors with possible applications in electronic devices, it is important to 
know how the molecular environment influences the local electronic structure of the 
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molecules in such devices. Section 2.4 describes a set-up that was used to study the 
electronic structure of conjugated oligomers in thin films and at interfaces. This set-
up was changed to enable in situ device preparation and electrical characterization.  

 
 

2.2 Photoelectron spectroscopy 
 
Photoelectron spectroscopy (PES) is a technique that provides information on 

the occupied densities of states in a material [4-7]. For PES on valence orbitals one 
can use ultra-violet photon sources with energies in the range of 5-100 eV. One most 
often refers to this technique as ultra-violet photoelectron spectroscopy (UPS). In 
UPS applied to isolated molecules, a molecule in the gas phase is irradiated by a 
monochromatic beam of photons with energy hν. After the absorption of a photon 
with sufficient energy, the isolated molecule (M) is photoionized and a photoelectron 
(e-) is emitted.  

 
  M + hν → M*+ + e-     (2.1) 

Where M*+ represents the positive molecular ion in an excited state. The 
emitted photoelectron carries a certain kinetic energy (Ekin). The energy balance of 
the process is given by: 

 
  EM + hν = EM*+ + Ekin    (2.2) 
 
here, EM is the energy of the isolated molecule in the initial state, before the 

photoionization event, and (EM*+) the total energy of the ionized molecule and (Ekin) 
the kinetic energy of the photoelectron after the photoemission process.  The 
(adiabatic) binding energy (Eb) of an energy level of a molecule is equal to the 
minimum energy that is required to remove an electron from that level: 

 
   hν - Ekin = Eb + ∆Evib + ∆Erot         (2.3) 
 
Thus, besides the transition that corresponds to the binding energy, many 

other transitions  may occur during the photoemission experiment, namely 
transistions involving certain vibrational and rotational energy levels.  
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Note that in equation 2.3 we implicitly use the vacuum level as energy 
reference point. The vacuum level is most often used when working with free atoms 
and molecules. For the moment we loosely define the vacuum level as the energy of 
an isolated electron at rest in vacuum, we come back to this in chapter 5. In solids, 
the binding energy is sometimes given with respect to the Fermi level. 

Figure 2.1 (a) shows schematically two of the possible transitions to different 
vibrational energy levels of the molecule. The actual spectrum will consist of a series 
of peaks, see figure 2.1 (b). The intensity of the different peaks in the vibrational 
structure is determined by the Franck-Condon overlap integrals of the transitions 
between the ground state of the molecule and the vibrational energy levels of the 
molecular ion. 
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Figure 2.1  Schematic representation of the potential energy curves 
for a neutral molecule and a single charged ion. The envelope between the 
broken lines indicates the accessible transitions of which two are represented 
by arrows. The transition between the two lowest vibrational levels of the 
molecule and the cation is the adiabatic ionization energy (transition 1), the 
maximum of the various transitions is the vertical ionization energy 
(transition 2). Also shown is the corresponding photoelectron spectrum  
 
The area between the two broken lines gives the envelope of the various 

transitions. The maximum of the envelope is called the vertical ionization energy 
(Ivert), the transition between the ground states of the neutral and single charged 
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molecule is the adiabatic ionization energy (Iadia), or (adiabatic) ionization potential 
(IP).  

Electronic relaxation effects influence the measured binding energies. 
Although the nuclei may not be able to move on the time-scale of the photoemission 
event (~10-16-10-15 s), the electrons in the ion left behind may have time enough to 
readjust to the new potential field. In this way the hole that is left behind in the 
molecule is partly screened which reduces the energy necessary to withdraw an 
electron from the molecule (intra-molecular electronic relaxation, EiR). When the 
molecule is placed in a polarizable medium, the electronic relaxation during the 
photoemission event is more complete due to additional inter-molecular electronic 
relaxation (also called polarization energy, EP). The total relaxation energy (ER) is 
given to the escaping electron resulting in a higher kinetic energy and the 
corresponding peak in the photoelectron spectrum is found at lower binding energy. 
The intermolecular relaxation energy is in the order of several eV for the valence 
electrons in molecular solids [8-10]. 

It is difficult to quantify these relaxation effects exactly and therefore it is 
difficult to determine the orbital energy (εi), a quantity one is mostly interested in. A 
widely applied theorem is the Koopmans’ theorem [11]. The theorem states that the 
binding energy of a given orbital is equal to the negative of the orbital energy (EK

b = 
-εi). So the N-1 electrons stay in the same, ‘frozen’ orbitals as before the 
photoionization process (N is the number of electrons in the neutral atom or 
molecule). It can be shown, within the sudden approximation, that Koopmans’ 
binding energy (EK

b) corresponds to the weighted average energy of the total 
spectrum including all satellites due to all possible relaxational effects. The 
advantage is that this average binding energy can be determined experimentally [4]. 

In a typical UPS spectrum of an isolated molecule, the lines are not as sharp 
as the ones depicted in figure 2.1. The lines are broadened by several effects like: 
lifetime broadening, source width, instrumental resolution and vibrational-rotational 
broadening. Lifetime broadening is related to the lifetime of the final states which is 
quite large when photoionization occurs from the valence shell. For most molecular 
systems, the lifetime of the final state is in the order picoseconds or larger, and 
therefore this broadening effect has only a negligible contribution to the line width 
[5]. The source width of a He-lamp, which is used in the work described here, is only 
around 3 meV (due to natural line width, collision and Doppler broadening). 
However under working conditions this is normally increased to approximately 10 
meV due to for example self-absorption [12]. The resolution we obtained for the Ar 
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2P3/2 and 2P1/2 lines in the gas phase PES spectra was around 65 meV at full width at 
half maximum (FWHM), measured at room temperature. The estimated Doppler 
broadening for Ar gas at T=300K is around 5 meV. So, the instrumental resolution is 
expected to determine the measured line width of the Ar 2P3/2 and 2P1/2 lines.  

When measuring the PES spectrum of small molecules one can often resolve 
the vibrational energy levels that are superimposed on the electronic energy levels, 
see for example the inset of figure 3.8, in which a part of the UPS spectrum of 
butadiene is presented. Rotational energy levels are again superimposed on these 
vibrational energy levels and are only recognized in a few exceptional cases like 
high-resolution PES spectra of H2.  

In PES spectra of thin molecular films the situation is different, here the line 
width is typically 0.5-1 eV at room temperature (measured with an instrumental 
resolution of ≤ 0.1 eV). Salaneck et al. [10] identified a temperature dependent and a 
temperature independent contribution to the line width. The temperature dependent 
contribution is attributed to a coupling of the photo-generated molecular ion with 
low lying vibrational modes. The temperature independent contribution is explained 
by differences in the relaxation in the final state by the surrounding molecules due to 
local polarizability variations. For example molecules at the surface of a condensed 
film have a lower coordination number compared to molecules in the bulk. This 
leads to a less complete screening of the cation at the surface of a condensed 
molecular film. Further local variations of the ion-state energies due site to site 
differences in the environment (homogeneous and inhomogeneous effects) lead to 
broadening of the spectral features [10, 13-15].  
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2.3 Ultra-violet photoelectron spectroscopy on isolated organic 
molecules 
 
One of the main problems in UPS on isolated molecules is that a high 

pressure of sample vapor is needed in the measurement chamber to obtain reasonable 
signal intensity. On the other hand, the pressure should be sufficiently low for three 
reasons. Firstly, one should prevent the photoelectron from suffering inelastic 
collisions between the time it is ejected from the molecule or atom until it hits the 
detector. Secondly, one wants to avoid the formation of molecular clusters which 
cause a satellite structure in the spectrum. Finally, the density of photoionized 
molecules in the vapor should be kept low enough to avert the building up of space 
charge fields, since such fields will shift and broaden the features in the UPS 
spectrum.  

Experimentally we found an optimum pressure of approximately 2×10-5 mbar. 
This pressure was measured close to the entrance of the diffusion pump (not shown 
in figure 2.2a). The actual pressure at the intercept of the photon and molecular beam 
is probably an order of magnitude higher.  

 

 
 
Figure 2.2 Essential components of an UV photoelectron spectrometer (a) 
and , schematically, the relation between the occupied energy levels in an 
isolated molecule and the UPS spectrum (b). EiR is the intra-molecular 
relaxation energy. 
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The essential components of the set-up used for recording the gas phase UPS 
spectra are shown schematically in figure 2.2a. This setup was baptized ‘Poly I’ (to 
distinguish it from ‘Poly II’; the set-up that was used to measure the UPS/XPS 
spectra of solid films). The apparatus consists of a vacuum chamber with a UV lamp, 
a home-build electron energy analyzer, and a home-build vapor source (oven). A 
detailed description of ‘Poly I’ will be given in next section (2.3.1).  

In a typical experiment, the material to be studied is heated in an oven and the 
vapor enters the ionization chamber. This ‘molecular beam’ is illuminated with the 
UV-lamp. Upon the absorption of photons by the molecules, photoelectrons are 
generated. Photoelectrons that enter the electron energy analyzer are selected in such 
a way that only electrons having a kinetic energy within a certain range can reach the 
detector. The analyzer and the detector are connected to a computer that stores the 
number of collected electrons in a certain energy range. Next, the computer updates 
the parameters of the analyzer in such a way that electrons having a slightly different 
kinetic energy can reach the detector. By sequentially adjusting the analyzer 
parameters, a complete spectrum is recorded in a stepwise manner. 

Figure 2.2b depicts the relation between the energy levels in a molecule and 
the recorded UPS spectrum. According the equation 2.3, the kinetic energy of the 
photoelectron is equal to the photon energy minus the binding energy of the electron. 
As discussed above, the binding energy is approximately equal to the energy 
difference between the energy level (of the N electron system) that is probed and the 
vacuum level. Relaxation effects stabilize the final state, this relaxation energy (ER) 
is given to the photoelectron. The positions of the peaks observed in the UPS 
spectrum correspond to the kinetic energy of the photoelectrons emitted from certain 
molecular orbitals. The energies of these molecular orbitals are obtained (within the 
Koopmans theorem) by subtracting the kinetic energy from the photon energy.  

The measured binding energies are referenced with respect to the vacuum 
level. In order to minimize measurement errors, a gas with an accurately known 
ionization potential is introduced into the measurement chamber during the 
experiment. For this purpose Xe gas was used since it is highly inert, has distinct 
2P3/2 and 2P1/2 lines with high cross-sections for photoionization, and the ionization 
potentials are well documented to be 12.13 eV and 13.44 eV respectively.  
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2.3.1 General layout of ‘Poly I’ 
 
The general layout of the apparatus used for gas phase UPS measurements is 

presented in figure 2.3. The different components shown in figure 2.3 are discussed 
clockwise, starting with the UV-lamp. The light source is an Omicron HIS 13 gas 
discharge lamp. Although it can operate using several noble gasses, for the 
experiments reported in this thesis, the so-called He-I line was used, emitting 
radiation with a wavelength of 58.4 nm having a photon energy of 21.22eV. In the 
gas phase experiments, the contributions to the spectrum of the strongest He-I 
satellites (at 23.09 and 23.74 eV) were negligible except for features from the Xe 
2P3/2 and 2P1/2 lines. Which were easily detected and corrected by partial subtraction 
(1-2%) of the main spectrum after being shifted over the satellite spacing (1.87 eV 
for the He-I β line). The oven is discussed in section 2.3.3.  

Figure 2.3 Schematic overview of the setup used for photoemission 
experiments on isolated molecules (side view). LTM is an abbreviation 
for layer thickness monitor, diff. pump stands for diffusion pump.  
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The gas inlet, a leak valve, is used to provide a background pressure of 

around 0.5-1×10-5 mbar Xe in the measurement chamber during the UPS 
measurements for calibration purposes. The gas inlet can also be used to vent the 
vacuum systeem with a dry gas (for example N2) before opening the chamber. 

A diffusion pump was used since it has a high pumping capacity and is 
relatively insensitive to the evaporated organic materials. The base pressure of the 
system was typically 5×10-9 mbar. The ‘photon trap’ was used to diminish the 
reflection of the primary excitation beam, which caused a background in the PES 
spectra. The trap consists of a closed (grounded) container coated with a carbon film. 
The layer thickness monitor (LTM), a sycon STM-100 / MF was used to measure the 
evaporation rate of the molecules. Typically a rate of 2-6 Å/s was sufficient to obtain 
a good signal-to-noise ratio, without problems of cluster formation or charging 
phenomena. When small molecules like propylene, butadiene, benzene, thiophene 
and styrene were measured, the LTM was replaced with a ‘cold finger’, in order to 
condense these molecules as to keep the pressure low during the experiment. 

To obtain reasonably good UPS spectra of molecules with molecular masses 
up to 720 g/mol, several parts of the set-up were modified. For example, the initially 
used, home-built gas discharge lamp was replaced by a high intensity Omicron lamp. 
Modifications of the oven and the electron energy analyzer are discussed in the next 
sections. 

 
2.3.2 Electron energy analyzer  

 
The electron energy analyzer we used for the gas phase UPS measurements is 

shown schematically in figure 2.4. It basically consists of an electron lens system, 
two concentric hemispheres and an electron detection system. The electron lenses 
focus the photoelectrons generated at the intercept of the ‘molecular beam’ and 
photon beam onto the entrance slit of the hemispheres.  

A potential difference is maintained between the inner and outer hemisphere. 
Electrons entering the space between the two hemispheres are deflected by the 
electric field and move toward the electron detection system. However, an electron 
with excessive kinetic energy will not be deflected enough and will hit the outer 
hemisphere. On the other hand, an electron with too little kinetic energy will be 
deflected too much and hits the inner hemisphere. Only electrons with kinetic energy 
in a certain range, the pass energy, are refocused from the entrance to the exit slit of 
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the analyzer. Some of these electrons hit the electron detector, a single-channel 
electron multiplier.  

In order to detect electrons with slightly higher kinetic energy, one 
decelerates the electrons in the lens system by applying a retarding voltage at the 
entrance slit of the analyzer. By scanning the retardation voltage, one obtains a 
spectrum of the number of detected electrons within a certain (set) energy range 
versus the kinetic energy of the electrons. 

Figure 2.4 Schematic diagram of the electron energy analyzer consisting 
of a lens system, two hemispheres, and three electron detectors. All three 
components are connected to a computer, which adjusts the spectrometer 
parameters and stores the obtained data during the measurement. Three 
electron paths are shown with identical kinetic energy but different angles 
towards the spectrometer. 
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The efficiency of the spectrometer was improved in two ways. Firstly, by 

enlarging the diameter of the lens system, which enlarges the solid angle of the lens 
system; the angle under which electrons are collected and focused onto the entrance 
slit. Secondly, by placing three single-channel electron detectors instead of one 
detector at the exit slit. 

 
 

2.3.3 Evaporation cell for organic materials 
 
The evaporation cell for organic molecules, also called ‘oven’ in the 

preceding text, consists of a copper cylinder, surrounded by a heating wire (a 
thermocoax wire). The cylinder contains a glass tube with the material that is to be 
measured. The glass tube is sealed on the bottom side, where it touches a 
thermocouple, used to record the temperature in the cell.  

The copper block is surrounded by a heat shield to prevent the heating of the 
chamber, since that would increase the background pressure and the skimmer. The 
combination of the skimmer and the pressure profile around conical nozzle 
determines the contours of the ‘molecular beam’. 

The measurement time was prolonged by simply increasing the amount of 
material that could be evaporated. This was done by using longer glass tubes with 
larger diameter and thinner walls in this way about 0.5 gram material could be 
evaporated in stead of 0.1 gram.  Secondly, the diameter of the skimmer was 
enlarged. 

When measuring small molecules with a large vapor pressure, the source was 
adjusted in several ways. For example to measure the PES of benzene, the copper 
cylinder, including the nozzle was removed together with the thermocouple and 
replaced by a syringe. The syringe was connected to a leak valve leading to a 
container with benzene. Benzene was introduced in the measurement chamber by 
opening a leak valve. For gasses like propylene, the leak valve was connected via 
metal leads to the pressure reducing valve of the specific gas cylinder. As mentioned 
before, when these small molecules were measured, the LTM was replaced by a 
‘cold finger’. 
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Figure 2.5 Schematic representation evaporation cell used to create a 
‘molecular beam’ of the organic molecules.   
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2.4 Photoelectron spectroscopy on thin films 
 
The photoemission spectra of solids are often interpreted using the three-step 

model after Berglund and Spicer [6,16]. According to this model, the photoemission 
process is viewed as a sequence of three steps. The first step is the photoexcitation of 
an electron, the second step the transport of the electron through the solid to the 
surface, and the final step the escape of the photoelectron from the surface into 
vacuum. Obviously, photoemission from isolated molecules is different. The 
differences are discussed for each step. As figure 2.2b, figure 2.6 gives in a 
simplified manner, the relation between the energy levels in a molecule and the PES 
spectrum. The typical differences between the PES spectra of single molecules and 
of condensed molecular films are discussed below, by considering the three stages of 
the three-step model. 

 

 
Figure 2.6 Simplified representation of the relation between the occupied 
energy levels in a molecule and the UPS spectrum for isolated molecules 
(middle panel) and for a condensed film (right panel), EiR, ER and EP are 
discussed in section 2.2. 
 
The photoexcitation step In this step, the transition occurs between the initial 

neutral molecule and the final excited ion and the associated photoelectron, as 
described previously. In general, the density of molecules in solids is much higher 
than the density in gasses, especially at low pressure. Therefore we expect a higher 
density of photogenerated charges in the solid than in the gas phase. This typically 
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causes a higher photoelectron current at detector, thus higher intensities in the PES 
spectra. However, this may also lead to charging phenomena at the sample surface, 
especially in poor charge conductors. To prevent this, only thin organic layers, 
deposited on good conductors, were measured. Whether charging of the sample is 
important can easily be checked by changing the illumination intensity and by 
steadily increasing the thickness of the organic layer, starting with a layer thickness 
of a few Ångstrom. Charging effects are indicated by a broadening of the spectral 
features and a shift spectrum to lower kinetic energy upon higher illumination 
intensities and increased layer thickness.  

Secondly, the relaxation effects differ; in a condensed molecular film many 
more charges are available to stabilize the positive charge left behind after the 
removal of the photoelectron. The additional inter-molecular relaxation (polarization 
energy) is indicated in figure 2.6 by EP. The total relaxation energy (ER) is formed by 
the polarization energy and the intra-molecular relaxation energy (EiR) as discussed 
in section 2.2. 

The transport step This step is absent for an isolated molecule in the gas 
phase. That is, if we disregard the travel of the photoelectron within the molecule 
itself. In solids the photoelectron has a certain probability that it is inelastically 
scattered when it travels over a certain distance (i.e. it losses some kinetic energy by 
electron-electron or electron-phonon interaction). This probability is called the 
inelastic scattering cross-section. Due to the presence of inelastic scattering events in 
solids, we can divide the photoelectrons contributing to the PES spectrum in two 
groups: primary electrons, that did not under go an inelastic scattering event, and 
secondary electrons, that lost some of their kinetic energy during their travel to the 
vacuum. The secondary electrons contribute to a tail in the PES spectrum at the low 
kinetic energy side of the features that are caused by the primary electrons. The mean 
free path of an electron, which depends on the material and the kinetic energy of the 
electron, ranges from 5 to 15 Å. This makes PES a very surface sensitive technique. 
Note that the penetration depth of the photons is a few orders of magnitude higher 
than the mean free path of the electrons in those solids. This may contribute to 
degradation mechanisms during the measurement of the sample. Finally we note that 
in PES on isolated molecules at low pressure, the mean free path of an electron is 
many orders of magnitude larger, and the contribution of the secondary electrons is 
generally small, if not negligible. 

The escape step In order to cross the solid/vacuum interface, the kinetic 
energy of the photoelectrons must be infinitesimal higher than the energy of the 
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vacuum level. This requirement results in a cut-off at the low kinetic side of the 
spectrum. In PES spectra recorded on solid films, this part of the spectrum is 
dominated by the secondary electrons, and the cut-off is easily identified as a sudden 
drop in intensity. As we will see later, this cut-off plays in important role as 
reference point. 

 
 

2.4.1 General layout of ‘Poly II’ 
 
A special set-up was build for PES measurements on thin films of organic 

molecules, see figure 2.7. One of the essential requirements for PES spectroscopy on 
solid films is a clean surface due to the surface sensitivity of the technique. This 
requirement also implies the need for ultra high vacuum (UHV) systems, since the 
surface is otherwise continuously bombarded by to many residual gasses. If some of 
these gas molecules stick on, or react with the sample surface, the PES spectrum of 
this surface can change dramatically. Therefore, the apparatus was designed so that 
the solid films (metal or organic) could be prepared in situ, under UHV conditions. 
This called for two separate chambers: one for sample preparation (preparation 
chamber), and one for PES measurements (PES chamber). In order to reach UHV 
conditions, the set-up has to be heated to 100 - 200 0C to remove adsorbed molecules 
from the walls of the setup. Each time the vacuum is broken, this ‘baking’ procedure 
has to be carried out.  

To reduce the ‘down time’ of the apparatus, a so-called fast entry airlock was 
connected to the preparation chamber. Through this airlock samples could be 
introduced into the preparation chamber without breaking the vacuum of the 
complete system. The samples were transported through the system by the use of 
magnetic transfer rods. Later, an extra chamber (the IV chamber) was added for 
electrical characterization of device structures build in ‘Poly II’.  

 
 



Experimental 29 

 
Figure 2.7 Picture and schematic drawing of ‘Poly II’, the set-up used for 
PES on thin films and electrical characterization of complete device 
structures. See also figure 2.8 (stage 1 and 2 of the preparation chamber) and 
figure 2.11 (IV measurement chamber) for further details. 
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The PES-chamber was equipped with an electron energy analyzer, gas 
discharge lamp and an X-ray source (all manufactured by Vacuum Generators), and 
pumped by a cryo-pump (Leybold). The IV chamber and the quick entry airlock 
were both pumped by a Pfeiffer turbopump.  

In figure 2.8 two parts of the preparation chamber, corresponding to stage one 
and two in figure 2.7, are shown in more detail. Stage one contains two ports for 
organic deposition cells, a heating stage, two viewports, a LTM and the quick entry 
airlock. At this stage the organic layers were prepared. The heating stage was used to 
give inserted samples a heat treatment, to anneal samples and to re-evaporated 
organic layers from metal films in order to prepare organic monolayers. Stage 2 was 
used for the deposition of metals and the manipulation of masks. These masks were 
necessary to produce a stack of structured films, as will be shown below. The metals 
were thermally evaporated from Knudsen cells. 

 

Organic Deposition
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linear
translator
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Figure 2.8 Schematic drawing of two cross-sections of the preparation 
chamber. The cross-sections are perpendicular to the long axis of the set-up 
‘PolyII’, see also figure 2.7.   
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Cells similar to the one depicted in figure 2.5 were utilized for the thermal 
deposition of organic molecules on the samples. A special organic deposition cell 
was designed for the deposition of two different organic materials from one source, 
see figure 2.9.  Since the number of ports in a  preparation chamber is often very 
limited, it is beneficial to use only one port for two different cells. The main 
advantage of this design is however, the possibility to co-evaporate two different 
materials simultaneously to obtain thin films of molecular blends. These films are 
interesting as active component of molecular bulk hetero-junction photovoltaic 
devices [17, 18].  

The small angle between the two source minimizes the wedge effect. Two 
shutters enable us to start and stop the deposition from each source independently.  
The metal plate between the two sources helps to thermally isolate the cells and 
prevents cross contamination.   

 

 
Figure 2.9 Cross-sectional drawing of  the ‘double’ organic deposition 
cell. The picture shows the cell in absence of the heat shield. The shutters (not 
shown in the drawing) were connected to rotary feed-troughs to either start 
or stop the deposition from each cell individually. The characters tc 
abbreviate for thermo-couple.  
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2.4.2 Samples and masks 

 
As substrate for the sample, a quartz plate or a Si-wafer (with its natural oxide 

layer) was used. The typical dimensions of the substrate are 12×8.5×0.5 mm. 
Initially Si-wafers were used for PES measurements because they are easily cut and 
very flat. Later quartz plates were used as substrates for samples to be used for both 
electrical and PES measurements. The quartz plates have the advantage that they are 
transparent for visible light.  

The substrate is clamped under two metal strips that are point-welded to the 
sample plate, see figure 2.10. The sample plate is a stainless steel plate of 20×18×1.0 
mm. The plates were designed in such a way that the samples are compatible with 
the samples used in an Omicron UHV scanning tunneling microscope (STM) setup. 
On one side of the plate a three-pin connector was attached. Counter connectors were 
placed on the magnetic transfers shown in figure 2.7. With these transfer rods, the 
samples could be transported to all the different sample holders of the setup. 

In the preparation chamber the sample was prepared in situ, by depositing one 
or several layers on the substrate. The first layer to be deposited on the sample was 
always a metal. This metal film assures a good electrical contact to the sample plate 
via (one of) the metal strips that hold the sample on the sample plate. The 
evaporation conditions were monitored by a LTM (layer thickness monitor, a quartz 
micro balance). Samples that were prepared for electrical measurements were 
structured by the use of shadow masks, as shown in figure 2.10. Each mask was 
point welded on a mask-frame. Three mask-frames were stored in the mask depot, 
see figure 2.10. The mask-frame could be removed from the depot by a magnetic 
transfer rod to the center of the preparation chamber. Here, the sample (when on the 
long magnetic transfer shown on the right side of figure 2.7) was slit into the mask-
frame. Next, the mask-frame was released from its magnetic transfer, and the sample 
with mask-frame could be moved to an organic or metal deposition cell. In this way 
structured films could be produced by the shadow-masking technique. If necessary, 
the mask frames could be removed or inserted in the system by using the fast entry 
airlock and by placing a three-pin counter connector on the magnetic transfer rod of 
the airlock.  

Several different masks were used. Initially we started with masks that 
produced structures as presented in figure 2.10. These masks have dimensions that 
are much larger than  the spot size of the UV lamp. The reason for this design is the 
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possibility to record UPS spectra of each layer without contributions from previously 
deposited layers. Another advantage of the structure shown in figure 2.10 is the 
partial overlap between the top and bottom electrode. This simplifies the method to 
contact the electrodes: metal pins may be pressed on either electrode without the 
change of short-circuit. However, we found that the relatively large top electrode 
made the structure prone to short-circuits. Therefore the mask for the top electrode 
was replaced for a thin (~ 25 µm) mask with a large number of small holes (diameter 
250, 360 or 800 µm). In this way a large number of devices could be produced on 
one sample, see figure 2.11.  

 

 
 
Figure 2.10 Layout of a sample (drawing and picture on the left) prepared 
by evaporating three different layers on the substrate (Si-wafer) by the use of 
shadow masks (left side), note the scale of the ruler in the picture is in cm. A 
schematic layout of a mask frame is shown on the top right side of the figure.  
The masks were point-welded on top of the frames. The sample was slit into 
the frame (face down). The mask frames were stored in a depot, shown in the 
low right-hand corner. 
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2.4.3 J-V measurement chamber 
 

The last chamber that was added to the set-up was the current-voltage (J-V) 
measurement chamber see figure 2.11. This chamber is connected to the PES 
measurement chamber via a 35 mm gate valve. The chamber is pumped by a turbo 
pump, base pressure ~5×10-7 mbar. The long magnetic transfer of the preparation 
chamber is to short to place the sample directly into the J-V chamber. In stead, the 
sample is first placed into the sample holder of the PES chamber. After rotating the 
sample holder (with sample) over 180 degrees, the sample is picked up with the short 
magnetic transfer of the J-V chamber, see figure 2.7. In this way, the sample could be 
placed into the sample holder of the J-V chamber.  

 

 
 
Figure 2.11 Picture of the interior and exterior (inset) of the J-V 
measurement chamber with a sample in the sample holder. The lower micro-
manipulator arm contains a gold strip with at the end the thin Au wire used to 
contact the top electrode of the sample. The microscope was used to follow 
the wire during the contacting procedure.  
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Two different sample holders were made: one sample holder was designed 
such that the sample could be illuminated during current-voltage (J-V) 
measurements. The other sample holder was designed for temperature dependent 
measurements (temperature range 100-400 K). Both sample holders are electrically 
isolated from the setup. 

Initially, the electrodes of the sample were contacted with two tungsten 
needles. These needles were connected to micro-manipulators of our own design. 
The needles could be placed onto the electrodes with the aid of several setscrews of 
the micro-manipulators. This worked rather well for sample shown in figure 2.10. 
However, as mentioned above, these devices were often short-circuited, and we 
therefore changed the design of the top electrode, see figure 2.11. For these devices, 
the tungsten needles could not be used to contact the top electrode: the needle would 
directly penetrate trough both the top electrode and organic layer and create a short 
circuit with the bottom electrode. In stead of the needle, a thin gold wire with a 
diameter of approximately 0.025mm (Goodfellow, UK) was used. This wire was 
‘glued’ with silver paste onto a gold strip. The strip was then tightened to the arm of 
the micro-manipulator (lower part of figure 2.11). A microscope was placed on top 
of the chamber, to see and follow the thin gold wire during the contacting procedure, 
see inset figure 2.11. The other needle was used to contact the bottom electrode.  

The micro-manipulator arms were electrically isolated from the setup and 
connected with electrical feed troughs. For temperature dependent measurements the 
tungsten needle was sometimes replaced for a thermo-couple (upper part figure 
2.11). The thermo-couple was used to estimate the temperature of the sample. In this 
case, the electrical connection to the bottom electrode was made via a wire that 
directly connected to the sample holder with the electrical feed troughs. The current-
voltage measurements were made with a Keithley 6430 Source Measurement Unit. 
For capacitance-voltage and capacitance-frequency measurements we used a Agilent 
4284A precision LCR meter (frequency range 20Hz to 1 MHz). Initial results 
obtained with samples characterized in the J-V chamber are outlined in chapter 6.  
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Abstract 
 
 This chapter reports UPS measurements on para-phenylenevinylene 
oligomers in the gas phase. We measured unsubstituted oligomers with up to 5 
phenyl rings. The experiments reveal the evolution of the valence band structure of 
the polymer from molecular orbitals of the monomeric units. 
 From these measurements we can directly extract a value for the transfer 
integral between neighboring phenyl-rings. We use this transfer integral in 
combination with a Hubbard-like model Hamiltonian to model the low electronic 
excitations in oligo- and poly(para-phenylenevinylene)s. The results indicate that 
Coulomb interactions are important in these conjugated polymers. Further, we 
demonstrate that the proposed model is not only applicable to homopolymers such as 
polythiophenes, as recently shown, but also to alternating copolymers as poly(para-
phenylenevinylene)s. 
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3.1  Introduction 
 
In chapter 2 we described a set-up named ‘Poly I’. Here we present ultraviolet 

photoelectron spectra recorded on series of oligo(para-phenylene-vinylene)s using 
this set-up. The development of the valence orbital structure of these oligo(para-
phenylene-vinylene)s shows strong similarities with other conjugated oligomers such 
as oligothiophenes [1] and oligo(para-phenylene)s [2]. 

In a recent paper, a simple tight binding model was used to find the lowest 
electronic excitations in oligo- and polythiophene [3]. The close correspondence 
between the photoelectron spectra of oligothiophenes with the spectra of  oligo(para-
phenylenevinylene)s led us to apply the same tight binding model to these 
conjugated materials. We show that the model may be applied to conjugated 
homopolymers, such as polythiophenes and poly(para-phenylene)s as well as certain 
alternating copolymers like poly(para-phenylenvinylene)s. 

The model uses physically well-interpretable parameters like the transfer 
integral (t), the on-site and next neighbor Coulomb interaction (U and V 
respectively) and the exchange interaction (K). Initial guesses of these parameters 
may be obtained from experimental data such as photoelectron spectra and optical 
absorption spectra. From the model calculations, we can comment on the nature of 
the lowest lying electronic excitations: we can distinguish Frenkel (singlet and 
triplet), charge transfer excitons and charged excitations. This enables us the estimate 
the exciton binding energy [4]. This energy is not only of importance for the basic 
understanding of the physics of conjugated polymers, but also for applications such 
as polymer based photovoltaic and light emitting devices.  
 The use of the physically well-interpretable parameters is one of the attractive 
features of the model. By changing the parameters we can predict how the system 
will respond to certain changes of the system. For example, a change in the dielectric 
constant will change the (screening of the) Coulomb interaction (U and V), and thus 
change the optical and electronic properties of the polymer. Electron donating 
substituents, such as alkoxy side-chains on the phenyl-ring increase the electron 
density on the phenyl-ring and thus influence U and t, which leads to a smaller 
optical gap.   
 The field of conjugated polymers is studied in a large number of papers [5]. 
The enormous attention for the subject may be understood by realizing that the topic 
is of interest to chemists and physicists in academia as well as in industry.  The 
combination of interesting material science and promising applications resulted in a 
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intense research effort especially over the last 10 to 25 years. The joint effort to 
understand and exploit the materials has led to more insight in the material 
properties, the possibility to optimize these properties and the incorporation of the 
materials in commercial applications such as LEDs. Even so controversy still  exists 
in the description of the elementary excitations in these materials.  
 Several methods have been used to model the optical properties of conjugated 
materials [6]. Without the intension to be complete, here some of the currently used 
models will be comprehensively addressed. In the late 1940’s Kuhn used a modified 
free-electron gas model to describe light absorption in ‘polyenes and related 
compounds’ [7]. The model was recently reassessed [8]. At the end of the 1960’s the 
Hückel model was applied to oligo(para-phenylenevinylene)s by Hörhold et al. [9]. 
Onipko et al. used the same concepts in a recent paper [10].  

The Su-Schrieffer-Heeger model, a tight-binding model that incorporates 
electron-phonon coupling, was formulated at the end of the 1970’s [11]. This model 
is still widely used for a wide range of conjugated polymers [12]. The Hubbard 
model, another tight-binding model, has also been applied to several conjugated 
polymers [3, 13]. This model neglects the electron-phonon interaction, yet it 
incorporates the electron-electron or Coulomb interaction.  

Other models, such as the Pariser-Parr-Pople (P-P-P) model, can cover (at 
least to some extent) both the electron-phonon interaction and the electron-electron 
interaction, see for example the work of Barford et al. and Chandross et al.[14, 15]. 
The work of Brédas and coworkers should also be mentioned here, who covered the 
whole field of conjugated polymers mainly with semi-empirical calculations [16]. As 
the number of terms in the model Hamiltonian increases and the number of 
assumptions decreases, the model becomes more correct but also more complicated. 
By making full use of the computational power of modern computers one can now 
go one step further and calculate rather large systems from first principles. Examples 
of these ab initio methods applied to conjugated polymeric systems may be found in 
literature [3, 17-20].   

The use of advanced ab initio calculations generally leads to good agreement 
with experimental results but does have some disadvantages. One disadvantage is the 
complexity of the method; the results are not always as easily interpretable as certain 
empirical approaches. This may seem a problem: which method should one use? 
However, one may look at the availability of different approaches as a luxury and 
choose an appropriate method to study a specific system.   
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 In this chapter we used ab initio calculations to find the energy levels and 
electron distributions of small molecular systems. For larger systems we applied the 
semi-empirical AM1 method. Most importantly, we choose a Hubbard-like model to 
study the optical excitations in conjugated oligomers and polymers.  
 
 
3.2 Theory 
 
3.2.1 Coulomb interactions in conjugated molecules 

In a recent paper a simple model was introduced to model the electronic 
excitations in oligothiophenes with increasing chain length up to the polymer limit 
[3]. We show that the same model can also be applied to other conjugated 
homopolymers such as poly(para-phenylene) and even to the alternating copolymer  
poly(para-phenylenevinylene). The model is based on an (extended,) two band 
Hubbard-like Hamiltonian. The Hubbard model is one of the simplest models that 
takes Coulomb interactions into account. Coulomb interactions seem to be important 
in conjugated polymeric systems since these interactions can nicely explain why 
excitons in conjugated polymers localize on several monomeric units. This 
localization of the exciton is illustrated by figure 3.1. The figure shows the optical 
gap (Eg

opt) of substituted OPV-derivatives as function of the reciprocal number of 
phenyl units in the oligomer (1/N),  (with N=n+1) [21, 22]. For short oligomers one 
often finds a linear relation between Eg

opt vs. 1/N. By extrapolating the linear relation 
to the polymer limit one finds a value that is in general lower than the observed 
optical gap of the corresponding (long chain length) oligomer or polymer. Figure 3.1 
presents experimental data showing that the optical gap of long chain oligomers 
deviates from the linear relation between Eg

opt and the length of short chain 
oligomers. This shows that the exciton is localized to a certain chain length, often 
called the effective conjugation length.  

Although it is not clear yet whether this localization of the exciton is caused 
by defects such as chemical or structural defects, or whether it is an intrinsic 
property, we will show below that the localization can very well be described by 
taking into account Coulomb interaction. Other indications for the importance of 
Coulomb interactions in these polymers are the large singlet-triplet splitting in many 
conjugated polymers (in the order of 1 eV), and the (heavily discussed) exciton 
binding energy.   
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Figure 3.1 Plot of the optical gap of dipropoxy-substituted oligo(para-
phenylenvinylene)s measured in chloroform as function of the reciprocal 
number of phenyl rings in the oligomer [21, 22]. 
 
 

3.2.2 A Hubbard-like model Hamiltonian for conjugated 
polymeric systems 

 
Below we introduce the model that is used to study the low electronic 

excitations in the conjugated materials. We define U as the Coulomb repulsion 
between two electrons on the same ‘site’. The ‘site’ is an abstract description for an 
atom, a molecule or an oligomer unit. In this work it corresponds to a group of atoms 
that contains the electron pair of interest for the model. In order to get more familiar 
with the Coulomb interaction, we consider a neutral system consisting of a long 
linear row of N sites each bringing in i electrons. One configuration will be with an 
equal amount of charges on each site (i). 
 

i i i i i i i i 
(configuration 1) 

 
However other distributions are possible for example the situation shown below 
where one electron is removed from one site and added to another site. We assume 
that the Coulomb interaction between the site with one electron added and the site 
from which one electron is removed is negligible, because of the large distance 
between these sites. 
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i i-1 i i i i i+1 i 

(configuration 2) 
 
If we compare configuration 1 and 2, it is clear that the ‘electron removal’ site (cell 
2, configuration 2) will have a lower Coulomb energy. However, the Coulomb 
energy on the ‘electron addition’ site (cell 7, configuration 2) is increased by the 
presence of the extra electron. The Coulomb energy of configuration 1 is: N·½i(i-1)U 
and of configuration 2: (N-2)·½i(i-1)U + ½(i-1)(i-2)U + ½(i+1)iU. The difference 
between the two states is U, independent of i [23]. Note that in conventional band-
structure theories, the total energy of both ‘states’ may be equal. This seems not 
correct for most molecular systems, intuitively it is clear that configuration 1 is lower 
in energy than configuration 2. As predicted by taking into account the Coulomb 
interaction.  

To make this point more clear, we note that the we can reach configuration 2 
from configuration 1 by first removing one electron from the system, which costs us 
ionization potential (IP) and subsequently adding one electron to the system at a 
different site (far from the electron removal site) which gives us the electron affinity 
(EA). Since for most molecular systems IP > EA the energy of configuration 1 will 
indeed be higher. However, we must be careful here because it is a priori not clear 
whether both electrons will be added to, or removed from the same molecular orbital 
or band: we will remove the electron from the HOMO (or highest occupied band) 
and add the electron to the LUMO (or lowest unoccupied band). In most molecular 
systems the HOMO and LUMO are separated by an energy gap. To continue the 
discussion we need to describe the system in somewhat more detail.  

Consider a system with two sites (N=2) each containing 2 electrons in the 
ground state (i=2). Per site two levels are available, a lower level (h, from HOMO) 
and a higher (energetic) level (l, from LUMO), see figure 3.2.  
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Figure 3.2 Schematic representation of a system composed of two sites, 
four electrons, and two levels per site, see text for details.  

 
If we want to bring an electron from the lower to the higher level on the same 

site we have to add an amount of energy (∆) to the system, see figure 3.2 b. But, if 
we want to bring the electron to the neighboring site (3.2 c), we have to ‘pay’ more 
energy: the energy difference between the states presented in figure 3.2 c and a is 
∆+U (neglecting spin effects for the moment). The first term (∆) is clear, it originates 
from the fact that we add one electron to the higher level of the site. The second term 
comes from fact that we have to break the electron-hole pair, which costs U. In the 
‘initial state’ (a), where both sites are doubly occupied, each site contributes U to the 
total energy of the system. In the ‘final state’ (c), one site is singly occupied by one 
electron and thus does not contribute in any on-site Coulomb interaction. The other 
site contains three electrons and the correlation energy between these electrons 
contribute  to three U. So the difference between the ‘final’ and ‘initial’ state energy 
is: (∆+3U) -2U = ∆+U. If U is significant, the system is often called a correlated or 
strongly correlated system.  
 The interaction between neighboring sites is described by the transfer integral 
(t). The transfer or hopping integral is similar to the resonance integral (β) in the 
Hückel model. t measures the mixing of orbitals located on a site with orbitals on 
neighboring sites. The transfer integral is also related to the width of the band in the 
limit of an infinitely large system (W), according to: W = 2Σti. The summation is 
over the nearest neighbor directions, and ti is the transfer integral in the ith direction 
[6]. For infinite, one-dimensional systems such as (ideal) conjugated polymers, the 
width of the band in the polymer limit (W) is thus equal to 4t.  

The model may be further extended, by defining another Coulomb 
interaction, namely the next-neighbor Coulomb interaction (V). V gives the 
Coulomb interaction between electrons on neighboring sites. If we would add this 
interaction to the system given in figure 3.2 c, the energy difference between the two 
states would be equal to (( ∆+3U+3V)  - (2U+4V) =) ∆+U-V. In order to distinguish 
between singlet and triplet states we have to add the exchange interaction (K).  



46 Chapter Three 

In infinitely long polymers, the on-site U on every site is reduced by 
screening effects of the electron distribution on the two both neighboring sites. That, 
however, leads to an artifact in short polymer chains (oligomers). In this case,  the 
end sites have only one ‘neighbor’ which leads to a reduced screening of the on-site 
Coulomb interaction. We correct for this by introducing a ∆U term in the 
Hamiltonian. 
 In figure 3.3 all parameters of the model are represented for a four-site 
system. In the figure different transfer integrals are shown. thh represents the HOMO-
HOMO mixing,  tll  the LUMO-LUMO mixing and thl  the mixing between one 
‘HOMO’ orbital and one ‘LUMO’ orbital on neighboring sites. The next-neighbor 
Coulomb interaction is depicted in figure 3.3 by V, the on-site Coulomb interaction 
by U and the on-site Coulomb interaction in case of a chain end-site (U+∆U). K is 
the exchange interaction. 
 
 

Figure 3.3 Schematic representation of the parameters used in the 
Hubbard-like tight binding model, shown below.  t Stands for the transfer 
integral, the subscripts refer to the HOMO or LUMO level; U is the on-site 
Coulomb interaction, V the next-neighbor Coulomb interaction. K is the 
electron spin interaction, to distinguish singlet and triplet states.
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This leads to the following two-band Hubbard Hamiltonian [3]:   
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The first term is the one electron term. Ht describes the hopping integral, HU 

the on-site coulomb interaction, HV the next neighbor Coulomb interaction and HS 
the spin Hamiltonian. The combination of the first three terms of the Hamiltonian is 
known as the Hubbard model developed by Hubbard and others about four decades 
ago [24, 25]. The model was developed to explain properties of transition metals, in 
which the d-electrons play an important role. Incorporation of the fourth term leads 
to the so-called extended Hubbard model [6]. The fifth term has to be incorporated to 
account for the singlet and triplet states.  

 

 
 
Figure 3.4 Several electron distributions representing different electronic                  
excitations. Note that the acual excitations will be a mixture of the above 
shown distributions.  
 
 

 Figure 3.4 presents different electron distributions for a five-site system. Each 
distribution represents a certain type of state of the system: the first state is the 
ground state, in which all electrons occupy the lowest level. Frenkel type excitons 
are represented by the next two states, in which one electron is excited to the higher 
level, yet both electrons stay on the same site. By looking at the orientation of the 
two electron spins we can discriminate between singlet Frenkel excitons (anti-
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parallel spins) and triplet Frenkel excitons (parallel spins). The next state in figure 
3.4 stands for charge-transfer excitons. In these excitations, the electron hole-pair is 
(partly) broken: the electron and hole are situated on neighboring sites.  If the 
distance between the electron and hole is further increased, and the Coulomb 
interaction between the electron and hole further reduced, a charged excitation is 
formed.  

The above depicted electron distributions should be interpreted as archetype 
electron distributions for the different excitation types. In the calculations, the 
excitations will be a mixture of the above shown electron distributions. This enables 
one to study the nature of the excitation. For example if the contribution of the 
singlet Frenkel excitation is large and the contributions of the charge-transfer and 
charged excitation are both very small, the excitation may be viewed as a Frenkel 
type exciton. Contrary, if the electron distribution of a calculated exciton is 
dominated by a large electron-hole separation, the excitation may be characterized as 
charged excitation. By doing so, we cannot only study the nature of the calculated 
excitation; we can go one step further and look at the energy difference between the 
different excitons. For example, the exciton binding energy, a heavily debated topic 
in the field of conjugated polymers, is estimated as the energy difference between the 
singlet Frenkel exciton and the charged excitation.  

Before we can model the optical excitations, we need to find initial estimates 
for the parameters. From optical en photoelectron spectroscopy we can extract values 
for the exchange interaction (K), the HOMO-LUMO splitting (∆) and the transfer 
integral (t). The transfer integral (t) is taken from the energy differences between 
peaks in the PES spectrum, as we will see below. The HOMO-LUMO splitting (∆) is 
estimated from the (singlet) optical gap and the exchange interaction (K) is obtained 
from the singlet-triplet splitting. This leaves us with two ‘free’ parameters: U and V. 
It is possible to estimate U from combined PES, inverse PES (or IPES) and optical 
spectroscopy. Another way is to use graphs such as shown in figure 3.1, showing the 
optical gap versus the reciprocal number of repeating units.  It is clear that for 
increasingly long oligomers the optical gap bends away from the linear relation that 
fits the short chain oligomers. The deviation from the linear relation is very sensitive 
to the ratio of U/t. Since t is known from PES measurements, U can be estimated. It 
is possible to find values for V by calculations, however we can leave it as free 
fitting parameter. The next step is to refine the initial estimates by fitting calculated 
excitations to experimental values. Again, series of experimental data such as 
displayed in figure 3.1 may be used for this purpose.      
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3.2.3 The case of oligo- and poly(para-phenylenevinylene)s 
 

We will now change the discussion and focus on poly(para-phenylene-
vinylene) and related oligomers. Figure 3.5 gives the structural formula of the PPV 
polymer. The polymer may be regarded as a homopolymer with a styrene-like group 
as monomeric unit or as an alternating copolymer with a phenylene and a vinylene 
group as alternating monomeric units. Whether the polymer is better described as 
homopolymer or as alternating copolymer when the electronic structure is discussed, 
depends mainly on the mixing between the phenylene and the vinylene orbitals. If 
the orbitals are close in energy and non-orthogonal, the orbitals may be best 
described as styrene-like since the electron density will be spread out evenly over 
both units. If the phenylene and vinylene orbitals are well-separated in energy, 
mixing of these orbitals will lead to an asymmetric hybrid orbital in which the 
electron density will be mainly localized on either the phenylene or vinylene unit.  
 

 
Figure 3.5 Structural formula of poly(para-phenylenevinylene) (PPV). This 
polymer may be regarded as a homopolymer with a styrene-like unit as 
repeating group, see top right-hand schematic representation, or as an 
alternating copolymer with a vinylene and a phenylene unit, as displayed in 
the lower right-hand corner of the figure. 

 
In order to interpret the experimental data, we calculated the molecules with 

semi-empirical and ab initio methods. These calculations do not only give an 
estimate of the different orbital energies, but also of the spatial distribution of the 
orbitals. The  approach may then be described as follows: the UPS spectra of 
different PPV oligomers were measured, including fragments of the repeating unit. 
On the basis of these measurements and the calculations, a picture evolves how the 
electronic structure of PPV develops from interacting ‘monomeric’ orbitals. From 
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this picture we can indentify the transfer integral t and judge whether PPV is better 
described as a homopolymer or as an alternating copolymer. From optical spectra we 
obtain estimates for other parameters of the model. Finally we compare the results of 
several modeled conjugated polymers.  
 
 
3.3  Experimental 
 

The set-up used to record the gas phase UPS spectra of the oligo(para-
phenylenevinylene)s was described in section 2.3 of this thesis. P3V2, P4V3 and 
P5V4 were all synthesized in our laboratories (, see figure 3.6 for structural 
formulae). The shorter molecules were purchased from Sigma-Aldrich Chemie or 
Hoek Loos. The compounds P2V1 through P5V4 were all re-crystallized before use. 
P5V4 was further purified by sublimation. These compounds were added to the glass 
tube of the organic evaporation cell (see figure 2.5). After degassing the evaporation 
cell for several hours, the cell was heated to give a deposition rate of approximately 
1-5 nm/s as determined by an in the beam inserted layer thickness monitor. The 
evaporation temperature ranged from 50 for trans-stilbene (P2V1) to 400 oC for 
P5V4.  

The lower molecular weight compounds were liquid (styrene, benzene) or 
gaseous (propene and butadiene) under standard lab conditions. To inject these 
molecules into the vacuum chamber, the set-up was slightly changed as described in 
section 2.3. These compounds were used as received, without further purification. 
During measurements the pressure in the main chamber of the set-up was typically 
around 2 to 4×10-5 mbar, while the base pressure was approximately 2×10-8 mbar. 
For energy calibration purposes Xe gas (Hoek Loos) was added to the chamber with 
a partial pressure of 0.5 to 1×10-5mbar. The Xe 2P3/2 line, with a known binding 
energy of 12.13 eV [26], is easily recognized in most spectra as a sharp feature at the 
above mentioned energy. From the width of the Xe line we could determine the 
overall resolution that was between 80 and 140 meV in the measurements shown in 
the graph.   

For the calculations a commercial package of HyperChem was used to find 
the energies and spatial distribution of the orbitals. Both semi-empirical and ab initio 
methods were used.  For the semi-empirical calculations the AM1 method was used; 
for ab initio calculations a small basis set was chosen (3-21G). For the geometry 
optimization we choose a Fletcher-Reeves or a Polak-Ribière algorithm.  
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3.4 Results and discussion 
 
3.4.1 Energy level development in oligo(para-phenylenevinylene)s 
 
 Figure 3.6 presents the UPS measurements on series of oligo(para-
phenylenevinylene)s, including propene, benzene and styrene in the gas phase. The 
graph gives the intensity, which is directly related to the detected photoelectron 
current, versus the binding energy of the various compounds.  
 

 
Figure 3.6 Gas phase UPS spectra (He I) of oligo(para-phenylene-vinylene)s with 
up to five phenyl-rings, together with the spectra of propene, benzene and styrene. 
The structures of the molecules (the H-atoms are omitted for clarity) are shown at 
the right-hand side of the graph, just above the PES of the corresponding molecule 
(from below: propene,  benzene, styrene, t-stilbene, P3V2, P4V3 and P5V4).  
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 To explain the spectra in figure 3.6 and assign the peaks to certain orbitals we 
first look at the smallest and therefore simplest molecules. Figure 3.7 shows the UPS 
spectra of the four shortest compounds of the previous figure, together with ab initio 
calculations on these molecules. The calculations provide the orbital energies as well 
as the spatial distribution, both are presented in the figure, and complemented with 
the UPS spectra. For comparison purposes, the x and y-axis of the UPS spectra are 
exchanged when compared to figure 3.6.  
 
     
 

 
Figure 3.7 Comparison between ab initio calculations and UPS 
measurements on the highest occupied molecular orbitals of PPV fragments. 
From left to right: ethene (propene in UPS spectra), benzene, styrene and 
stilbene.    
 
The UPS spectrum of propene shows a peak around 10 eV with vibrational 

structure. We assign this peak to the π-bond of propene. This assignment is 
confirmed by the vibrational progression that is present on the first peak (with lowest 
binding energy) in the UPS spectrum, the progression corresponds to the -C=C- 
stretch vibration (1.5×103 cm-1). The binding energy of the HOMO of propene is 
comparable with the calculated HOMO of ethene. The highest occupied orbital of 
benzene is actually a pair of degenerate π-orbitals, as is clearly shown from the 
calculations. In the corresponding UPS spectrum we see a shoulder to the peak at 9 
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eV. The shoulder is caused by a Jahn-Teller distortion of these degenerate orbitals 
due to the photoemission process.  

Styrene may be regarded as a benzene ring with a vinylene-substituent. The 
substitution leads to a mixing of orbitals: the occupied π-orbital of vinylene 
hybridizes with the highest occupied orbitals of benzene. The hybridization of the 
HOMO of ethene and the HOMO of benzene with electron density on all six carbon 
atoms, leads to the HOMO and HOMO-2 of styrene. Since the original orbitals differ 
in binding energy, the hybrid orbitals are asymmetric: the HOMO of styrene has 
more ‘phenyl character’, the HOMO-2 more ‘vinylene character’. The combination 
of the HOMO of ethene with the other degenerate HOMO of benzene does not lead 
to hybrid orbitals in styrene, see figure 3.7. This benzene orbital has a node at the 
carbon atom connecting the vinylene group to the phenyl ring of styrene. This makes 
mixing impossible; the orbital stays localized on the phenyl ring.  

In trans-stilbene two benzene rings are connected with each other via a 
vinylene bridge. Above it was discussed that in styrene only one of the two (initially) 
degenerate HOMOs of benzene has electron density on the vinylene substituent. The 
same is true in the case of stilbene: on both phenyl rings one of these orbitals stays 
localized on the phenyl ring, the other delocalizes over the molecule. The delocalized 
orbitals interact and form a bonding (HOMO-3) and anti-bonding (HOMO) 
combination in stilbene. The two localized orbitals form a pair of (non-bonding) 
orbitals that hardly interact. These orbitals have nearly the same energy and form the 
HOMO-1 and the HOMO-2. The HOMO-4 stilbene orbital does not mix with the 
‘localized phenyl’ orbitals (due to the node on the tertiary carbon atoms) and only 
slightly with the ‘delocalized phenyl’ orbitals. 

We can recognize three different types of (occupied) π-orbitals: the non-
interacting, localized phenyl-like orbitals found around 9 eV (gray lines in figure 
3.7), the delocalized phenyl-like orbitals found between 7 and 9.5 eV (black lines), 
and the delocalized vinylene-like orbital around 10.5 eV(broken line). Note that 
besides these three types of π-orbitals another group of π-orbitals is present at higher 
binding energies. These orbitals are omitted here since they are not relevant for the 
model that will be deduced below. The unoccupied π−orbitals are not measured, 
these π-orbitals may be found with techniques such as inverse photoelectron 
spectroscopy, or estimated using semi-empirical or ab inito calculations. 
   We continue the discussion by looking at the UPS spectrum of para-(distyryl-
benzene) or P3V2. The molecule contains three phenyl rings. We thus anticipate that 
the three localized  phenyl-like π-orbitals will contribute to one intense peak at a 
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binding energy of around 9 eV. The interaction between the three delocalized 
‘phenyl-like’ π-orbitals gives rise to three distinct peaks. The first two of these peaks 
are clearly observed in the UPS spectrum (figure 3.6), the third peak forms a 
shoulder with the three non-bonding, localized π-orbitals (around 9 eV).  P3V2 
contains besides the three phenyl rings also two identical vinylene groups. We expect 
that these orbitals will also split up to form a bonding and anti-bonding combination 
in analogy with the delocalized phenyl-like orbitals. As expected, we indeed find two 
features in the UPS spectrum above and below 10.5 eV: the energy of the vinylene-
like orbital of stilbene.  

 

 
Figure 3.8 Comparison between the gas phase UPS spectra of propylene, 
butadiene and P3V2. In butadiene, the two occupied π-orbitals interact and 
split up to form a bonding and anti-bonding combination, indicated by two 
continuous arrows. In P3V2 the vinylene groups are separated by a 
phenylene  group. The two orbitals still split up, although to a lesser extent, 
since the mutual vinylene-vinylene interaction is mediated by the phenyl ring, 
schematically depicted by broken arrows. The inset shows the vibrational 
progression on the HOMO peak of butadiene (ν≈1.5×10 3 cm-1).       

  

Figure 3.8 compares the PES spectra of propylene, butadiene and stilbene. In 
propylene, only one π-orbital is occupied. In butadiene, two vinylene-like orbitals 
are present, these orbitals interact and form a bonding and anti-bonding combination. 
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P3V2 also contains two vinylene-like orbitals. However, the vinyl-groups are 
separated from each other by a phenyl group. The phenyl group acts as a medium 
that guides the interaction between the vinyl groups. This interaction is similar to the 
super-exchange interaction is metal oxides. The presence of the phenyl group dims 
the interaction and therefore the splitting between the vinylene-like orbitals is less 
strong in P3V2 as compared to butadiene. In a similar way, the vinylene-bridge 
weakens somewhat the phenyl-phenyl interaction as compared to biphenyl. 

The extent to which interacting orbital split up is determined by the transfer 
integral (t). We identified three different types of orbitals each with its own transfer 
integral: one transfer integral between the vinylene groups, and two between the 
phenylene groups, see figure 3.9. Of the latter two transfer integrals, one is nearly 
zero, namely the transfer integral between the localized orbitals and we will neglect 
it in the remainder of this paper.   

   
 

 
Figure 3.9 In poly(para-phenylenevinylene)s several different transfer 
integrals may be identified: tVinylene-Vinylene depicts the transfer integral(s) 
between the π-orbitals on the  two vinylene groups, mediated by the phenyl 
ring. Conversely, tPhenylene-Phenylene, stands for the transfer integral(s) between 
π-orbitals on the phenyl rings, which are passed on by the vinylene bridge. 
 
 
 
 We can now shortly describe the PES spectra of P4V3 and P5V4. P4V3 will 

have four localized phenyl-like orbitals around 9 eV, further four delocalized phenyl-
like orbitals between 7 and 9.5 eV, and  three vinylene-like orbitals are expected 
between 9.5 and 11 eV. Similar, we attribute the first three peaks in the UPS 
spectrum of P5V4 to the delocalized phenyl-like orbitals. The other two are ‘buried’ 
under the five localized phenyl-like orbitals around 9 eV; the four vinylene-like 
orbitals are not well resolved, they give weak features between 9.5 and 11 eV.    
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Figure 3.10 Schematic representation of the development of the highest 
occupied π-orbitals in oligo(para-phenylenevinylene)s from UPS measure-
ments shown in figure 3.6.  Three different types of π-orbitals may be 
identified: delocalized, phenyl-like orbitals (black lines); localized, phenyl-
like orbitals (grey lines) and delocalized, vinylene-like orbitals (broken lines). 
In the hypothetical infinitely long polymer these different types of orbitals 
form three different bands.  

 
 

Figure 3.10 shows how the three different types of orbitals develop into bands 
toward the polymer limit. The width of the band (W) is related to the transfer integral  
(W=4t). We can find an estimate of  t from the orbital splitting in the UPS spectra. 
For comparison, figure 3.11 shows the calculated π-electron energy levels for ethene 
up to P5V4. These energy levels are calculated using a semi-empirical AM1 method. 
Note the correspondence between figure 3.10 and figure 3.6. Note also the similar 
development between the occupied and unoccupied orbitals.  
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Figure 3.11  Development of the occupied and unoccupied π-electron levels 
of ethene, benzene, styrene and oligo(para-pheneylenevinylene)s as a result of 
semi-empirical AM1 calculations.  
 

 
 
3.4.2 Low electronic excitations in oligo- and poly(para-vinylenevinylene)  
 

Another important aspect of the development is the fact that the three 
different types of orbitals develop nearly independent from each other (see figure 
3.9). The highest occupied band is formed by the interaction between the delocalized 
phenyl orbitals. A narrow band around 9 eV originates from the localized phenyl-like 
orbitals and the third band from the delocalized vinylene-like orbitals. A similar 
development holds for the lowest unoccupied orbitals (, see figure 3.11). We can 
thus model most optical excitations of the polymer by taking three interacting 
entities. The crucial point here is the following: if we are interested in the lowest 
electronic excitations, we only need to model the interaction between the delocalized 
phenyl-like orbitals. This means that in the calculation, we actually model a 
hypothetical row of interacting (delocalized) phenyl orbitals; the exact nature of the 
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bridging group is not so important. The main role of the bridging group is mediating 
the phenylene-phenylene interaction. 

Before we can start to model the low electronic excitations in oligo- and 
poly(para-phenylevinylene) we need to find initial parameters for the fitting 
procedure. The transfer integral (t) is taken from the orbital splitting between the 
delocalized phenylene orbitals, as determined by the UPS measurements. This 
actually yields the transfer integral between the occupied phenyl orbitals (=tphenylene-

phenylene = thh). We assume here that the inter-phenyl ring transfer integral between the 
unoccupied orbitals (tll) is equal to thh. This seems reasonable when one looks at the 
calculated energy level development in figure 3.11. The transfer integral between 
occupied and unoccupied orbitals is neglected. 

 

 
  (a)           (b) 
 
Figure 3.12 Singlet and triplet optical gap of oligo(para-phenylene-
vinylene)s (a) and oligo-para-phenylenes (b), as function of their reciprocal 
chain length  (where N is the number of phenyl rings) obtained from 
experiments [27, 31] (absorption maximum) and fitted using the Hubbard 
model. The parameters are summarized in table 3.1.  
 
The on-site Coulomb interaction (U) is found by the fitting procedure. For 

this procedure a plot similar to figure 3.1 is used in which the optical gap of tert-
butyl substituted oligo(para-phenylenevinylene)s is plotted versus the reciprocal 
number of phenyl-rings in the oligomers, see figure 3.12a (data taken from [27]). ∆U 
is neglected here since the distance between the phenyl-rings is rather large, which 
leads to a reduced screening of U by the neighboring sites. This makes the system 
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less susceptible to chain-end effects. For similar reasons, the next-neighbor Coulomb 
interaction (V) is also set to 0. The exchange interaction (K) is taken from the 
difference between the lowest excited singlet (S1) and triplet (T1) states of t-stilbene 
[29-30]. ∆ is taken from the lowest (allowed) optical transition in stilbene (S0 to S1 

(0-0) transition) [28-30]. The mentioned parameters are summarized in table 3.1.  
 Figure 3.12a presents experimental and calculated values for the optical gap 
(lowest singlet-singlet as well as singlet-triplet transition) of poly(para-phenylene-
vinylene) and the related oligomers.  Figure 3.12b shows the experimental and 
modeled optical gap of series of oligo-para-phenylenes. The fitting parameters of 
both fits, together with the fitting parameters to the optical transitions of oligo- and 
polythiophene [3] are tabulated in table 3.1. Note that the star-shaped symbol in 
figure 3.12b is a calculated value for the optical gap of poly-para-phenylene [31]. 

Figure 3.12 shows that the Hubbard model may be used to describe the 
development of the lowest electronic transitions in these conjugated oligomers and 
polymers. The fit to the experimental data reproduces two important features that are 
generally observed in conjugated oligomers. Firstly, for short oligomers, a nearly 
linear dependence is found between the optical gap and the reciprocal number of 
repeating units. This indicates that the exciton delocalizes over the oligomer, the 
longer the oligomer, the more extended the (lowest singlet) exciton. Secondly, for 
long chain oligomers, the optical gap becomes nearly independent of the oligomer or 
polymer chain length.  This feature is related to the localization of the exciton, also 
known as the (effective) conjugation length. 

 All parameters of the Hubbard model are fitted to experimentally observed 
values. By comparing column two and four, we can conclude that the initial values 
of the model parameters are only slightly changed by the fitting procedure. This is an 
interesting aspect of the model: the parameters are physically well interpretable and 
may be estimated from experimental values.  

By comparing a parameter between different materials we can observe a 
trend. For example, the transfer integrals (t) of oligothiophene and oligo-para-
phenylene are similar and larger than for oligo(para-phenylenvinylene). This can be 
understood by the presence of the vinylene-bridge in oligo(para-phenylenvinylene),  
which reduces the transfer integral between the delocalized phenyl-like orbitals, a 
similar effect as the splitting of the vinylene-like orbitals in butadiene as compared to 
P3V2, see figure 3.8. Note that the difference in the transfer integral can direct be 
observed from the UPS spectra of these compounds [2,3].  
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Tabel 3.1 Overview of the parameters Hubbard model, found by fitting 
the optical gap of series of oligomers of oligo(para-phenylenevinylene)s 
(OPV), oligo-para-phenylenes (OPP) and oligo-thiophenes (OT) and the 
corresponding polymers to the model. The initial values for the fitting 
procedure of the oligo(para-phenylenevinylene)s obtained from experimental 
data are presented in column 2.  
 

Parameter initial value 
(OPV)  
[28-30] 

OPV OPP 
[2, 31, 32] 

OT 
[3] 

t     (eV) 0.7 0.7 1.0 1.0 
U    (eV) - 2.0 3.1 2.4 

U/t - 2.9 3.1 2.4 
∆U  (eV) 0 0 0.5 0.5 
V    (eV) 0 0 0.7 0.7 
K    (eV) 1.0 0.8 0.8 0.8 
∆    (eV) 4.0 4.1 5.4 4.7  

 
The relatively large on-site Coulomb interaction (U) of oligo-para-phenylene 

may be attributed to the non-planarity of the benzene rings in the main chain.  This 
‘out of plane bending’ reduces the screening and therefore increases the Coulomb 
interaction. The bending is caused by steric hindrance of hydrogen atoms on 
neighboring benzene rings. This effect is less important in oligo(para-phenylene-
vinylene)s and oligothiophenes. This is also reflected in the ratio of U/t: this ratio is 
measure for the localization; if the ratio is small (U/t ≈ 0) the system is highly 
delocalized, if U/t is large (>>1) the wave functions will be localized to the sites. For 
the three different types of conjugated polymers we find that U/t is around 3,  
indicating that localization effects are important in these materials. The ratio is 
relatively large for oligo-para-phenylenes probably due to the out-of plane bending 
of the phenyl rings which tends to localizes the wave functions.  
 From an analysis of the nature of the calculated excited states we found an 
estimate for the exciton binding energy of approximately 0.5 eV for all polymeric 
species studied. This value is very similar to previously reported exciton binding 
energies of several conjugated polymers [19, 33].  
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3.5  Conclusions 
 

The UPS spectra of series of unsubstituted oligo(para-phenylenevinylene)s 
were recorded in the gas phase, revealing the development of the valence orbital 
structure of these molecules. This development shows that the highest occupied 
molecular orbitals may be classified as vinylene-like orbitals, localized phenyl-like 
orbitals and delocalized phenyl-like orbitals. It is suggested that in order to model the 
lowest electronic excitations in these oligomers one only needs to model one group 
of orbitals, here the delocalized phenyl-like orbitals. To calculate these excitations, a 
two band, Hubbard-like model is used, that was previously formulated for thiophene 
based oligomers [3]. A good initial guess for the parameters of this simple tight-
binding model can be obtained from experimental data. After a fitting procedure, the 
experimentally reported values for the low electronic excitations are accurately 
reproduced. Further, we found an exciton binding energy for all three studied 
conjugated polymers of approximately 0.5 eV. 

It is interesting that this simple model is capable of not only describing 
homopolymeric systems as polythiophene and poly-para-phenylene but also an 
alternating copolymer as poly(para-phenylenevinylene). It is found that the bridging 
group (here a vinylene moiety) acts as a guide for the interaction between the 
(delocalized) phenyl-like orbitals. So the effect of the bridging group is that the tight-
binding parameters U, t and V are only modified by the presence of the group, the 
electronic structure of the bridging group itself does not need to be described in the 
model.  
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Abstract 
 
Typically, thin films of the conjugated oligomer p-bis[(p-

styryl)styryl]benzene (P5V4) prepared by vacuum deposition on substrates like 
silicon wafers and quartz plates are polycrystalline. Atomic force and electron 
microscopy reveal elongated clusters with characteristic dimensions of 20 × 80 nm. 
X-ray and electron diffraction measurements indicate a close correspondence 
between the crystal structure of these microcrystallites and the reported structure of 
single crystals grown from solution.  

However, we argue on the basis of electron diffraction measurements that 
P5V4 microcrystallites found in thin films vapor-deposited on amorphous carbon 
substrates adopt a morphology that differs from the single-crystal structure. In the 
proposed polymorph, the molecular axis is nearly perpendicular to the substrate 
plane, though the molecular arrangement is otherwise very similar to that in the 
single crystal. We suggest that several polymorphs may coexist in the thin films. 
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4.1 Introduction 
 
Over the last decade, the ‘oligomer approach’ has proven to be of great value 

in resolving chainlength versus property relationships in the field of conjugated 
polymers and oligomers [1]. Using oligomers instead of polymers enables one to 
work with chemically well-defined molecules which may be altered in a systematic 
way in order to study, for example, the optical absorption spectrum as a function of 
the oligomer chainlength [2,3]. These studies on oligomers contribute to a better 
insight in the evolution of the electronic structure from the monomer to the polymer, 
as was also shown in chapter 3. Since the oligomers have a well-defined and defect-
free molecular structure, extrapolations of measured properties to infinite chain 
length may be taken, with due caution, to represent the perfect, infinite polymer. 

In chapter 3 another advantage of oligomers over polymers was exploited, 
namely their low molecular weight which makes it possible to obtain the oligomer in 
a vapor phase. This is not only useful for measurements on isolated molecules; it also 
enables one to process the material by vacuum sublimation techniques in HV or 
UHV environment [4]. Thin films prepared under these conditions may be used to 
study for example the effects of intermolecular polarization (EP) and substrate effects 
on the electronic structure [5,6]. Vacuum deposition techniques are extremely useful 
as a facile method for processing these materials in a controlled way without 
solubility problems or the risk of contamination by solvents [7]. It is possible to 
optimize these techniques in order to obtain high-quality molecular single crystals 
with low (active) impurity concentrations (< 1014–10 12 cm-3) for optical and 
transport measurements, showing for example superconductivity at low temperatures 
[8-12]. Measurements on these well-defined samples show that intrinsic material 
properties are affected and often completely masked by defects, which demonstrates 
how sensitive these materials are towards structural and chemical imperfections [11, 
12]. 

In real conjugated polymers, defects are inevitable due to polydispersity, 
purification problems, structural disorder or chemical defects. Accordingly, studies 
on oligomers may reveal basic physical processes unobtainable with polymers and 
are therefore not only interesting as model system but also as a unique class of 
materials by themselves [13].  

Many papers address the structure of thin films prepared by vacuum 
deposition of conjugated oligomers on a wide range of different substrates [1]. These 
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studies can roughly be divided in three classes, depending on the chemical structure 
of the repeat unit, namely: thiophene-based oligomers, phenyl-based oligomers and 
phenylene-vinylene-based oligomers. Whereas in the first two groups a rather 
comprehensive literature exists on the thin film structure of the unsubstituted 
oligomers as well as on substituted oligomers, nearly all papers on the thin film 
structure of phenylene-vinylene based oligomers concerns substituted oligomers. 
When discussing the thin film structure, it is important to distinguish between 
substituted oligomers and unsubstituted oligomers, since the substituents alter both, 
the tendency to crystallize, as well as the crystalline structure itself. For example, 
many substituted, ‘hairy-rod’ and dialkoxy-substituted oligomers tend to crystallize 
in a layered structure [14-18], while unsubstituted conjugated oligomers settle down 
in a herringbone structure in their crystalline state [19-24].  

Here we present experimental data (using XRD, TEM, ED, SEM and AFM 
techniques) collected on thin films of an unsubstituted oligo(phenylene-vinylene), 
containing five phenyl rings. The oligomer was vacuum deposited on carbon films, 
Si-wafers, sapphire and quartz substrates. The non-diffractional techniques indicate 
small elongated structures in the thin films deposited on the different substrates. The 
diffractional techniques prove the presence of small crystallites in these films. 
Electron diffraction measurements on films deposited on carbon films indicate that 
the microcrystallites in the thin P5V4 film adopt a different morphology in which the 
c-axis is nearly perpendicular to the substrate plane. Computer simulations of several 
possible polymorphs give nearly identical densities, total energies and diffraction 
patterns. Therefore, we do not rule out the possibility that several polymorphs may 
coexist in the thin films.  

 
 
4.2 Experimental 
 
An all-trans phenylene-vinylene oligomer containing five phenyl rings, p-

Bis(p-styrylstyryl)benzene, was used in this study. The structure of this oligomer is 
given in figure 4.1c. In the remainder of this chapter we will refer to this compound 
as P5V4. After synthesis [24], the crude product was purified by several high-
vacuum sublimation steps (p ~ 10−6 mbar, T ~ 320–340 ºC) and recrystallized from 
trans-stilbene. The product was subsequently filtered, washed with toluene and ether 
and carefully dried under vacuum.  
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The purity of our P5V4 was proved by mass spectroscopy (only the charged 
and doubly charged ion detected) and IR spectroscopy. The carbon-coated electron 
microscopy (C-EM) grids (400 mesh) were mounted on a Cu substrate holder with a 
good thermal contact to the vacuum chamber (po < 10−7 mbar). After out-gassing the 
deposition cell overnight at ~150 ºC, P5V4 was vacuum-deposited on the (C-EM) 
grids. During the deposition, the temperature of the source was maintained at 300–
330 ºC, the pressure increased to ~4 × 10−7 mbar, giving an deposition rate of 0.04–
0.07 nm/s. During sample growth, the substrate holder was neither deliberately 
heated nor cooled, yet the substrate temperature was probably somewhat above room 
temperature due to the thermal radiance of the source. Thin films grown on quartz 
and sapphire substrates were prepared in the same vacuum chamber under 
comparable conditions. Before mounting the substrates on the Cu substrate holder, 
the substrates were cleaned in an ultrasonic bath using acetone and toluene as 
solvents. Samples of P5V4 on Si-wafers for X-ray diffraction measurements were 
prepared in a Balzers high vacuum deposition system. After degassing between 200 
and 300 °C, two samples were prepared: one with the substrate at room temperature 
(p ≈ 1.2 × 10−7 mbar, deposition rate 0.19 nm/s, thickness 3.5 × 102 nm, according to 
the layer thickness monitor), and one with the substrate kept at approximately 250 °C 
(p ≈ 1.9 × 10−7 mbar, deposition rate 0.29 nm/s, thickness 3.5 × 102 nm).  

The morphology of the films prepared on C-EM grids was studied with a 
JEOL 6320F Field Emission Scanning Electron Microscope (SEM), and with a 
JEOL 1200 EX Transmission Electron Microscope (TEM), operating at 100 kV, for 
bright field as well as selected-area diffraction patterns, using spot size 5. X-ray 
diffraction (XRD) patterns were recorded on a Philips X’pert MRD system equipped 
with a PW 3373/00 copper tube in line focus setting and operated at 40 kV, 40 mA, 
and a PW 3088/20 mirror monochromator to obtain CuKα radiation (λ = 1.542 Å). A 
divergence slit of 1/8° was employed at the source. The Si-wafers with P5V4 film 
were measured in θ−2θ reflection geometry.  

The geometry of the two diffraction experiments differs in an essential way. 
In ED the electron beam is incident perpendicular to the sample surface, and hence 
the diffracting lattice planes are perpendicular to the sample surface. In the XRD 
experiments, the reflection geometry employed implies that the observed reflections 
originate from planes parallel to the sample surface.  

The Cerius2 program (Cerius2 version 3.5, Molecular Simulations Inc., San 
Diego, CA) was employed for the calculation of powder diffraction data (module 
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Diffraction-Crystal) and for the minimization of crystal structures (modules Crystal 
Builder, and OFF with Universal 1.02 force field) 

The topography of the P5V4-covered C-EM grids and quartz plates was 
investigated with an Atomic Force Microscope (AFM), Nanoscope III, in Tapping 
Mode. 

 
 
4.3 Results  
 
Poly(para-phenylenevinylene) as well as the related, unsubstituted oligomers 

consist of a large number of sp2-hybridized carbon atoms, forming flat, rod-like 
molecules with a π-system extending over the whole molecule. Both the shape of 
these molecules and their large π-system favor crystallization. For example, this 
strong tendency towards crystallization causes solubility problems, making the 
synthesis and purification of the oligomer more elaborate. It is expected that during 
thin-film growth from the vapor phase, the condensed oligomers will form 
crystalline islands if certain experimental conditions are met (i.e., deposition rate, 
substrate temperature etc.).  

 
 
4.3.1 Atomic force microscopy 
 
Figure 1 shows AFM images of P3V2 (para-distyrylbenzene), figure 1a, and 

P4V3 (p-distyrylstilbene), figure 1b, on sapphire (deposition rate ~0.1 nm/s, 
substrate temperature ~25 °C, maximum layer thickness 300 nm and 100 nm 
respectively; the average layer thickness is for both samples approximately 80 nm). 
Both images show clusters, the average size of the P3V2 islands is much larger 
compared to the P4V3 islands in figure 1b. Most likely the activation energy for 
diffusion along the surface is higher for P4V3 compared to P3V2, resulting in a 
higher number of islands per unit substrate area. 

One may expect that the average island size will again be smaller for the 
P5V4 oligomer. Figure 1c shows the surface topography of P5V4 on quartz 
(deposition rate ~0.1 nm/s, substrate temperature ~25 °C; total layer thickness 75 
nm). Individual islands are not identifiable on the scale shown in figure 1c. Small 
structures, very similar to the ones shown in the inset of figure 4.3, were observed 
when scanning areas of 1×1 micron. 
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c a b 

Figure 4.1 Atomic Force Microscopy images (10×10 µm) of series of 
oligophenylenevinylenes with increasing chainlength, vacuum deposited as 
thin films onto sapphire (figure 1a and 1b) or quartz (figure 1c) substrates. 
The structural formulae of the different oligomers are depicted directly below 
the topography images of the corresponding thin films. All films were 
deposited under comparable conditions, deposition rate 0.1 nm/s, substrate 
temperature 25 ºC. Maximum layer thickness is 300 nm (figure 1a), 100 nm 
(figure 1b) or 75 nm (figure 1c). The scale bar indicates 2 micron. 
 
 
4.3.2 X-ray diffraction 
 
To see whether micro-crystallites are present in P5V4 thin films we used 

XRD on films grown on Si-wafers. Figure 2 shows a semi-logarithmic plot of the 
intensity versus s (= 2sinθ/λ = 1/d),  collected on two different samples. One sample 
was grown with the substrate at room temperature at 0.19 nm/s; thickness ~350 nm  
(broken line in figure 2). The other sample was grown with a substrate temperature 
of around 250 °C at 0.29 nm/s, and a total layer thickness of 350 nm according to the 
layer thickness monitor (continuous line). The sample prepared with high substrate 
temperature shows three distinct peaks in the XRD plot, which correspond to the 
(00l) reflections of the known single-crystal structure (table 1). However, the peaks 
are broad and the higher-order reflections (second and third peak) are strongly 
suppressed, which suggests crystalline order with a limited coherence length. 
Whereas the high-temperature sample shows clear diffraction peaks, the sample 
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prepared with a substrate temperature of around 25 °C exhibits only shoulders, 
indicating an even lower crystallinity and/or a lower degree of preferential 
orientation in the latter sample. It is not possible to estimate the fraction of non-
crystalline (amorphous) material from these measurements. The observation of only 
(00l)-reflections indicates a preferred orientation of crystalline domains in the P5V4 
film with the ab-plane aligned parallel to the Si-wafer substrate. This orientation 
corresponds to an almost upright position of the molecules on the substrate. Preferred 
growth at high substrate temperature of an oriented phase with the chain nearly 
perpendicular to the substrate was also found for sexiphenyl and pentacene films 
[25,26]. 

 
Figure 4.2 X-ray diffraction plot (log of the intensity versus s (= 2sinθ/λ = 
1/d)) of P5V4 films deposited on a Si-wafer with its natural oxide layer. 
Continuous line represents a sample grown on a substrate at 250 ºC, dashed 
line represents a sample grown on a substrate at 25 ºC. At small angles, the 
weak diffraction is superposed on a reflectivity signal from the Si-wafer. 
 
 
4.3.3 Scanning electron microscopy 
 
Figure 3 shows a typical SEM picture of P5V4 deposited on a C-EM grid, 

with a thickness of the oligomer layer of 75 nm. Small, needle-like objects are 
present with typical dimensions of 20 × 80 nm. The inset in figure 3 shows an AFM 
image of the topography of the same sample (both images have the same length 
scale). Clearly, the AFM (height) image shows elongated structures, with typical 
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dimensions that are similar to those of the needle-like structures shown in the SEM 
picture. However the features are less sharp, presumably due to convolution effects 
of the tip. This effect also prevents the imaging of ‘rods’ deeper in the film and 
results in an apparent lower density of ‘rods’ per unit area as compared to SEM 
measurements. It is tempting to interpret these ‘rods’ as micro-crystallites with a 
random orientation towards the substrate. In order to further examine the structure 
and check this hypothesis, we investigated the same films using transmission 
electron microscopy. 

 

Figure 4.3  Scanning Electron Microscopy (SEM) image of a P5V4 layer 
(approximately 75 nm) deposited on a carbon covered grid. The inset shows 
an AFM image of the same grid. The scale bar holds for both images. 
 
 
4.3.4 Transmission electron microscopy 
 
Transmission electron microscopy (TEM) indeed shows that the ‘rods’ 

observed in SEM and AFM are  micro-crystallites with a random orientation towards 
the substrate. In figure 4 (left panel), we present a typical TEM image of the 75 nm 
thick P5V4 layer vacuum-deposited on a C-EM grid. Elongated features are clearly 
visible in the film. The electron diffraction pattern of the film is also shown in figure 
4 (center and right-hand panel); at least four concentric rings are identifiable. Figure 
5 shows TEM results for a thinner film (approximately 10 nm) of P5V4 on a C-EM 
grid. Several spots are observed, and these are found to coincide with two of the 
diffraction rings of figure 4.   
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Figure 4.4 Transmission electron microscopy (TEM) image (left panel, 
scale bar: 200 nm) and transmission electron diffraction pattern (middle and 
right panel) of a P5V4 layer (approx. 75 nm deposited according to the layer 
thickness monitor (LTM)) on a carbon-coated grid. Circles represent a 
powder diffraction pattern calculated for the unit cell of the single crystal, 
viz. the (20–5), (310), (020) and (320) reflections at increasing distance from 
the primary beam. 
 

 
Figure 4.5 Transmission electron microscopy (TEM) image (left panel, 
scale bar: 200 nm) and transmission electron diffraction pattern (middle and 
right panel) of a thin P5V4 layer (approx. 10 nm deposited according to the 
LTM) on a carbon-coated grid. The panel in the middle shows several 
diffraction spots. Some of these spots are found to correspond to a single 
orientation of the electron diffraction pattern calculated for the unit cell 
proposed in the text (right panel). The circles are identical to the circles in 
figure 4.4. 
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 4.4 Discussion 
 

We will now discuss the results and focus mainly on the electron diffraction 
measurements. However before doing so, we will first briefly summarize the single 
crystal structure of P5V4 as reported by Van Hutten et al. [24]. Figure 4.6 (A) shows 
the crystal structure of P5V4 [24]. In the monoclinic unit cell, six molecules are 
packed in a ‘herringbone’ type structure (space group P21/a). The long molecular 
axis is almost parallel to the c-axis. Figure 4.6 (B) shows the projection of the unit 
cell along the b-axis onto the ac plane, whereas figure 4.6 (C) represents the 
projection of the unit cell along the c-axis. Note that since the monoclinic angle β 
equals 103°, the c-axis is not perpendicular to the ab plane and hence the ab-plane is 
at 13° relative to the drawing plane of figure 4.6 (C). 

To see whether the known crystal structure of P5V4 can be used for indexing 
the rings in figure 4.4  to crystallographic planes in the micro-crystallites of the film, 
we have calculated the powder diffraction pattern from the single-crystal data for 
comparison. Three of the rings in figure 4.4 are attributed to reflections from planes 
that are parallel to the c-axis, namely (310), (020) and (320); the innermost ring 
originates from the (20–5) plane, which is parallel to the b-axis. Since the electron 
beam is incident perpendicular to the sample surface, reflections from planes that are 
perpendicular to the substrate surface are observed.  

In order to visualize how the aforementioned crystallographic planes cause 
the diffraction patterns shown in figure 4.4, bold lines are drawn in figure 4.6. In the 
solution-grown single crystal, the (310) plane is found to correspond to the most 
densely populated oblique planes through the lattice. The (320) planes diffract even 
though they are interspersed with (640) planes containing just as many molecules; 
the orientations of the molecules are different, however, which result in different 
density projections. The observed diffraction by (20–5) planes represents the higher 
projected density of the phenylene rings relative to the vinylene linkages (figure 4.6 
B) 
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Figure 4.6 Wireframe representation of the unit cell of P5V4 single-
crystals grown from solution, according to Van Hutten et al. [24]. Six 
molecules in herringbone arrangement occupy the monoclinic P21/a unit cell. 
Two sets of six molecules are displayed to emphasize the poly(para-
phenylenevinylene)-like arrangement; for clarity, one molecule is highlighted, 
and H-atoms have been omitted. The cell constants are: a = 16.07 Å; b = 
7.54 Å; c = 32.91 Å; and β = 103.35° (A). Projection of the unit cell of P5V4 
onto the ac-plane. The two layers of molecules are drawn with lines of 
different thickness. The thin line at the bottom represents a substrate; the ab-
plane of the cell is presumed to align with the substrate plane upon deposition 
from the vapor phase (B). Projection along the c-axis (the ab-plane is at 13° 
relative to the plane of the drawing) (C). The bold lines represent the planes 
that cause observable reflections in electron diffraction (see table 1). 
 
In order to visualize how the aforementioned crystallographic planes cause 

the diffraction patterns shown in figure 4.4, bold lines are drawn in figure 4.6. In the 
solution-grown single crystal, the (310) plane is found to correspond to the most 
densely populated oblique planes through the lattice. The (320) planes diffract even 
though they are interspersed with (640) planes containing just as many molecules; 
the orientations of the molecules are different, however, which result in different 
density projections. The observed diffraction by (20–5) planes represents the higher 
projected density of the phenylene rings relative to the vinylene linkages (figure 4.6 
B) 
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Figures 4.3 and 4.4  indicate that the micro-crystallites have typical 
dimensions of 20 nm wide and 80 nm long. While recording the electron diffraction 
pattern shown in figure 4.4, the sample was moved around under the electron beam 
in order to avoid beam damage and to probe a large number of micro-crystallites. 
The diffraction pattern thus obtained shows circles instead of distinct spots. This 
indicates that the orientation distribution of the micro-crystallites within the selected 
area is isotropic with regard to planes perpendicular to the substrate. So, for the 
crystallites that contribute to the (310), (020) and (320) reflections, the orientation 
around the c-axis is isotropic, whereas for the crystallites that contribute to the (20–
5) reflections, the orientation around the b-axis is isotropic. 

From the fact that we observe reflections from planes that are either parallel 
to the b- or the c-axis, we conclude that the micro-crystallites form two 
‘populations’. In one ‘population’, the molecules are oriented with their long axis 
nearly perpendicular to the substrate. This ‘population’ causes the (310), (020) and 
the (320) reflections observed in the electron diffraction measurements and the (001) 
and higher order reflections in the XRD measurements. The other ‘population’ of 
crystallites is oriented with the ac-plane along the substrate (i.e., the long molecular 
axis parallel to the substrate), causing the (20−5) reflections in figure 4. Only one 
reflection from this latter group of crystallites is observed, although one might expect 
to see also the (001), (002) and (003) reflections in the electron diffraction pattern. 
However, if present, the primary electron beam masks these reflections.  

Figure 4.5 shows typical TEM results for a thinner film (approximately 10 
nm) of P5V4 on a C-EM grid, obtained with a spot size that allowed us to probe 
individual crystallites. The bright-field image shows individual objects; in the 
diffraction picture, separate spots are observed. The spots observed in the ED of this 
very thin film all originate from the population with the molecular axis nearly 
perpendicular to the substrate; the (20–5) reflection is not observed. Although we 
must exert caution in drawing conclusions from the limited amount of data, this 
result suggests that the ensemble of crystallites in contact with the substrate is 
preferentially c-axis-oriented, the molecules being perpendicular to the interface. As 
the film grows in thickness, the correlation with the substrate-induced orientation is 
lost at some point. It depends on the deposition conditions, such as substrate 
temperature and deposition rate, when this occurs. 

From XRD measurements we find several reflections that closely resemble 
the (0 0 1) d-spacing and its higher order reflections. Although both samples show 
features at the specific 2θ-values, the reflections from the sample grown on the hot 
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substrate are more intense, indicating higher crystalline order. Due to the geometry 
of the setup, the measurement is sensitive to reflections from planes parallel to the 
substrate surface. Therefore the XRD measurements point in the direction of a 
(weak) orientation of small crystalline domains in the P5V4 film with the molecular 
axis nearly perpendicular to the Si-wafer substrate. 

Table 1 summarizes the electron and X-ray diffraction data on thin films next 
to the twelve most intense reflections calculated using the crystal data of the single 
crystal. 

 
Table 1 Calculated powder diffraction data using single-crystal structure of 
P5V4 [24], and observed d-spacings from ED and XRD measurementsa 

 
Plane calculated  experimental data 

d-spacing (Å) 
(ED) 

d-spacing (Å) 
(XRD) 

h k l d-spacing (Å) relative ED 
intensity 

75 nm film 10 nm 
film 

350 nm  
films 

3 1 0 4.287 1 4.39 4.4  
0 2 0 3.769 0.703 3.92 4.0  
3 2 0 3.054 0.299 3.10 n.o.  
0 0 1 32.025 0.270 a a 32.2 
3 1 1 4.147 0.181    
1 1 5 4.442 0.135    
2 0 –5 5.633 0.115 5.81 n.o.  
1 2 5 3.109 0.088    
0 0 2 16.012 0.074 a a 16.2 
3 3 0 2.263 0.069    
3 2 1 3.002 0.060    
3 1 –1 4.360 0.053    
 

a Several reflections are expected close to the primary electron beam or zero 
order diffraction spot and are therefore absent or undetectable under these 
experimental conditions. In the table these reflections are indicated by the 
character a. Several reflections that were observed in the diffraction pattern 
of the ‘thick’ film were not observed in the pattern of the thin film. These 
reflections are indicated in the table by the acronym n.o. 
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 Since the c-axis of the crystal structure of P5V4 is at an angle of 103° with 
respect to the ab-plane, which is likely to be the contact plane of the crystallite to a 
substrate on which it grows, it is surprising that the (310), (020) and the (320) 
reflections are observed in the ED of the thin films. In principle, an orientation 
distribution of the substrate surface may cause these reflections to occur. Since an 
amorphous carbon film was used as substrate in ED samples, the substrate surface is 
certainly not perfectly flat and we may anticipate a distribution of crystallite 
orientations with respect to the sample surface, including orientations in which the c-
axis is parallel to the (macroscopic) substrate normal. Such a distribution, however, 
would also lead to the appearance of several more spots relating to other sets of 
diffracting planes.  

An alternative explanation for the observations may be based on the 
assumption that the crystals of the film have a unit cell that is different from that of 
single crystals grown from solution. Polymorphism is rather common for conjugated 
oligomers; it has been observed in sexiphenylene [25], pentacene [26,27] and 
dialkoxy-substituted P5V4 oligomers [28]. Since there is a fair agreement between 
observed and calculated lattice periods (table 1), we may anticipate a polymorph for 
P5V4 crystals in vacuum-deposited films in which the molecular arrangement is only 
slightly different from the molecular packing in P5V4 single crystals grown from 
solution.  

An example of a hypothetical unit cell is shown in figure 7. It contains only 
four instead of six P5V4 oligomers but is very similar to the solution-grown cell 
(figure 5 ) as far as molecular packing is concerned. The main difference is that the 
monoclinic angle of the proposed cell (B) is close to 90°, which puts the molecules 
almost perpendicular to the substrate plane. The hypothetical cell was derived from 
the single-crystal cell by translations of molecules over a distance of one phenylene–
vinylene unit, with a different alignment of the molecules’ ends as a result. Thereby, 
a  different pattern of the end rings is obtained. It seems quite probable that  a more 
compact ab cell face should form on a foreign substrate rather than the less dense 
face of the cell formed in solution. The solution crystals were grown in liquid 
stilbene; because of the similarity between stilbene and P5V4, the interface free 
energy is likely to be low so that the molecules at the crystal facets may well remain 
more exposed to the medium. In both the original and the proposed cell there are two 
layers of molecules, displaced relative to each other along the b-axis by b/2 and 
along c by ca 2 Å. 
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Figure 4.7 Hypothetical unit cell for P5V4 crystallites in thin films grown 
from the vapor phase onto solid substrates, derived from the known cell for 
solution-grown crystals as described in the text. The drawing shows the 
projection of the cell onto the ab-plane (A) and onto the ac-plane (B). Planes 
equivalent to those in figure 5 are indicated and correspond to the following 
lattice spacings: d020 = 3.77 Å, d210 = 4.22 Å, d220 = 3.03 Å. The cell constants 
are: a = 10.20 Å; b = 7.538 Å; c = 33.55 Å; and β = 92.01°.  
 
In the smaller cell (figure 4.7) proposed here for the film crystals, the relative 

orientation of the vinylene linkages in neighboring chains also differs from that in 
the original cell (i.e. some molecules have been deposited inverted with respect to 
their plane of π-symmetry). The smaller cell was optimized by energy minimization 
in the Cerius2 program, in which the b-axis length was kept fixed at 7.538 Å to 
remain close to the original cell. In the original cell (figure 4.6), the six molecules in 
the cell are generated from an asymmetric unit of only one and a half molecule by 
the P21/a symmetry; the reduced cell proposed here has the space group P21 and 
contains two molecules in the asymmetric unit. Minimizations without constraints 
indicate that there are only minor differences in energy and density between the 
various possible configurations. This outcome supports the idea of polymorphism 
and suggests that considerable disorder may be present in crystallites grown at a 
substrate.  



82  Chapter Four 

In figure 4.7, the hypothesized cell is depicted along with diffraction planes 
that are equivalent to the ones identified before and shown in figure 4.6 (B, C). Note 
that the indices have changed because of the change in cell contents . The 
corresponding lattice d-spacings are listed in the caption to figure 4.7; they are close 
to the values for the solution-grown crystal (see table 1). Also note that in figure 4.7 
(A), the cell base plane ab is in the plane of the paper and one easily observes the 
remaining tilt of the c-axis, the diffracting planes, and the molecules themselves with 
respect to the normal. This is due to β being 92° rather than 90°. A small orientation 
distribution together with the finite width of the diffraction spots would make the 
latter observable. 

To test whether the structure of the hypothetical cell could give rise to the 
observed diffraction pattern of the 10 nm film (figure 6), we calculated the electron 
diffraction pattern of the proposed cell with the electron beam parallel to the c-axis. 
This pattern is shown as an overlay in figure 4.5 (right panel), with the diffraction 
spots indicated as open circles. Clearly, the most intense diffraction spots of figure 
4.5 match well with the (020) and (210) reflections of the electron diffraction pattern 
calculated for an individual crystal with the structure of the proposed cell.  
 

 
4.5 Conclusions 
 
Thin films of P5V4, a phenylene–vinylene oligomer, were prepared by 

vacuum deposition and studied with several surface-sensitive techniques. We 
observed elongated micro-crystals with Atomic Force and Electron Microscopy. 
Diffraction studies suggested the presence of two populations of crystallites, one 
with the long molecular axis perpendicular to the substrate and another with the long 
axis parallel to the substrate. To make the perpendicular mode of crystallization 
plausible, a unit cell different from the one known for P5V4 crystals grown from 
solution is proposed for the vapor-deposited micro-crystals, though with very similar 
molecular packing. Both crystal structures closely resemble the structure of the 
parent conjugated polymer poly(para-phenylenevinylene) (PPV). 
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Chapter Five 
 
 
 
 
 

Energy level alignment at metal/organic 
and organic/organic interfaces 

 
 
 
 
 
 
Abstract 
 

A study of the electronic structure of interfaces between metals 
(polycrystalline Au and Ag) and conjugated molecules (PPV-like oligomers and C60) 
is presented in this chapter. We used ultraviolet photoelectron spectroscopy (UPS) to 
measure the alignment of the energy levels and show that the vacuum levels do not 
align at these interfaces. The misalignment is caused by an electric field at the 
interface, yet its origin is not always well understood. We speculate on several 
effects that may be responsible for the energy alignment at interfaces.  

The result, the misalignment of the vacuum levels due to interfacial electric 
fields, is expected to influence charge transfer processes across these interfaces, 
thereby possibly affecting the electrical characteristics of organic semiconductor 
devices which contain similar interfaces. 
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5.1  Introduction 
 

This chapter describes the electronic structure of several metal/organic and 
organic/organic interfaces. These interfaces model interfaces present in real organic 
semiconductor devices like light emitting diodes (LEDs) and photovoltaic devices 
(PVDs). Here we investigate the energy level alignment at several different 
interfaces of such devices, further we examine how the alignment is influenced by 
interfacial processes such as charge transfer and hybridization.  

Before describing the electronic structure of these solid/solid interfaces, we 
first look at the electronic structure of the individual components constituting these 
interfaces. In section 5.1.1 the electronic structure of isolated molecules is compared 
to the structure of the molecules in the solid-state. Section 5.1.2 is a brief reminder of 
the band structure in metals and specifies several terms as work function and vacuum 
level (VL) and injection barrier that are useful in the discussion of energy level 
alignment at interfaces. Section 5.1.3 introduces a method used to derive an energy 
diagram of an interface from UPS spectra of the materials constituting the interface. 
 
5.1.1 Comparison between the electronic structure of molecules in 

the gas phase and in the solid state 
 

In chapter three the development  of molecular orbitals of oligo(para-
phenylenevinylene)s (OPVs) with increasing chain length was described. To study 
this connection, we measured UPS spectra of oligomers in the gas phase. We found 
that several π-orbitals in these conjugated oligomers interact strongly. For example, 
if two benzene rings are connected via a vinyl-bridge (this gives stilbene), some π-
orbitals, residing on the benzene rings, interact and split up considerably forming 
new molecular orbitals extending over the whole molecule. Towards the polymer 
limit, these orbitals develop into bands. 

In the previous chapter some OPVs were vacuum deposited on substrates 
forming thin films. We found that under certain experimental conditions, the five-
ring oligomers (P5V4) form films consisting of small crystallites containing about 
5×104 molecules.  

In the thin solid films, the molecules come in close contact with each other. It 
is possible that certain molecular orbitals of neighboring molecules will overlap 
substantially and form new orbitals, in analogy with the splitting of benzene-derived 
orbitals in stilbene. Such orbitals may be delocalized over large distances (typically 
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the crystal size) and form bands. Two bands are of particular importance for charge 
transport through the solid namely: the valence band (the highest occupied band) and 
the conduction band (the lowest unoccupied band). However, if the intermolecular 
interaction is not strong enough, or if the energies of the molecular orbitals on 
neighboring molecules differ appreciably due to local disorder, then the molecular 
orbitals remain largely localized to the oligomers and intermolecular charge transport 
occurs via a hopping-like mechanism. 

 Figure 5.1 UPS spectra of P5V4 measured in the gas phase (open circles) 
and in the solid state (solid circles), the experimental resolution in both 
experiments is approximately 0.15 eV. IP abreviates the ionization potential, 
Ep gives the intermolecular polarization energy. The narrow peak in the gas 
phase at ~12.1 eV is caused by the Xe 2P3/2 calibration line (a). The 
intermolecular relaxation energy is mainly caused by screening effects. These 
effects stabilize the final state and therefore lower the energy neccesary to 
remove an electron from the solid to the vacuum level, and thus the I.P. (b).  

 
Figure 5.1 displays the UPS spectra of P5V4 molecules in the gas phase and P5V4 in 
the solid state. Already in section 2.4 several differences were discussed between 
PES recorded on molecules in the gas phase vs. molecules in thin solid films, for 
example the difference in intensity and the presence of a background of inelastically 
scattered electrons were mentioned. From figure 5.1 it is clear that intermolecular 
relaxation effects influence the ionization potential of the material. The decrease in 
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ionization potential of isolated molecules versus molecules in a condensed film is 
caused by the difference in the polarizability of the medium surrounding the 
photoionized molecule (fig 5.1 b). Generally the intermolecular relaxation reduces 
the ionization potential of organic materials by 1 to 3 eV [1,2].  

Note that the spectrum of the film retains its molecular identity. We can still 
recognize features in the spectrum that are derived from delocalized (intra-
molecular) π-orbitals. These features are somewhat broadened: the three peaks with 
lowest binding energy have a full width at half maximum (FWHM) of ~0.4 eV in the 
spectrum measured on isolated molecules, and ~0.5 eV in the spectrum recorded on 
P5V4 in the solid-state. Homogeneous and inhomogeneous effects due to local site 
energy and interaction variations (diagonal and off-diagonal disorder) may explain 
the line broadening [3,4].  

The persistence of the molecular orbital structure is a signature of weak 
intermolecular interaction. This is in agreement with the previous chapter where we 
saw that the molecular packing in thin films evaporated on several substrates 
resembles the single crystal structure of P5V4. From this crystal structure one 
expects only weak Van der Waals interactions. Since no permanent dipoles are 
present in P5V4 molecules, the Van der Waals interaction is expected to be a London 
interaction (induced dipole-induced dipole interaction).  

A weak intermolecular interaction has as a consequence a small 
intermolecular transfer integral. This is supported by the UPS spectra shown in 
figure 5.1. The spectra show only small changes in the electronic structure of isolated 
P5V4 molecules and condensed P5V4 molecules. the spectra are only slightly 
broadened, except for the spectral shift caused by the different dielectric constant of 
the molecular surrounding. Splitting of energy levels as discussed above seems 
negligible here due to the absence of a strong intermolecular interaction. Since the 
intermolecular interactions are only very weak, one can expect that the wave 
functions within the solid are mostly localized on the molecules or at most close to 
the transition between localized and delocalized states.  

So the energy corresponding to a certain molecular state is correlated with the 
polarizability of the direct environment of that molecule. To emphasize this 
correlation, figure 5.2 shows the electron affinity (EA) and the ionization potential 
(EI) of C60 in three different systems: as isolated molecule (A), on the surface of bulk 
C60 (B) and in a monolayer of C60 on an Ag surface (C). The conductivity gap (the 
energy difference between EA and EI) is reduced by a factor of 2 for a C60 monolayer 
on Ag (111) when compared to an isolated molecule. In the system depicted by 
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figure 5.2C, the metal stabilizes the charged state of the C60-ion, since the metal 
effectively screens the ion.  

This screening may be understood by using the image potential model [5]. 
The stabilization of the C60-ion by this polarization effect increases the electron 
affinity to approximately 4 eV, a value close to the work function of common metals. 
If we take into account that the width (full width at half maximum (FWHM)) of the  
LUMO of C60 is approximately 0.5 eV and assume vacuum level alignment for the 
moment, we can anticipate that the LUMO of a C60 monolayer on metals with work 
functions of around 4.5 eV or lower may be partially filled [6]. In section 5.3.3 we 
will describe the interfacial electronic structure of C60 deposited on polycrystalline 
Ag and Au.  

Figure 5.2 Dependence of the electron affinity (LUMO) and ionization 
potential (HOMO) of C60 on the molecular environment (using  peak values): 
A) isolated C60 molecules in the gas phase, B) C60 molecules in a condensed 
film and C) a C60 monolayer on a silver substrate. A Gaussian curve with a 
width (FWHM) of ~0.5 eV is superimposed on the LUMO indicating that the 
tail of the LUMO crosses the Fermi level of Ag if the vacuum levels align at 
the Ag / C60 interface. The broken line indicates the position of the work 
function of polycrystalline Ag (~4.4 eV), the continuous line indicates the 
work function of polycrystalline Au (~5.2 eV). Values taken from ref. 7-14. 

 



90  Chapter Five 

5.1.2 Basic elements of the electronic structure of metals 
 
 In chapter three we saw that a row of interacting atoms (or groups of atoms) 
may form bands if the mutual interaction is strong and the number of interacting 
groups (N) in the row large. Metals may be seen as three-dimensional clusters of 
atoms with a strong inter-atomic interaction. In metals like Au and Ag, atoms occupy 
the sites of a lattice. The atomic orbitals  in the lattice overlap and bands are formed. 
Since N is typically very large in a macroscopic piece of metal (in the order of 1020 
atoms), the energy separation between two subsequent orbitals within a band is 
negligible and the band is quasi-continuous. 

The so-called band theory is based on the one-electron approximation and the 
periodicity of the lattice. Every single (valence) electron is assumed to move freely 
through a periodic lattice. The effective potential acting on this electron consists of a 
crystal potential part, caused by the positive ions in the lattice, and a collective 
potential of all the other (valence) electrons. This theory, which is successfully 
applied to many metals and inorganic semiconductors, neglects the correlation 
between the individual motion of (valence) electrons.  
 When the bands are filled with electrons (at T= 0 K) according to the Fermi-
Dirac distribution the bands may be completely filled, partially filled or empty. If the 
bands are either completely filled or empty, the material is a semiconductor or 
isolator, depending on the energy gap between the filled and empty band. If one of 
the bands is partially filled (at T= 0 K), the material is a metal. The level that forms 
the boundary between the filled and occupied states at 0 K is the Fermi level and the 
energy of this level ( Fermi energy, EF) equals the chemical potential of the system. 
The energy difference between the Fermi level and the vacuum level is called the 
work function. 
 The electronic wave functions in bands close to the Fermi level correspond to 
extended orbitals having appreciable amplitude throughout the material. Due to the 
lattice periodicity, these functions may be described by (Bloch) functions of the form 
ψnk= unk(x)e-ikx, where unk(x) is a periodic function in space with periodicity a, the 
lattice constant. The wave functions are characterized by the quantum numbers n (the 
band number), k (the wave vector, with -π/a < k < π/a) and the energy eigenvalue 
En(k). Because of the well-defined periodicity in the lattice, k is a good quantum 
number. In amorphous solids k is not a good quantum number due to the lack in long 
range order. In solids with weakly interacting molecules, implying that the electronic 
wave functions are localized on the molecules, the wave vector is only defined 
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within the molecule. Since most molecules lack long-range order, k is also ill defined 
in these systems. 
 Another important aspect of PES applied to materials with well-defined order 
is the observation that the work function of the material depends on the crystal 
surface from which the photoelectron is removed. This may seem confusing since the 
work function is defined as the energy difference between the Fermi level, and the 
vacuum level, and one may expect that both levels are constant. In order to clear this 
point we need to look at the electron distribution at metal crystal / vacuum interface. 
To describe the charge distribution at this interface one may use a uniform-
background model [12-14]. In this model the charges of the ion cores of a metal 
crystal are assumed to be completely smeared out. This leads to a constant charge 
density within the materials which drops to zero at the metal / vacuum interface. The 
outer valence electrons deep in the bulk of the material experience a constant 
electrostatic potential (as in  one electron band theory). At the sharp metal / vacuum 
interface, the wave functions bulge out the material, into the vacuum. This 
asymmetric charge distribution results in a dipole layer situated at the metal / 
vacuum interface, making the metal side slightly positively charged (δ+) and the 
vacuum side of the interface somewhat negatively charged (δ-). This dipole gives 
rise to a potential step and thus influences the energy of a (photo-)electron crossing 
this interface. In other words, the work function has two contributions, one from the 
electrostatic potential in the bulk of the material caused by a presumably constant 
background originating from the positive ions in the metal lattice acting on all the 
valence electrons. This is the bulk contribution (φB) to the work function. The other 
part is the surface contribution (φS) caused by the asymmetric charge distribution at 
the metal / vacuum interface. 

It is intuitively easy to understand that the surface contribution to the work 
function will depend on the charge density at the metal / vacuum interface. This 
charge density depends on the surface structure of a particular metal crystal surface. 
Metal surfaces with a high density of metal atoms (for example the (111) surface) 
have a higher work function then surfaces of the same metal with a lower density of 
metal atoms at the surface (for example the (110) surface) [13]. The surface 
contribution to the work function may also be influenced by the surface corrugation; 
a corrugated surface may partly smooth out the surface contribution and thereby 
reduce the work function [12, 13].  

In order to be able the measure the work function of a certain metal surface, 
including the surface contribution, the electron has to be moved far away from the 
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surface so that it becomes insensitive to the atomic structure of the metal surface, 
such that the energy level is constant when the electron is moved parallel to the metal 
surface. On the other hand, the electron should be close enough to the surface in 
order to be sensitive to the surface dipole of the particular surface of the material; if 
the electron is to far, it will experience an average surface dipole of several crystal 
surfaces of the metal. Accordingly, the vacuum level should be taken as the energy 
of an electron at rest in vacuum far from the surface to be unsusceptible to the 
microstructure (atomic scale) but close enough to the surface so that it experiences 
the surface dipole as a plate capacitor. Hence the area of the surface dipole layer 
should be large compared to the distance of the electron to the surface. [12, 13] 

Obviously, the deposition of a monolayer of foreign material onto a metal 
substrate may cause a redistribution of the diffuse wave functions at the metal / 
overlayer interface, thus changing the surface contribution to the work function and 
thereby the work function itself. In the next section a method is described to deduce 
the energy level alignment at interfaces formed by depositing organic 
semiconductors onto metal surfaces. The method and nomenclature is in 
correspondence with the current literature on this subject [13-16]. 
 
5.1.3 Method to construct an interfacial energy diagram 
 

When two different materials are brought into contact the electronic structures 
on either side of the interface may deviate from the original electronic structures of 
both material / vacuum interfaces. These changes, induced by the interface 
formation, may be important for the properties of the ‘hybrid’ material. Several 
techniques are available to study these effects: PES, optical spectroscopy, 
diffractional techniques, scanning probe techniques and electrical characterization. 
Since UPS may be regarded as a technique that probes the density of valence states 
vs. their energy, it is straightforward to use this technique when one wants to gather 
information about the interfacial electronic (valence) structure. However, due to the 
short penetration depth of the photoelectrons it is often difficult to ‘focus’ directly on 
the interface. However, this feature is also a virtue since it makes the technique 
highly surface sensitive: one can really look at the electronic structure of the surface!  

One way to study the interface between material A and B is to start with a 
clean surface of material A and deposit incremental amounts of material B on top 
while recording UPS spectra for each subsequently deposited layer. In this way 
several ‘snapshots’ are made of the electronic structure as a function of the overlayer 
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thickness. In the remainder of this chapter several ‘movies’ of different material 
combination are reported. Before presenting those results, a method is described to 
construct an energy diagram from the different snapshots. 

Figure 5.3 shows the He-I UPS spectra of polycrystalline Au (left) and P5V4 
(right). Both spectra were recorded while a bias voltage of –4.00 V between sample 
and analyzer was applied. (This bias was used to clear the low kinetic energy onset 
of the spectra.) The energy diagram of the interface is shown in the middle of figure 
5.3. The y-axis represents the kinetic energy of the photoelectrons at the entrance slit 
of the analyzer.  

The total UPS spectrum consists of photoelectrons suffering no energy loss 
processes on their way out of the solid providing information on the binding energies 
of the occupied states of the solid, and scattered electrons which have suffered 
energy loss which contributes to a structured background. The high-kinetic-energy 
onset of the spectra corresponds to emission of electrons from the Fermi level of the 
metal (Ek

max(Au)) or from the highest occupied molecular orbital (HOMO) of the 
oligomer (Ek

max(P5V4)). The low-kinetic-energy cut-off (Ek
min(Au), Ek

min(P5V4)) 
corresponds to electrons having suffered energy loss processes and ended up at the 
minimum kinetic energy in the solid to escape into the vacuum. 

Thus the position of the vacuum level of a material in the diagram is 
determined by adding 21.2 eV to the cut-off energy to give Evac(Au) and Evac(P5V4). 
Now one can determine the work function of Au using: 

 
 ΦAu = hν − (Ek

max(Au) − Ek
min(Au))     (1) 

 
and the position of the (onset of the) HOMO level of P5V4 according to: 
 

Is = hν − (Ek
max(P5V4) − Ek

min(P5V4))     (2) 
 

Note that the energy of the HOMO thus obtained corresponds to the ionization 
potential of the molecule. This is only correct within the Koopman’s theorem. In 
analogy, the energy of the lowest unoccupied molecular orbital (LUMO) is supposed 
to be equal to the electron affinity, in which case the LUMO is actually populated 
with an electron! The values given for the HOMO (LUMO) in the energy diagrams 
correspond to the ionization potential (electron affinity). The peak onsets are used to 
determine the value, unless stated otherwise. 
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By comparing the two UPS spectra, we can construct an energy diagram as 
shown in the middle of the plot and determine the positions of the energy levels at 
both sides of the interface. We can directly measure the difference (∆) between the 
vacuum levels of the metal and the oligomer layer: 
 
 ∆ = Ek

min(P5V4) − Ek
min(Au)      (3) 

 
Since the vacuum level of the oligomer is lower than the vacuum level of Au, the 
electric field points from the oligomer (δ+) to the metal (δ−), making ∆<0 (as 
defined in Ref. 13). In this case, the vacuum level shift leads to an increase of the 
barrier for hole injection (εv

F) according to: 
 

εv
F = Is  − ΦAu − ∆        (4) 

 
This hinders hole injection from Au to P5V4, but facilitates electron injection from 
the Fermi level of Au to the lowest unoccupied molecular orbital (LUMO). Since 
these barriers are important when a charge (either a hole or an electron) has to cross 
the interface, knowledge of the interface dipole ∆ is important for understanding the 
charge transfer process at the interface. 
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Figure 5.3  Method for determining the energy diagram of the metal/oligomer 
interface using the ultraviolet photoelectron spectra of the metal and the oligomer. 
The spectra were recorded with a bias of −4.00V between sample and analyzer. The 
y-axis represents the kinetic energy of the photoelectrons at the entrance slit of the 
analyzer. A) Photoemission of the Au substrate, C) photoemission of 5–10 nm of 
P5V4 on the Au substrate, B) energy diagram of the Au/P5V4 interface. Ek

max(Au): 
maximum kinetic energy of a photoelectron excited from Au with hν: photon energy 
(21.22 eV); Ek

max(P5V4): maximum kinetic energy of a photoelectron excited from 
P5V4; Ek

min(Au): minimum kinetic energy of a scattered photoelectron excited from 
Au; Evac(Au): vacuum level of Au; Ek

min(P5V4): minimum kinetic energy of a 
scattered photoelectron from P5V4; Evac(P5V4): vacuum level of P5V4; ΦAu: work 
function of Au; EHOMO: energy level of highest occupied molecular orbital of P5V4, 
εv

F: hole injection barrier or the energy difference between the Fermi level of Au and 
the HOMO level;  ∆: vacuum level shift. P5V4 is shown at the top, right.  
These measurements were carried out in the system ‘Poly1’ (see section 2.3) with the 
substrates placed in a sampleholder on a x,y,z-stage. Under UHV conditions, the 
substrates (polycrystalline Au films) were cleaned by  Ar+-ion sputtering; the oligo-
mer was vacuum deposited on these substrates. The results are reported in table 5.1. 
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5.2 Experimental 
 

The measurements on interfaces formed by depositing oligomers on metals 
surfaces were initially started as a side-project during the gas phase experiments 
presented in chapter three. Due to unexpected interface effects these experiments 
turned out to be very interesting. In order to have a better control over the sample 
preparation and characterization of the metal / organic interfaces it was decided to 
build a new set-up with a separated preparation and measurement chamber. Because 
of this history two different set-ups were used for measuring the electronic structure 
of interfaces. The initial experiments were carried out in the setup discussed in 
section 2.3 (Poly I). Later on experiments were performed in the UHV system 
described in section 2.4 of this thesis (Poly II).  

Clean polycrystalline metal films were prepared in the preparation chamber 
(with a base pressure < 2×10-9mbar) by deposition of Au or Ag (thickness > 50 nm) 
on cleaned substrates (Si-wafers or quartz plates). Metal strips clamped the substrate 
to a metal sample plate assuring a good electrical contact between the vacuum 
deposited metal film on the substrate and the sample plate. For some measurements 
(especially the experiments carried out in Poly I), polycrystalline metal substrates 
were directly mounted on the sample plate and thoroughly cleaned by polishing and 
washing in an ultrasonic bath with toluene and acetone as solvents. Next, the metal 
substrates were inserted in the set-up chamber where they were sputtered to obtain 
clean polycrystalline surfaces. PES was used to check the cleanliness of the metal 
substrates.  

The oligomers MEH-P5V4 and P5V4 were synthesized and purified as 
described elsewhere [17,18]. The organic / metal interfaces were formed by slow 
molecular deposition monitored by a calibrated thickness monitor, after degassing 
the organic deposition cell for several hours at 120-150 °C. Typical sublimation 
temperatures range from 225 to 250 °C for MEH-P5V4, 315 to 325 °C for P5V4 and 
395 to 420 °C for C60, giving a deposition rate of a few monolayers per minute. Note 
that the stated thickness’ are taken from the layer thickness monitor (LTM) and 
should be interpreted with care since these values correspond to changes in mass 
detected by the sensor of the LTM. The actual thickness of the oligomer layer may 
deviate from this value. During the deposition of the organic molecules the pressure 
in the preparation chamber increased (< 2×10-8 mbar). C60 monolayers on Au were 
prepared using a distillation procedure described elsewhere [19]. 
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PES was carried out in a separate chamber (with a base pressure in the low 
10-10mbar) equipped with a combined UPS / XPS measurement system (Vacuum 
Generators). UPS spectra were taken with He-I radiation (hν= 21.22 eV) with an 
overall resolution of 0.15 eV. All spectra were corrected for the contribution of the 
He-1 satellite. 

For work function measurements, the sample was biased to –3.00 or –4.00 V 
to improve the onset of the spectrum in the low kinetic energy region (secondary 
electron cut-off). The position of the peak onsets and the secondary electron cut-offs 
were determined by the intersection of the tangents of the peak and the baseline. 
Peak positions were determined by peak-fitting the experimental data to a Gaussian 
function. 
 
 
5.3 Results and discussion 
 

In this section three different sets of interfaces are described. In section 5.3.1 
the interfaces formed by depositing oligo(para-phenylenevinylene)s onto clean 
polycrystalline noble metals (Ag and Au) are discussed. The interfaces between 
P5V4 and C60 are studied in section 5.3.2, and the interfaces between C60 and 
polycrystalline Au or Ag are reported in section 5.3.3. The implications of the 
findings are discussed in section 5.3.4. 
 
5.3.1 OPVs on polycrystalline silver and gold substrates 
 

In section 5.1.3 a method was presented to deduce an interfacial energy 
diagram from two UPS spectra, see figure 5.3. The figure shows the He-I UPS 
spectra of Au (left) and P5V4 (right). The energy diagram of the interface is shown 
in the middle of the figure 5.3. The UPS spectra were recorded in ‘Poly I’. The 
experiment was repeated in the other setup, the results are shown in figure 5.4. In the 
center of the figure 5.4a, the full spectra are given (with an offset for clarity). The 
bottom spectrum shows the UP spectrum of the thinnest layer of P5V4 (in the order 
of 1.5 nm) evaporated on an Au film. The Au film was deposited in-situ on a Si-
wafer. The next two spectra show the photoemission of the surface with a P5V4 
thickness of 3 and 5 nm. The dotted line, with the largest offset, shows the Au 
spectrum with the Fermi edge at (Ek

min + hν − ΦAu =) 20.6 eV. At the right-hand side, 
the highest occupied levels are depicted in more detail. Only in the spectrum of the 
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thinnest P5V4 film on Au, the first three peaks are not distinguishable. This is 
probably due to broadening effects. The left-hand side of figure 5.4a shows the low-
kinetic-energy onsets of the spectra; the shift (∆) is complete after the second layer is 
deposited, corresponding to a P5V4 layer thickness of approximately 3 nm on the Au 
substrate. The derived energy diagram of the interface is presented in figure 5.4 b. 

Figure 5.4 UPS spectra of several layers of P5V4 (lines) deposited on 
polycrystalline Au (dotted line). The different spectra are offset for clarity; the 
thickness of the P5V4 layer in the lowest spectrum corresponds to 1.5 nm, in 
the second spectrum to 3 nm and in the third spectrum to approximately 5 nm 
on polycrystalline Au. The plots on the right and left-hand side show details of 
the central plot (a). The right panel (b) displays the energy diagram of the 
interface derived from the spectra presented in (a). 

 
Figure 5.5 displays the interface formation of MEH-P5V4 on a clean Ag 

substrate prepared and measured in the set-up described in section 2.3 (Poly I). In the 
center of the figure, the full spectra are given. The bottom spectrum shows the UP 
spectrum of the Ag substrate with a thin layer of MEH-P5V4 evaporated on top (in 
the order of 1 nm). The subsequent spectra show the photoemission from the sample 
with increasing MEH-P5V4 thickness (0.5–1 nm increase per deposition step, except 
for the last two deposition steps where the total layer thickness was doubled). The 
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top line, with the largest offset, shows the Ag spectrum. At the right-hand side, the 
change in the HOMO region is depicted in more detail. As the film grows thicker, 
the features arising from the Fermi level of Au give way to the pure MEH-P5V4 
spectrum. The low-kinetic-energy cut-off region is plotted at the left-hand side of 
figure 2. The shift in the onset (∆) is complete after depositing approximately 1 nm 
on the Ag substrate.  

 

 
Figure 5.5  UPS spectrum of MEH-P5V4 on Ag as function of the 
deposition time (thickness). All spectra were recorded with a bias of −4.00 V 
between sample and analyzer. The dotted line is the spectrum from the 
polycrystalline Ag substrate. The plots on the right and left-hand side show an 
enlargement of the central plot. After each spectrum, the thickness of the 
MEH-P5V4 layer was increased by approximately 0.5-1 nm, except for the 
last two spectra where the thickness was increased by 5-10 nanometers. The 
inset in the middle plot shows the structure of MEH-P5V4. 

 
Table 1 summarizes the results of the UPS measurements on metal / oligomer 

interfaces. The shift between vacuum levels at the interface is negative in all studied 
cases, moving the energy levels of the oligomer downward relative to the levels of 
the metal. The magnitude of the shift is larger for Au than for Ag and also depends 
on the oligomer: the substituted oligomer causes a larger shift. The shift in the 
vacuum level at the interfaces is completed within several nanometers from the 
interface. The ionization energy seems to be independent of the metal substrate 
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within the measurement accuracy and compares well with previously reported values 
for similar P5V4s [20].  

 
Table 1. UPS measurements on P5V4 and MEH-P5V4 deposited on 
polycrystalline Au and Ag. (work function of Au: ΦAu,I = 5.1 ± 0.1 eV 
(measured in Poly I) ; ΦAu,II = 5.35 ± 0.1 eV (measured in Poly II) and 
Φ Ag,I = 4.4 ± 0.1 eV). 
 

Interface      (set-up) ∆     (eV) Is    (eV) εv
F  (eV) εv

F (∆=0) (eV) 
P5V4 / Au           (I) -1.0 ± 0.1 5.6 ± 0.1 1.4 ± 0.1 0.5 ± 0.2 
P5V4 / Au           (II) -1.0 ± 0.1 5.7-5.9 ± 0.1 1.4 ± 0.1 0.5 ± 0.2 
P5V4 / Ag           (I) -0.4 ± 0.1 5.6 ± 0.1 1.7 ± 0.1 1.2 ± 0.2 
MEH-P5V4 / Au (I) -1.2 ± 0.1 5.2 ± 0.1 1.2 ± 0.1 0.1 ± 0.2 
MEH-P5V4 / Ag (I) -0.5 ± 0.1 5.3 ± 0.2 1.3 ± 0.2 0.8 ± 0.2 

∆ represents the vacuum level shift; Is the ionization energy of a several nm 
thick film; εv

F, the measured hole injection barrier; εv
F (∆=0), the calculated 

hole injection barrier with ∆ equal to 0. 
 
The lowering of the vacuum level is caused by an electric field at the interface 

due to (partial) charge transfer in the interfacial region. The exact mechanism 
creating the electric field is so far unknown. Several processes can cause an electric 
field at an interface, for example, electron transfer from a donor to an acceptor, 
doping, image effects, tailing of the electron cloud of the metal towards the 
adsorbent causing dipoles or metal induced gap states, and chemical interactions 
between metals an organic overlayers [14-16, 21-26].  

Charge transfer at the interface formed by similar PPV oligomers on a Ca 
substrate was observed by Park et al [23, 24]. The charge transfer caused an overall 
energy level bending of 0.5 eV in a space-charge region extending over 10 nm. The 
energy level bending in their experiment indicates electron transfer from the metal to 
the organic overlayer making ∆>0, which is opposite to the values reported here, and 
in agreement with the much lower work function of Ca compared to Ag and Au.  
 Image charge effects lower the ionization energy of an atom or molecule 
close to a metal surface. This stabilizing effect is linearly proportional to 1/d where d 
is twice the distance between the metal surface and the (photo-) ionized molecule 
[27, 28]. The image charge effect is reflected in a lowering of the ionization potential 
of the thinnest layer of P5V4 deposited on Au as may be seen from figure 5.4 b. We 
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do not expect that this effect will strongly influence the vacuum level alignment at 
the interfaces reported in this section.  

Chemical interactions at the interface formed by evaporating Al on a 
sexithiophene layer have been reported [29] with a significant charge transfer from 
the metal to the oligomer, resulting in the formation of a bond between the oligomer 
and the metal. Such a charge transfer is expected to cause an electric field pointing 
from the metal towards the organic layer (∆>0), which is not observed here. 

At metal / semiconductor interfaces, the Fermi level is often aligned by a 
redistribution of excess (free) charges, caused by (unintentional) doping. The 
rearrangement creates an electric field at the metal / semiconductor interface such as 
to align the chemical potential at the interface. However, the density of free charges 
in the thin organic layer is expected to be limited and insufficient to cause ‘band 
bending’ to such an extent as to create dipoles in the order of 1 eV within one or a 
few nanometer [ 30]. It is reasonable to expect that the work function of a metal will 
be influenced if an organic layer is adsorbed to this metal substrate since during the 
adsorption process the surface contribution to the work function is influenced by the 
adlayer as explained in section 5.1.2. We expect that this rearrangement of charge 
density at the metal / organic interface contributes to the interface dipole. This 
redistribution of diffuse wave functions close to the Fermi level may be a mechanism 
of the system to reach chemical equilibrium at this metal / organic interface. 
Furthermore, as will be shown in the appendix of this chapter, the work function of 
the metal as well as the interfacial dipole depend on the cleanliness of the metal 
substrate and the (partial) pressure of residual gasses. 
 
5.3.2 Interfaces between P5V4 and C60 
 

The presence of an interfacial dipole layer between a metal and an organic 
semiconductor alters the injection barriers or, in other words, the energy differences 
between the Fermi level of the metal and the HOMO and LUMO level of the 
semiconductor. The organic layer in organic semiconductor devices may be 
composed of several different molecular components structured in layers or blends. 
In LEDs for instance, application of a ‘double layer structure’ may improve the 
efficiency of the device considerably. In such a device a combination of two organic 
layers is chosen to achieve an efficient and balanced injection of (opposite) charges 
at either electrode. In addition, the recombination zone, i.e. the zone where opposite 
charges merge to form excitons, is moved away from the metal / organic interface to 



102  Chapter Five 

the organic /organic interface thereby reducing the quenching of the luminescence at 
the metal electrode. 

In a photovoltaic device based on a bulk-heterojunction of electron donor and 
acceptor molecules, the photoinduced charge transfer occurs at the donor /acceptor 
interface. To understand this exciton dissociation process one needs information on 
the alignment of the relevant energy levels at this interface. It has been found that at 
most organic / organic interfaces the vacuum levels align [22, 31-33], with only few 
exceptions [13, 33]. Below we discuss the interface formation between P5V4 and C60 
which models the donor / acceptor interface present in organic photovoltaic devices 
based on conjugated polymers or oligomers with C60 (-derivatives) [35, 36]. 

 Figure 5.6 UPS spectrum of a P5V4 layer (lowest spectrum with dots) and 
UPS spectra (lines) of incremental amounts of C60 (0.5, 1, 2 and 4nm) 
deposited onto the sample. Details of the spectra are presented at the left and 
right hand side of the central graph showing the full spectra. All spectra were 
recorded with an offset of –3.00 V bias between sample and analyzer and are 
displayed with an offset for clarity (a). The right hand panel (b) displays the 
energy diagram of the interface between P5V4 and C60. 

 
 The interface formation between the conjugated oligomer P5V4 and C60 is 
presented in figure 5.6. Most interestingly, we found clear evidence of an interfacial 
dipole layer between the electron donor-acceptor system formed by P5V4 and C60. If 
the deposition order is reversed, so depositing thin layers of P5V4 on a C60 layer, the 
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magnitude of the field stays equal, but the direction is the other way around. Thus the 
electric field at the interface is independent of the deposition order and is oriented 
from C60 (δ-) towards P5V4 (δ +). This is in correspondence with the nature of these 
materials with C60 as electron acceptor and P5V4 as electron donor.  

From these measurements we infer that although no complete transfer occurs 
in the ground state between conjugated polymers and C60 derivatives as known from 
ESR and optical spectroscopy [36], at least a dipole layer exists at this interface. The 
presence of this field influences the mutual alignment of energy levels at the 
interface.  

It is interesting to draw the electron affinity of C60 in the diagram of figure 
5.6b. According to Lof et al. [10] the electron affinity, or the bottom of the 
conduction band of C60 is 2.3 eV above the HOMO, or the top of the valence band. 
This leads to an energy difference of 1.7 eV between the HOMO of P5V4 and the 
LUMO of C60. This value may be interpreted as an upper limit to the open circuit 
voltage for a device made of P5V4 and C60. The value will be influenced by the 
energy level alignment at the electrode / organic interfaces. In the next section metal 
/ C60 interfaces are investigated. 
 
5.3.3 C60 on polycrystalline silver and gold substrates 
 
 So far we found at all studied interfaces a shift in vacuum levels. Further we 
saw in the introduction that the LUMO of a C60 monolayer on a Ag substrate is close 
(in energy) to the work function of the metal substrate. If the ‘tail’ of the LUMO 
shifts below the Fermi level of the metal substrate, electrons will be transferred from 
the substrate to the C60 overlayer. Such a charge transfer is expected to cause an 
electric field between the metal and the organic layer and thus a shift in vacuum 
levels at the interface.  

Many metal / C60 interfaces have been studied and substantial work function 
changes have been observed (see for example ref 37-40). At many metal / C60 
interfaces an electron transfer indeed occurs from the metal substrate to the C60 layer. 
Yet the charge transfer, with its associated electric field, can not always explain the 
observed work function changes at these interfaces. In this section interfaces formed 
by depositing C60 on polycrystalline Ag and Au films are reported. First we discuss 
the polycrystalline Ag / C60 interface and explain the observations in terms of 
screening effects and interfacial charge transfer. This interface is adequately 
described elsewhere [5, 42], and is mainly used here as a reference. Secondly, we 
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discuss the polycrystalline Au / C60 interface and come to the conclusion that the 
spectra cannot be explained using the same concepts 
 
5.3.3.1 C60 on polycrystalline silver substrates 
 

Figure 5.7a shows the UPS spectra of a polycrystalline Ag substrate and of a 
C60 layer (several nanometer thick) deposited on that substrate. The energy diagram 
deduced from these spectra is displayed in figure 5.7b. The shift of the low kinetic 
energy onset of the spectrum (the secondary electron cut-off), which is shown in 
detail in the left panel of figure 5.7a, determines the vacuum level shift of +0.13 eV. 
The direction of the electric field causing the shift is such that the Ag substrate is 
positively, and the C60 layer negatively charged.  

Figure 5.7 UPS spectra of polycrystalline Ag (dots) and of a several 
nanometer thick layer of C60 deposited on the polycrystalline Ag (line) (a). 
The energy level diagram deduced from both UPS spectra is shown in figure 
5.7b. The HOMO-LUMO gap is taken from ref. 10, where the energy 
difference is taken from the onset of the HOMO to the onset of the LUMO 
instead of the peak to peak value. 

 
In order to see whether electron transfer from the metal to C60 is likely, the 

LUMO is added in the energy diagram (the conductivity gap is taken from ref. 10). 
The energy difference between the Fermi level of Ag and the LUMO of C60 is 0.25 
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eV. The HOMO-LUMO gap at the metal / C60 interface is reduced by more than 0.5 
eV due to screening effects [43], and this causes the LUMO orbital to move 
downward, see figure 5.2. As soon as the onset of the LUMO shifts below the Fermi 
level of Ag, electrons will be injected from the metal into the LUMO of the C60. 
When electrons start populating the C60 unoccupied orbitals, an electric field is 
created at the Ag / C60 interface, which lifts the energy levels of the organic layer 
relative to those of the metal substrate. In this way the system reaches equilibrium. 

Note that only the LUMO of the first (two) C60 monolayer(s) on the metal 
accept(s) electrons from the metal substrate, since the stabilizing effect of the image 
charge decreases with 1/d, where d is the distance between the charge and the 
imaginary charge in the metal. This confinement of the charges at the Ag / C60 
interface is also found experimentally in the UPS spectra: in figure 5.7a the spectrum 
of the C60 layer of several nm thick (so, several monolayers thick) contains no 
spectral weight close to the Fermi level. However in the UPS spectrum of a 
monolayer of C60 on polycrystalline Ag, a clear spectral feature is present around the 
Fermi level of the metal [42]. The same spectral feature is also present in the UPS 
spectrum of a monolayer of C60 on polycrystalline Au, as will be shown in the next 
section. Before further discussing the Ag / C60 interface, first the electronic structure 
of the interface between Au and C60 is presented. After that, both interface are 
discussed with most emphasis on the Au / C60 interface. 
 
 
5.3.3.2 C60 on polycrystalline gold substrates 
 

The UPS spectra of Au, a monolayer of C60 on Au and a C60 layer of 5 to 10 
nm on Au are shown in figure 5.8a. The left panel shows the misalignment (of 
around -0.6eV) between the secondary electron cut-off of Au on one hand and the 
cut-offs of the C60 monolayer and the thicker C60 film on the other. The inset on the 
right-hand side shows the UPS spectra close to the Fermi level.  

We first note the above-mentioned misalignment between the low kinetic 
energy onset of the Au spectrum compared to the same onsets of the C60 spectra. 
Secondly, the low binding energy features in the spectrum (HOMO and HOMO-1) of 
the C60 monolayer are broadened and shifted to lower binding energy when 
compared to the spectrum of the ‘bulk’ C60 film (right inset). Thirdly, we note an 
increase in spectral weight around the Fermi energy of the Au substrate in the 
spectrum of the C60 monolayer which is absent in the ‘bulk’ C60 spectrum. Finally, 
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we observe by closer inspection of the right-hand inset of figure 5.8a that the values 
of the decrease in binding energy of the HOMO and the HOMO-1 of the C60 
monolayer relative to the positions found for the C60 ‘bulk’ are not identical. The 
shift of the HOMO peak is larger (0.3 eV) compared to the shift of the HOMO-1 (0.2 
eV), therefore this is not a rigid shift. 

Figure 5.8 UPS spectra of a polycrystalline Au substrate (dots), a 
monolayer of C60 on the Au substrate (thin line) and a 5 to 10 nm thick layer 
of C60 (thick line). The left inset shows in detail the secondary electron cut-
offs of the three spectra, the right-hand inset is an enlargement of the spectral 
features close to the Fermi level on a semi-log scale (a). Energy level 
diagram of the Au / C60 interface deduced from UPS spectra (HOMO-LUMO 
gap is taken from ref. 10) (b). 

 
Figure 5.8b represents the energy level diagram deduced from the spectra 

reported in fig 5.8a. The first observation, the shift of the secondary electron cut-off 
of the UPS spectra of C60 to lower kinetic energy compared to the onset of the UPS 
spectrum of Au, shows similarities with the already discussed Au / P5V4 interface 
many other Au /organic interfaces [21]. The general trend at these interfaces is a shift 
of the secondary electron cut-off of the organic layer, to lower kinetic energies. 
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Generally, this shift is a rigid shift, caused by an interfacial dipolar layer, moving all 
energy levels of the absorbent downward relative to the levels of the Au substrate as 
was discussed in section 5.3.1 and elsewhere [21].  

The second observation concerns the shift and broadening of the low binding 
energy features (HOMO and HOMO-1) in the C60 monolayer spectrum compared to 
the C60 ‘bulk’ spectrum. The shift of these features to lower binding energy is 
explained using the concept of ‘image charge’: the ionization of a C60 molecule at 
the Au surface requires less energy due to the more effective screening of the C60-ion 
in the final state by the presence of the highly polarizable metal surface. Due to the 
same effect the electron affinity increases: in other words, the HOMO-LUMO gap 
drastically decreases.  

The broadening of the same low binding energy features is attributed to 
hybridization between π and π*-orbitals of the C60 molecules in the first monolayer 
with the Au 6sp-band of the Au substrate. The combination of the lowering of the 
LUMO due to screening effects and the broadening of the LUMO due to 
hybridization effects causes the onset of the LUMO to move below the Fermi level 
of the metal substrate. This leads to a partial filling of the LUMO of the C60 
monolayer, and explains the increase in spectral weight near the Fermi energy of the 
metal substrate. 

So far, the explanation for the polycrystalline Au / C60 interface also applies 
to the polycrystalline Ag / C60 interface. However, now we arrive at an important 
difference between the two metal / C60 interfaces. At the Ag / C60 interface an 
electric field exists, pointing from the metal (δ+) to C60 (δ−), as indicated by the shift 
of the secondary electron cut-off in figure 5.7a. This is consistent with the partial 
electron transfer from the metal to the LUMO of C60, which is observed [42]. The 
low kinetic energy onsets of the spectra of Au and C60, figure 5.8a, imply an electric 
field pointing from C60 (δ+) towards the Au substrate (δ−). This seems to contradict 
the partial filling of the LUMO of the C60 monolayer by electron transfer from the 
Au substrate to the organic layer, as was already reported for C60 monolayers on 
several crystalline metal substrates [37-40]. These authors (in ref. 37-40) argue that 
the C60 overlayer acts as a metal and that the image plane moves from the interface 
to the outside of the C60 overlayer. Any interface dipole layer between the metal 
substrate and C60 caused for example by the electron transfer from the substrate to 
C60 is screened out by the image plane. The work function of the metallic C60 
overlayer is expected to be a material property and therefore independent of the 
metal substrate. However this does not explain the observed differences in work 
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function of the C60 overlayer of 4.7 for C60 on Au(111) [44], 5.25 for C60 monolayer 
on Al(110) [39] and 5.4 for a C60 overlayer on Ta [45]. 

We start our discussion by recalling that the chemical potential on either side 
of the interface should be equal if the interface is in its equilibrium state. Normally 
this requires charge redistribution at the interface between two different materials. 
For example, at interfaces between two metals this leads to a contact potential, in 
inorganic semiconductors this requirement causes band bending by sweeping excess 
charges from the depletion layer to the interface.  

In the system formed by polycrystalline Ag and a C60 overlayer, we see that 
the energy of the LUMO of the C60 monolayer and the Fermi level of Ag do almost 
coincide if the vacuum levels would align at this interface (see figure 5.2). In order to 
reach chemical equilibrium, a charge redistribution will occur causing an partial 
electron transfer to the C60 overlayer. In the case of the interface formed by a 
monolayer of C60 on polycrystalline Au, the Fermi level of the metal is close to the 
middle of the HOMO-LUMO gap of the C60 overlayer if we again assume vacuum 
level alignment. A charge redistribution at this interface by transferring electrons 
from the metal to unoccupied levels in C60 seems unlikely since there are no levels 
available close to the Fermi level of the substrate  

By comparing the UPS spectra of the C60 ‘bulk’ with the C60 monolayer in 
figure 5.8a we note an unequal shift of the two lowest binding energy features. We 
attribute the unequal shift to differences in hybridization between states contributing 
to the HOMO and HOMO-1 of C60 with the Au 5d-band of the substrate. We can 
speculate to which extent hybridization plays a role at the metal C60 interface. 
These hybridization differences originate from differences in overlap between the Au 
5d-band and the low binding energy orbitals of C60. These differences may become 
clear by comparing the UPS spectra of a C60 monolayer on polycrystalline Au and on 
polycrystalline Ag (figure 5.2, figure 5.8a and ref. 42). The valence orbital structure 
of a monolayer C60 on Ag is hardly changed when compared to the ‘bulk’ C60 
spectrum, except for effects leading to the partial filling of the LUMO. Hybridization 
between the Ag 4d band and the C60 HOMO is not anticipated to be important since 
these states are well separated in energy. On the other hand, the HOMO and the 
HOMO-1 of C60 overlap nicely with the Au 5d-band and in the UPS spectrum of the 
C60 monolayer on polycrystalline Au, we observe that these π-orbitals (HOMO and 
HOMO-1) are distorted. Therefore we anticipate that the metal d-band plays an 
important role in the hybridization between the metal substrate and the C60 
monolayer.  
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Most likely the anticipated hybrid bond is a combination of the Au 5d and Au 
6sp bands with the π-orbitals of C60. Such a hybridization of orbitals between the Au 
and C60 leads to a different occupation of the states close to the Fermi level, which 
leads to an overall shift in electron density from the C60 monolayer to the Au 
substrate. This electron redistribution resembles a process often found in Organo-
Metallic (OM) complexes, known as back-bonding, or back-donation [46-48]. These 
complexes are intensively studied since they are of fundamental interest in organo-
metallic chemistry and have important applications in the field of catalysis [46-49].  
The hybridization between C60 and polycrystalline Au shows correspondence with 
the back-bonding mechanism. The donation step occurs through partial filling of the 
LUMO by hybridization between Au 6sp band with π*-orbital of C60. The back-
bonding step stems from hybridization between the HOMO of C60 via Au 5d band 
with the Au 6sp-band. In order to determine the different contributions of screening 
and hybridization effects at a specific metal / C60 interface, experiments on metal 
single crystal surfaces should be done.  

If the proposed mechanism is proven to be correct it will have important 
implications for organic semiconductor devices. The alignment of energy levels on 
both sides of the interface will depend on the specific combination of materials and 
of the relative orientation of both components towards each other. An interesting 
example of the importance of the metal crystal surface for the interfacial electronic 
structure was recently reported by Cepek et al. [50], who observed a temperature-
dependent gap opening at the Fermi level for the interface formed by Ag(100) / C60. 
The authors did not observe this effect at the Ag(110) / C60 interface.  

Hybridization effects give a handle to tune the alignment of energy levels 
relevant for charge injection, for example by altering the molecular packing on the 
metal substrate [51], by growing epitaxial molecular layers on a particular crystal 
surface of a metal substrate [52], or by using an interfacial layer [53]. 

 
 

5.3.4 Implications for organic electronic devices 
 
The observation that the LUMO of C60 aligns with the Fermi level of common 

metal substrates, is in agreement with recent experimental findings in PVDs based on 
blends of conjugated polymers with -C60-derivatives. It was shown that the open-
circuit voltage of the PVDs is nearly independent of the metal work function and 
linearly proportional to the electron affinity of the C60 derivative [54]. Although the 
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interfaces were created under different experimental conditions, and the number 
experimental data is limited, the results may properly be attributed to an alignment of 
the LUMO of (the) C60(-derivative) to the Fermi level of the metal electrode. In 
section 5.3.2 it was noted that the energy difference between the P5V4 HOMO and 
the C60 LUMO gives an upper limit for the open circuit Voltage of ~1.8 V. This 
value will be lower since the LUMOs ‘bend’ downward (to higher binding energy) 
close to the metal interface due to screening effects, see figure 5.2. The HOMOs 
bend due to the same reasons upward (to lower binding energy), see figures 5.2 an 
5.4. This lowers the upper limit to approximately 1.0-1.2 V. The actual value will 
also depend on the energy level alignment at the anode for example Au, ITO or the 
semi-transparent conducting polymer blend PEDOT-PSS (poly(3,4-
ethylenedioxythiophene) blended with poly(styrenesulfonic acid). The measurements 
reported in section 5.3.1 indicate a hole injection barrier of 1.0 eV for the 
combination between Au and P5V4. This would decrease the open circuit Voltage to 
0-0.2 V. Such a low open circuit Voltage would result in a poor photovoltaic 
performance. Typical values for the open circuit voltage in devices made of 
substituted OPVs or PPVs and C60 (-derivatives) range from 0.5 to 1.1 V [34, 35, 54-
59]. Especially devices made with the conducting polymer blend PEDOT-PSS as 
anode give high open circuit voltages [56-58]. Interestingly, T. Kugler et al. [16] 
found vacuum level alignment at the PEDOT-PSS / substituted PPV (BDMOS-PPV, 
bis-(2-dimethyloctylsilyl)-1,4-phenylenevinylene) interface. If this result holds also 
for other PEDOT-PSS / substituted PPV combinations, we can try to explain the 
value of the open circuit Voltage as follows. The ionization potential of dialkoxy-
substituted PPVs is around 5.0 eV [54, 58]. The Fermi level of PEDOT-PSS is also 
approximately 5.0 eV [16]. If the vacuum levels align at this anode / electron donor 
interface, the Fermi level of the conducting polymer blend will (approximately) align 
with the HOMO of the substituted PPV, so the hole injection barrier will be close to 
0 eV. Since also the LUMO of C60 ‘pins’ to the Fermi level of most metals, including 
Al [37, 42, 60, 61], the electron injection barrier is also small at this interface. If the 
above mentioned assumption holds, it is likely that the open circuit Voltage is mainly 
determined by the energy difference between the ionization potential of the electron 
donor and the electron affinity of the electron acceptor (probably influenced by the 
interfacial dipole between the electron donating and accepting moieties), since the 
charge injection barriers are expected to be small. This would result in an open 
circuit Voltage of approximately 1.0-1.2 V as stated above and in agreement with 
experimental observations [56-58]. The value may actually be somewhat higher 
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since the screening effect of the conducting polymer blend, which reduces the 
ionization potential of the of the electron donating component close to the interface 
(PEDOT-PSS / PPV derivative), is expected to be less effective as compared to 
interfaces with noble metals like Au or Ag.  
 
 
5.4 Conclusions 
 

UPS measurements are reported on several metal / organic an organic / 
organic interfaces. We found for all measured interfaces of these materials a 
misalignment between the vacuum levels. In the case of interfaces formed by 
conjugated PPV-like oligomers on polycrystalline Ag and Au, the shift of levels 
strongly influences the hole injection barrier in such a way as to keep this barrier 
constant and therefore largely insensitive to the work function of the metal.  

At the organic /organic interface formed by P5V4 and C60 the dipole layer 
points from C60 to P5V4. This orientation is in agreement with the nature of these 
materials, C60 being an electron accepting material and P5V4 an electron donation 
compound. 
 Interfaces between C60 and polycrystalline Ag and Au also reveal a shift in 
the secondary electron cut-off upon the deposition of C60 on either metal. The shift 
indicates an overall electric field at the Ag / C60 interface towards the adsorbent. Yet, 
for the Au / C60 interface we observed a shift pointing in the other direction. We 
suggest a qualitative explanation to our experimental findings for C60 on 
polycrystalline Ag and Au. We describe the energy level alignment at these interface 
by a subtle interplay between several interacting and opposing effects, resulting in a 
partial filling of the LUMO of the C60 monolayer and an overall interfacial dipole 
which can be directed from the metal to the adsorbent, as in the case of Ag / C60, or 
from the adsorbent to the metal, as observed at the Au / C60 interface.  

The studied interfaces model the boundaries between materials found in 
organic photovoltaic devices based on conjugated polymers intimately mixed with 
C60-derivatives. It is therefore expected that the above described interfacial 
phenomena play a role in devices based on these and comparable materials, yet the 
quantitative influence of the dipole layers on the device characteristics will depend 
on the specific compounds at the interface and the device preparation conditions. 
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5.5  Appendix – Influence of residual gasses on work functions 
  and dipole layers 
 

As already mentioned, the work function of a metal is very sensitive to 
adsorption of foreign material to the surface of that metal. The sensitivity may be 
explained using the concept of the work function having two components: a bulk and 
a surface component. Upon adsorption of the foreign material, the surface 
contribution is altered and thereby the work function of that particular sample. So 
far, the ‘foreign’ material was one of the organic molecular components constituting 
(model) organic devices. However, if not these molecules adsorb to the metal surface 
but small molecules like O2, C02, H2O, CO or other (residual) gasses, the work 
function will be influenced as well. Since most devices based on organic 
semiconductors are prepared in high vacuum systems, glovebox systems, or even 
under ambient conditions, the discussion of adsorption of residual gasses is not only 
interesting from a pure academic viewpoint, but is also relevant for applications 
containing metal / organic interfaces.  
 In order to get a feeling to which extent adsorption of gasses may influence 
the work function, a few simple experiments are described. The experiments are only 
included here to point out that results obtained from sample prepared under UHV 
conditions cannot simply be applied to similar sample prepared under different 
conditions.  
 Figure 5.9 presents UPS and XPS measurements on a polycrystalline Au 
sample prepared under UHV conditions. After preparation the sample was 
characterized with UPS (figure 5.9a, dotted line) and XPS (figure 5.9b, the lowest 
line (with dots)). Next, the sample was transferred to the quick entry lock and 
exposed to ambient conditions. After 1 hour, the quick entry airlock was closed, 
pumped and the sample transferred to the measurement chamber for characterization 
with PES. Finally, a thin layer of P5V4 was vacuum deposited onto the (exposed) 
sample (~4 nm, dep. rate ~0.04 Å/s, pressure during dep. < 3×10-9 mbar) and the 
UPS spectrum recorded, see thick line in figure 5.9a. 
 The work function of the fresh Au film determined from the UPS 
measurements was 5.47 eV. After exposure to air at ~1 bar for 1 hour this value was 
reduced to 4.43 eV (∆= -1.05 eV). Besides an increase in the total width of the UPS 
spectrum, correlated with the work function change, there is also a new feature in the 
spectrum at around 10 eV kinetic energy (corresponding to ~14 eV binding energy 
relative to the vacuum level). Such a feature is observed often when small molecules 
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adsorb to metal surfaces. XPS measurements on the sample before and after 
exposure to air indicate the presence of carbon atoms on the surface of the sample at 
a binding energy of 284 eV (see inset in the center of figure 5.9b). These 
experiments are in agreement with metal fouling experiments of Tadayyon et al. 
[62], who also noted the effect of hydrocarbons on the work unction of  Au. Upon 
the deposition of P5V4 on the sample that was previously exposed to air, the onset 
only shifts -0.15 eV to lower kinetic energy (, instead of -1.0 eV).  

Figure 5.9 UPS measurements on a polycrystalline gold film measured directly 
after preparation (dots), after exposing the sample to ambient conditions for one 
hour (thin line) and after depositing P5V4 on the sample after the exposure to air 
(thick line) (a). The XPS traces of both the pristine (lower line with dots) and the 
exposed Au film (top line) are depicted in (b). Insets show selected areas of the full 
XPS spectrum displayed in the main graph of (b).  
 
In another experiment another freshly prepared polycrystalline Au film was 
characterized by PES. The sample was subsequently covered with a thin layer of 
P5V4 (~8 nm, dep. rate ~0.08 Å/s, pressure during dep. < 4×10-9 mbar) and again 
investigated with both techniques. This sample was transferred to the quick entry 
lock where the turbo pump was switched off. The sample was kept in this chamber 
for approximately 5 minutes at 2 mbar. After this ‘exposure step’, the sample was 
returned to the measurement chamber to record the UPS as well as the XPS 
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spectrum. This ‘measurement step’ was followed by another ‘exposure step’ with a 
prolonged exposure to air (5 minutes in the quick entry lock at ~ 1 bar, flange 
opened). These steps were repeated until the sample was in air for in total 75 hours. 
The results are summarized in figure 5.10. 
 The figure 5.10a shows the change in the UPS spectra: the left panel gives in 
detail the development of the secondary electron cutoff with increasing exposure to 
air. Initially, the secondary cutoff shifts over -1.0 eV when P5V4 is deposited on the 
freshly prepared Au film. After keeping the sample for 75 hours in air ∆ is reduced to 
-0.6 eV. In figure 5.10b the change of the dipole is plotted versus the exposure time, 
the time the sample is exposed to air. (Note that for the first data point it is assumed 
that an exposure for 5 minutes at 2 mbar is equal to 1×10-2 min at 1 bar in air.) The 
inset in figure 5.10a gives a detail of the XPS spectra of the freshly prepared Au / 
P5V4 sample (lower line) together with the XPS spectrum of the same sample after it 
remained for 75 hours in air. The former spectrum only reveals the 4p3/2 line of the 
Au substrate, whereas in the latter spectrum a new feature is present originating from 
oxygen. A possible explanation for the shift in the low kinetic energy onset of the 
spectrum would be that when the sample is exposed to air, oxygen-containing 
species diffuse in the organic film towards the metal organic interface where they 
influence the interfacial dipole layer.  

Figure 5.10 Influence of air on PES spectra recorded on a P5V4 on Au film 
directly after preparation (dots in figure 5.10a) and after exposure to air (lines). The 
time the sample was exposed to air was changed from 5 minutes at 2 mbar to 75 
hours at 1 bar. The observed change in the dipole versus the exposure time is 
presented in 5.10b on a semi-log scale.  
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In summary, the main results of the two experiments show: a) the work 

function of a clean metal substrate changes when it is exposed to air. b) After a metal 
/ organic interface is formed under UHV conditions, the shift in the low kinetic 
energy onset of the UPS spectrum changes when the sample is exposed to air. We 
have to be careful if we want to relate the above conclusions to observations made on 
organic electronic devices. Indeed, more detailed studies are necessary to make this 
link. However we can make a few remarks here. For example the second experiment 
indicates that the electrical characteristics of devices containing metal / organic 
molecular interfaces, may alter if the device is kept under ambient conditions without 
a proper gas seal.  

The first experiment is an example of the sensitivity of the work function to 
adsorbed layers. This property may be exploited to ‘engineer’ the interfacial 
electronic structure. For instance, if the adlayer is not created by just exposing the 
sample to a gas mixture such as air, but by assembling a layer of a particular 
compound on the substrate one can influence the interfacial energy level alignment 
in a well defined way. For example, I.H. Campbell et al. and Zuppiroli et al. [63] 
used this approach to modify the work function of ITO. They made use of self 
assembling monolayers on the semitransparent electrode and reported work function 
changes from –0,5 to 0.1 eV. The same concept was used by Cahen and coworkers 
[64] to tailor the injection behavior in inorganic semiconductor devices. Also the 
incorporation of alkali-halides between the cathode and the organic layer may be 
mentioned here as a way to modify the interfacial electronic structure.  
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Chapter Six 
 
 
 
 

OOuuttllooookk  

CCoommbbiinneedd  pphhoottooeemmiissssiioonn  //  ccuurrrreenntt--vvoollttaaggee                
mmeeaassuurreemmeennttss  ooff  iinn--ssiittuu  pprreeppaarreedd  ddeevviicceess  

  

  
 

Abstract 
 

 
 This chapter presents current-voltage (J-V) measurements on in-situ prepared 
devices, consisting of 300 nm thick C60 layer between either two Au contacts or one Au and 
one Ag electrode. The J-V characteristics of both devices reveal asymmetric behavior. 
When electrons are injected from the bottom electrode, either Ag or Au, the J-V data are 
indicative of thermionic emission-diffusion behavior, consistent with energy diagrams of 
Ag / C60 and Au / C60 interfaces presented in the previous chapter. The electron injection 
barriers as determined from photoemission and inverse photoemission data are compared to 
the barriers obtained from temperature dependent (J-V) measurements. 
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6.1 Introduction  
 

In this last chapter we present preliminary results on the current-voltage (J-V) 
characteristics of in situ prepared devices. A detailed study on these measurements is 
currently in progress [1]. The devices used in this chapter consist of a C60 layer, 
approximately 300 nm thick, sandwiched between two metal electrodes. Extensive studies 
on the J-V characteristics of these samples may yield important device parameters such as 
the electron and hole injection barriers, and the importance of energetic disorder in the 
sample. These parameters give thus information about the electronic structure of the device. 
In preceding chapters we used photoelectron spectroscopy and literature values of inverse 
photoelectron spectroscopy [2]) ((I)PES) data to determine the electronic structure of 
gasses, solids and of interfaces. It is therefore interesting to apply both measurement 
methods, J-V as well as (I)PES, to one device, and compare the results. For example, one 
could record the (I)PES data during the device preparation, giving a complete energy 
diagram of the device. When the device is completed, it is characterized by J-V 
measurements, and several device parameters are extracted. Finally, the information about 
the electronic structure of the sample obtained from the two methods may be compared.  

It is important to perform both types of measurements on the same or comparable 
device structures, under similar conditions. This is essential since it was shown in the 
appendix of chapter 5 that the energy level alignment in these device structures strongly 
depends on the cleanliness of the metal substrate and the exposure of the sample to ambient 
conditions. This is a relevant point, since most (I)PES measurements are performed under 
UHV conditions, on sample prepared in situ. In contrast, in most other groups samples for 
J-V measurements are prepared under HV conditions and characterized in air or under the 
controlled atmosphere of a glove box. It is therefore expected that the large differences in 
the experimental conditions during sample characterization, and especially device 
preparation, will lead to different device properties [3]. Consequently we developed a way 
to prepare and characterize (by PES and J-V measurements) the samples under continuous 
UHV conditions. 

It is not within the scope of this chapter to describe the J-V characteristics in detail, 
as this will be done elsewhere [1].  Below we briefly mention a few aspects of charge 
transport in disordered organic semiconductors (for simplicity, only the effect of the 
majority charge carriers is considered). In general, the measured current through a 
metal/semiconductor/metal diode structure for a certain electric field will be either limited 
by the injection rate of charges at one the metal / organic interfaces, or by the bulk charge 
mobility of the organic semiconductor, or by a combination of both the injection process 
and the mobility. For organic semiconductors, the injection limited current is often 
described by the thermionic emission theory [4]. Crowell and Sze derived an equation for 
systems in which both the charge injection and bulk transport influence the current-voltage 
characteristics [4]. 
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 Whether the current is injection or bulk limited mainly depends on the values for the 
injection barrier (φB) and the mobility (µ). From (I)PES measurements an energy diagram 
was deduced for the Au / C60 and Ag / C60 interfaces from which the injection barriers may 
be deduced. However the mobility of the vacuum deposited layer is not known. If we 
assume that the current is injection limited, we may compare the barriers as obtained from 
the PES measurements the barriers determined from J-V measurements. 

Recently, Malliaras and Scott described the charge injection process at metal / 
organic interfaces [5]. They derived equation 6.1 for the net injected current. 

 
       
     (6.1)  
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Here C is term containing the electric field (E) and the mobility (µ),  φB is the injection 
barrier height and F is the electric field corrected for the Schottky lowering due to the 
image charge effect at the metal/organic interface. Note that this equation model only 
relates to the charge injection at a metal / semiconductor interface 

Currently there is a lot of interest in the charge transport properties of organic 
semiconductor devices and several (other) models have been proposed to model the 
transport properties of these devices [3,6]. 
 
 
6.2 Experimental 
 

The device structures were prepared and characterized in situ in the set-up ‘Poly II’ 
described in chapter 2. As mentioned in the second chapter we started with device 
structures as shown in figure 2.10. The advantage of this sample design is the relatively 
large top electrode. The size of this electrode is much larger than the spot size of the gas 
discharge lamp, therefore it would be possible to collect the UPS spectrum of the top 
electrode without contributions to the PES spectrum of other layers. This is essential if the 
UPS measurements are used to determine the work function and the possible presence of 
dipole layers at the metal / organic interface of the top electrode. However, the large size of 
the top electrode resulted in many short-circuited devices. To overcome the problem of the 
short-circuited devices, the size of the top electrode was decreased, see figure 2.11. The 
advantage of this design was besides the small top electrode, which decreased the chance of 
shorts in the devices, the possibility to make a  large number of devices on one sample 
plate, see figure 2.11. However, the reduced size of the top electrode has the disadvantage 
that it is impossible to correctly determine the work function, and possible dipole layers by 
PES. Note that this does not apply to the bottom electrode and the organic layer. To 
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determine the electron injection barrier of the devices from PES data , we used  energy 
diagrams reported in section 5.3.3, see figure 6.3. 

As sample substrate we used quartz, that was thoroughly cleaned using an ultra 
sonic bath and several organic solvents. The quartz plates were clamped on the sample 
plate with two metal strips (figure 2.11). A metal film, either Ag or Au, was vacuum 
deposited on the quartz plate (deposition rate: 1.5 nm/min, cell temperature ∼ 815 0C and 
∼ 930 0C, for Ag and Au respectively). The C60 layers, with a total thickness of 300±10 nm, 
were vacuum deposited on top (deposition rate: 0.5 nm/min, cell temperature ∼ 430 0C). 
Finally, the top electrode was again deposited on the organic layer. All layers were 
structured by using the shadow masking technique. During the vacuum deposition the 
pressure in the preparation chamber (p0 < 1×10-9 mbar) increased, but stayed below 2×10-8 
mbar. In this way samples such depicted in figure 2.11 were prepared. The deposition rate 
and total layer thickness were determined by calibrated quartz crystal balances (LTM’s). To 
calibrate the LTM’s we used an atomic force microscope (AFM) and a scanning electron 
microscope (SEM). Figure 6.1 shows a cross-section of a test device that was used to 
investigate the wettening and structure of the different layers, and to calibrate the LTM’s 
(this sample was not used for the reported J-V measurements). The J-V chamber, including 
the equipment to record the J-V characteristics, is described in and section 2.3.4.   
 

 
Figure 6.1 Scanning electron microscopy image of a cross-section of a C60 layer 
sandwiched between Ag (bottom electrode) and Au (top electrode), these structures were 
used to measure the current-voltage characteristics. 
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6.3 Results and discussion 
 
 Figure 6.2 presents the J-V characteristics of two different devices on a semi-log 
plot. One device is a so-called symmetric device, in which the C60 layer is sandwiched 
between two Au electrodes (full line). The other device consists of a Ag bottom electrode 
and a Au top electrode (broken line). The current density changes over more than 4 orders 
of magnitude if the applied field increases from 0 to ∼ 3.3×107 V/m. We assume that the 
samples are ‘electron-only’ devices. This assumption is justified by the relatively small 
electron injection barriers (0.2-0.5eV) compared to the hole injection barriers (>1.0eV) as 
determined from (I)PES measurements, which will be discussed below.   
 In reverse bias, electrons are injected from the top electrode. From the figure it is 
clear that under these conditions both the development of the current density, as well as the 
absolute magnitude of the current density for the two devices is similar. This is also 
expected since both interfaces are prepared in the same way. 
 
 

 
 
Figure 6.2 Current-voltage characteristics of C60 devices prepared and measured  
in situ. In reverse bias, electrons are injected from the top electrode (Au); in 
forward bias from the bottom electrode: either Ag (dotted line) or Au (full line). The 
inset shows the current density in forward bias versus the square-root of the applied 
voltage.  
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 By comparing the current densities under forward and reverse bias, we note that the 
so-called symmetric device does not give rise to symmetric J-V characteristics; in fact the 
asymmetric device seems closer to symmetric behavior! Asymmetric J-V characteristics for 
symmetric devices have been observed by others before, and is often attributed to 
deposition sequence [7]. The organic-on-metal interface is mostly more abrupt compared to 
the metal-on-organic interface. Shen and Kahn [7] showed that when Au is vacuum 
deposited on F16CuPc, a fluorinated copper phthalocyanine, Au diffuses into the organic 
matrix, which leads to band bending at this interface. In contrast, the organic-on-metal 
interface did not reveal any band bending. Watkins et al. [8] reported asymmetric injection 
barriers for Au/pentacene/Au devices and also ascribed this to inter-diffusion of Au at the 
metal-on-organic interface, leading to dissimilar work functions and dipole layers at either 
metal-organic interface. Inter-diffusion of Au atoms at the Au-on-C60 interface may also 
cause the asymmetric J-V characteristics, reported here. This is currently under 
investigation. 
 
 

 
 
 

Figure 6.3 Energy diagram with the electron injection barrier(Φ) for C60 
deposited on Ag (a) and C60 on Au (b) as determined by UPS and IPES, see section 
5.3.3  for details. 
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 The inset in figure 6.2 presents the log of the current density versus the square root 
of the applied voltage (in forward bias). The apparent linear behavior is in correspondence 
with an injection limited current. As mentioned before, this behavior is expected for a 
system with a rather large charge injection barrier at the metal / semiconductor interface 
and a mobility that is not very low.  
 In order to estimate the electron injection barriers at the Au / C60 interface and the 
Ag / C60 interface, figure 6.3 shows the energy diagrams as discussed in section 5.3.3. The 
electron injection barrier is determined from the energy difference between the Fermi level 
of the metal electrode and the lowest unoccupied molecular orbital (LUMO) of the (thick) 
C60 layer; in analogy, the hole injection current is determined from the energy difference 
between the Fermi level of the metal electrode and the highest occupied molecular orbital 
(HOMO) of the (thick) C60 layer. This yields an electron injection barrier of 0.47 eV for the 
Au / C60 interface and 0.25 eV at the Ag / C60 interface. These injection barriers are 
reasonably large and may give rise to injection limited currents (up  to certain critical 
fields). However, it must be noted  that the presented J-V data cannot be used to prove 
whether the observed currents are injection or bulk limited, additional measurements are 
necessary to draw that conclusion. , 
 From figure 6.3 we see that the electron injection barrier of the Ag / C60 interface is 
smaller than the electron injection barrier at the Au / C60 interface. If we assume injection 
limited current for the moment, we expect a larger current density if Ag is used as injection 
electrode compared to Au as injection electrode. This is in agreement with the observed J-V 
characteristics.  
 In principle it is possible to verify the injection barriers extracted from (I)PES 
results by comparing them with temperature dependent J-V measurements. Although these 
measurements will be reported elsewhere, it is interesting to look  at some preliminary 
results, depicted in table 6.1[1]. The electron injection barriers as determined from (I)PES  
and J-V measurements are very similar for the Au / C60 interface. Yet, for the Ag / C60 
interface the injection barriers found by the two different techniques differ by a factor of 2. 
This may be related to differences in sample preparation: the sample used for UPS 
measurements was prepared by evaporation C60 on a sputter cleaned Ag plate, while the 
sample made for the J-V measurements was completely build in situ, including the Ag 
bottom electrode that was evaporated on the quartz substrate. This makes the above stated 
relation between the (I)PES determined barrier heights and the measured J-V characteristics 
uncertain. Future experiments may clarify these issues.  
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Table 6.1 Electron injection barriers (Φ in eV)  of single layer C60 devices as 
determined by UPS and temperature dependent current-voltage measurements with 
either Ag or Au as injecting electrode . 
 

injecting electrode injection barrier Φ (eV) 
  UPS    J-V (T) 

Ag 0.25  0.45 
Au 0.47  0.53 

 
 
 
6.4 Conclusions 
 
 This chapter shows some initial results on current-voltage (J-V) measurements on 
devices prepared in situ with C60 as organic semiconductor and either Ag or Au as injection 
electrode. The J-V characteristics show that ‘symmetrical’ devices with a Au bottom and 
top electrode do not show symmetrical J-V characteristics. Under forward bias, the log of 
the current density is proportional to the square root of the applied electric field, which is 
indicative of injection limited currents. Temperature dependent J-V measurements on 
comparable and preferably identical device structures may help to correlate PES data with 
J-V measurements. 
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SSuummmmaarryy  
 
 

Eyesight is one of the most powerful senses we have. With our eyes we can, quite 
sensitively, detect certain interactions between matter and visible electro-magnetic waves. 
For example we can distinguish differently colored materials that absorb different parts of 
the visible spectrum. We can even detect materials having no appreciable absorption of the 
visible spectrum. Polished metals for instance, reflect the visible light and appear shiny and 
non-transparent. Well-cut diamonds on the other hand, reflect visible light under certain 
angles while being transparent under other angles.  

Whether light is absorbed depends on the details of the electronic structure of the 
material. If one can alter the electronic structure of a material one may thus be able to alter 
the appearance of the material. The paint industry for example uses the knowledge of 
material scientists, such as chemists, to develop new paints with appealing colors. One way 
to alter the electronic structure of a material is by changing the chemical structure, thereby 
creating a different material, with different (optical) properties. 

Absorption of light is most often associated with a transition in which an electron in 
the material is excited from an occupied level (often the valence band) to a higher lying 
unoccupied level (often a level in the conduction band). The thus created excited state may 
relax to the initial state in several ways. The excited state may cause vibrations in the 
material. Such vibrations lead to so-called ‘radiationless decay’, in which all or part of the 
energy difference between the excited state and the ground state is transferred into heat. In 
fluorescent materials, the excited state relaxes (in part) towards the ground state under the 
emission of a photon. Again, the electronic structure of the material influences the 
importance of the different decay paths.   

In photovoltaic materials, the electron occupying a level in the conduction band does 
not necessarily recombine with the now unoccupied level in the valence band, also referred 
to as ‘hole’. In stead, both charges (electron and hole) may be more or less free to move and 
wander away from each other (under the influence of an electric field). The opposite 
charges may be collected by electrodes. Contrary, in electro-luminescent materials, 
electrons and holes are injected into the electro-luminescent material where they may 
recombine to form an excited state that decays radiatively.  
 Electro-luminescent materials as well as photovoltaic materials are often associated 
with inorganic semicondutors such as Si and GaAs. However, in the 1960’s one found that 
certain molecular systems such as the acenes revealed properties similar to the inorganic  
semiconductors. In the 1970’s and 1980’s researchers found that the conductivity of certain 
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polymeric systems could be changed over the full range from insulator to metal by 
chemical doping. The polymeric systems consisted of long carbon chains in which single 
and double carbon-carbon bounds alternate (conjugated polymers). Several examples of 
conjugated polymers are presented in the top row of figure 1.  
 
 

 
 
Figure 1 Several conjugated polymers (top row) and conjugated oligomers (first two 

molecules of the second row). C60 is a molecule with a relatively low (and 
degenerate) lowest unoccupied molecular orbital, making the material a 
good electron acceptor. All these molecules are described (to some extent) in 
this thesis. 

 
 

In 1990 Burroughes and collaborators reported the fabrication of ‘light-emitting 
diodes based on conjugated polymers’. Only a few years later, the first photovoltaic cells 
based on bulk hetero-junctions of conjugated polymers were reported. Soon other typical 
semiconductor devices were also prepared such as the field effect transistor and (optically) 
pumped lasers. In order to understand these devices it is important to study the electronic 
structure of these organic semiconductors.  This thesis is devoted to such studies. 

More specifically, the studies reported here may be summarized as an investigation 
in the electronic structure of several conjugated molecules, and how the molecular 
environment influences the electronic structure of these molecules. The results of these 
studies may provide a better understanding of these materials and are relevant for several 
applications such as conjugated polymer based light emitting diodes and photovoltaic 
devices consisting of blends of conjugated polymers with C60-derivatives. 
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After the introductory chapter (chapter 1), chapter 2 gives a brief description of the 
technique to probe the electronic structure of these molecules (photoelectron spectroscopy, 
PES). Further two set-ups are described that were used to collect the PES data. 

In chapter 3 the electronic structure is reported of a series of fragments of the 
conjugated polymer poly(para-phenylenevinylene). We choose to measure these molecules 
in the gas phase to find the electronic structure of isolated molecules, in absence of any 
intermolecular interactions. The fragments used for this study have up to five benzene 
rings. A simple model, which was previously applied to polythiophene and the related 
oligomers, is used to discuss the low energy electronic excitations in these oligomers. The 
model is based on a Hubbard-like model. A good initial guess for the parameters of this 
simple tight-binding model can be obtained from experimental data. After a fitting 
procedure, the experimentally reported values for the low electronic excitations are 
accurately reproduced.  

It is interesting that this simple model may be applied to both homo-polymeric 
systems such as polythiophene and poly-para-phenylene as well as to alternating 
copolymer such as poly(para-phenylenevinylene). It is found that the bridging group in the 
copolymer (here a vinylene moiety) acts as a guide for the interaction between the 
(delocalized) phenyl-like orbitals. The effect of this bridging group is a modification of the 
model parameters, a detailed description of the electronic structure of the vinylene bridging 
group is not necessary in this model. 

Chapter 4 forms a link between the PES measurements on isolated molecules in 
chapter 3 and the PES measurements on thin films of these ‘oligo(para-phenylenevinyl-
enes) reported in chapter 5. In chapter 4, the structure of thin films of P5V4 (see figure 1) 
vacuum deposited on several substrates is described. The films are typically polycrystalline 
with small crystallites. The interaction between the oligomers in the thin films seems rather 
weak: the rather large intermolecular distance indicates only weak Van der Waals-like 
intermolecular interactions. We therefore expect that the electronic structure of thin films of 
P5V4 will be very similar to the electronic structure of isolated P5V4 molecules. Except of 
course that aspect which involves the transfer of electrons and holes between the oligomers. 

In chapter 5 the PES measurements on thin films of P5V4 are compared to the PES 
measurements on isolated P5V4 molecules. Except for a shift in the spectra due to 
screening effects the electronic structure of P5V4 retains mostly its molecular orbital 
structure, as expected. Interestingly, we found that at interfaces between metals and 
conjugated molecules (PPV-like oligomers and C60) that the vacuum levels do not align. 
The misalignment is caused by an electric field at the interface. The misalignment of the 
vacuum levels is expected to influence charge transfer processes across metal/organic and 
organic/organic interfaces, thereby possibly affecting the electrical characteristics of 
organic semiconductor devices, which contain similar interfaces. 

Finally, in chapter six, preliminary results are presented on combined PES and 
current-voltage (I-V) measurements. Ultimately, these measurements enable a one-to-one 
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comparison between the electronic structure of an in-situ prepared device measured by 
PES, with the I-V characteristics of the same device. 

Figure 2 shows prototypes of conjugated polymers in polymer light emitting diodes 
(pLEDs) and photovoltaic devices (PVDs). The structure of these devices is schematically 
depicted in the middle of figure 2. Both types of devices consist of an organic layer 
sandwiched between two electrodes. For pLEDs the polymer layer may be a single or 
double layer; in PVDs the organic layer is most often a blend of electron donor and 
acceptor like molecules. For example blends of poly(para-phenylenevinylene) and C60 
form so-called ‘bulk heterojunction organic photovoltaic cells’. At the bottom of figure 2 
typical energy diagrams of these devices are presented.      
 

Figure 2 Examples of prototypes of polymer based pLEDs and photovoltaic 
cells (top row). The structure of these devices is schematically shown in the middle 
of the figure. Al stands for aluminum electrode,  for pLEDs one also uses calcium 
electrodes; D:A blend stands for electron donor : electron acceptor blend. In typical 
devices the electron donor is a conjugated polymer such as a dialkoxy-substituted 
poly(para-phenylenevinylene) and a C60-derivative as electron acceptor. Typical 
energy diagrams of these devices are presented at the lower part of the figure. The 
numbers indicate the sequence of steps under device operation. For pLEDs: 1) 
charge injection, 2) charge transport, 3) charge recombination and exciton 
formation, and 4) decay of the exciton under the emission of a photon.  For a PVD: 
1) light adsorption, 2) exciton dissociation (at donor/acceptor interface), 3) charge 
transport and 4) charge collection at the electrodes.   
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The findings in chapter 3 relate the optical properties of pLEDs and PVDs to the 

chemical structure, for example the length of the oligomer, or the presence of side-chains. 
The charge transport process is influenced by the intermolecular interactions in the thin 
film.  The weak intermolecular interactions and small crystallites reported in chapter 4 may 
give rise to a hopping-like transport in which disorder plays an important role.  The energy 
level alignment at interfaces as reported in chapter 5 is important for the charge injection 
and collection in pLEDs and PVDs respectively. Note that the possible presence of electric 
fields at the donor/acceptor interface may influence the charge separation process in PVDs. 
In chapter 6 initial results on complete devices are reported. These measurements may link 
the PES measurements with the current-voltage measurements on these samples. 

  
 
 



 



 
 

SSaammeennvvaattttiinngg  
 
 

Het gezichtsvermogen is één van de meest krachtige zintuigen die we bezitten. Met 
onze ogen kunnen we, behoorlijk gevoelig, interacties waarnemen tussen materie en 
electro-magnetische golven.  We kunnen bijvoorbeeld onderscheid maken tussen 
verschillend gekleurde materialen die verschillende delen van het zichtbare spectrum 
absorberen. We kunnen zelfs materialen waarnemen die geen aanzienlijke absorptie van het 
zichtbare spectrum hebben. Gepolijste metalen reflecteren bijvoorbeeld het zichtbare licht 
en nemen we waar als glanzend en niet-transparant. Goed geslepen diamanten daarentegen 
reflecteren het zichtbare licht onder bepaalde hoeken terwijl ze tevens transparant zijn voor 
het zichtbare licht. 

Of licht geabsorbeerd wordt, hangt af van de details van de electronische structuur 
van het materiaal. Als men de electronische structuur van een materiaal kan beïnvloeden, 
dan kan men dus de verschijning van een materiaal veranderen. De verf industrie gebruikt 
bijvoorbeeld de kennis van materiaalkundigen, zoals scheikundigen, om nieuwe verven te 
ontwikkelen met aansprekende kleuren. Eén van de manieren om de electronische structuur 
te veranderen is door de chemische structuur te veranderen, waardoor er een ander 
materiaal gemaakt wordt met andere optische eigenschappen.  

Licht absorptie hangt meestal samen met een overgang waarbij een electron in het 
materiaal van een bezette orbitaal (in de valentie band) naar een hoger gelegen onbezette 
orbitaal (meestal een nivo in de geleidingsband) over gaat. De op deze wijze verkregen 
aangeslagen toestand kan op verschillende manieren terug vallen naar de grondtoestand. Zo 
kan de aangeslagen toestand vibraties veroorzaken. Deze vibraties kunnen leiden tot 
‘stralingsloos verval’, waarbij het energie verschil tussen de aangeslagen toestand en de 
grond toestand geheel of gedeeltelijk omgezet wordt in warmte. In fluorescente materialen 
relaxeert de aangeslagen toestand tot de grond  toestand (deels) onder de emissie van een 
foton. Ook bij deze materialen geldt dat de electronische structuur van het materiaal het 
belang van de verschillende verval paden beïnvloedt. 

In fotovoltaïsche materialen hoeft een electron dat een orbitaal bezet in de 
geleidingsband niet te recombineren met één van de onbezette toestanden in de valentie 
band (ook wel gaten genoend). In plaats daarvan kunnen de twee ladingen, het electron en 
het gat, zich min of meer vrij bewegen. De tegengestelde ladingen verplaatsen zich, onder 
invloed van een electrisch veld, naar één van de asymmetrische electroden. Wanneer de 
twee electroden met elkaar verbonden worden door een extern circuit, zal er, onder 
belichting, een stroom kunnen lopen waarmee arbeid verricht kan worden. In electro-
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luminescente materialen daarentegen, worden er electronen en gaten in het materiaal 
geïnjecteerd. De tegengestelde ladingen kunnen in het materiaal recombineren en een 
aangeslagen toestand vormen die onder emissie van een foton vervalt naar de grond 
toestand.  

Electro-luminescente materialen worden, evenals fotovoltaïsche materialen, vaak 
geassocieerd met anorganische materialen zoals Si en GaAs. In de zestiger jaren heeft men 
echter moleculaire systemen ontdekt zoals de acenen die eigenschappen vertonen die in 
zekere mate vergelijkbaar zijn met anorganische halfgeleiders. In de zeventiger en tachtiger 
jaren ontdekten een aantal wetenschappers dat de geleiging van sommige polymere 
materialen veranderd kon worden over het gehele gebied van isolerend tot metalisch door 
het polymere materiaal chemisch te doteren. De polymere materialen waarbij dit mogelijk 
is bestaan uit lange koolstof ketens waarin enkele en dubbele bindingen elkaar af wisselen 
(geconjugeerde polymeren). De bovenste rij in figuur 1 laat enkele voorbeelden van 
geconjugeerde polymeren zien. 

 

 
 

Figuur 1 Verschillende geconjugeerde polymeren (bovenste rij) en geconjugeerde 
oligomeren (eerste twee moleculen van de tweede rij).  C60 is een molecuul 
met laag liggende, ontaarde LUMO’s (laagste onbezette moleculaire 
orbitalen), waardoor het molecuul een goede electronen acceptor is.  Deze 
moleculen worden (tot op zekere hoogte) beschreven in dit proefschrift. 

 
 
In 1990 rapporteerde Burroughes samen met enkele co-auteurs de fabricage van een 

licht-emiterende diode op basis van polymere materialen. Slechts enkele jaren later werd de 
eerste ‘bulk-hetero-junction’ fotovoltaïsche cel gerapporteerd, gebaseerd op geconjugeerde 
polymeren. Al snel werden er ook andere typische halfgeleider apparaten gemaakt met deze 
geconjugeerde moleculen zoals de ‘field-effect transistor’ en de (optisch) gepompte lasers. 
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Om de werking van deze apparaten te begrijpen is het van belang om de electronische 
structuur van deze organisch halfgeleiders te bestuderen. Dit proefschrift is een verslag van 
een dergelijke studie.  

Een meer specieke beschrijving van dit proefschrift is de studie van de electronische 
structuur van een aantal geconjugeerde moleculen, en hoe die electronische structuur 
beïnvloed wordt door de moleculaire omgeving. De resultaten van deze studies kunnen 
bijdragen aan een beter begrip van deze materialen en zijn relevant voor een aantal 
toepassingen zoals licht-emiterende diodes en fotovoltaïsche cellen gebaseerd 
geconjugeerde moleculen. 

Na het inleidende hoofdstuk (hoofdstuk 1), wordt er in hoofdstuk 2 een korte 
beschrijving gegeven van de techniek (fotoelectron spectroscopie, PES) die gebruikt is om 
de electronische structuur van verschillende moleculen te onderzoeken. Verder worden er 
twee opstellingen in detail besproken die gebruikt werden om de PES data op te nemen. 

Hoofdstuk 3 beschrijft de electronische structuur van ‘fragmenten’ van poly(para-
fenyleenvinyleen). De metingen werden uitgevoerd aan moleculen in gas fase om de 
electronische structuur te vinden van deze moleculen zonder intermoleculaire bijdrage aan 
die structuur. De ‘fragmenten’ van poly(para-fenyleenvinyleen), die gebruikt zijn voor 
deze studie, bevatten tot 5 benzeen ringen. Een eenvoudig model, eerder toegepast op 
polythiofeen en gerelateerde oligomeren, is gebruikt om de laag energetische electronische 
toestanden in deze moleculen te beschrijven. Na een fit-procedure kunnen de experimenteel 
bepaalde waarden voor de laag energetische electronische excitaties goed gereproduceerd 
worden. 

Het is interessant dat dit eenvoudige model toegepast kan worden om de 
electronische structuur te beschrijven van zowel homo-polymere systemen, zoals 
polythiofeen en poly(para-fenyleen), als van alternerende copolymeren zoals poly(para-
fenyleenvinyleen). Uit dit onderzoek blijkt dat de verbindende groep (hier de vinyl-groep) 
zich gedraagt als een geleider van de interactie tussen de gedelokaliseerde fenyl orbitalen. 
Het effect van deze bruggende groep in dit model is het modificeren van de parameters; een 
gedetailleerde beschrijving van de electronische structuur van de vinyl-groep is voor dit 
model niet nodig. 

Hoofdstuk 4 vormt een link tussen de PES metingen aan geïsoleerde moleculen, 
zoals beschreven in hoofdstuk 3 en de PES metingen aan dunne films van deze oligo-para-
fenyleenvinylenen die in hoofdstuk 5 aan bod komen. In dit hoofdstuk wordt de structuur 
van dunne films van P5V4 (zie figuur 1) onderzocht. De dunne lagen zijn poly-kristallijn 
met kleine kristallieten. De interactie tussen oligomeren in de kristallieten lijken gering te 
zijn: de nogal grote intermoleculaire afstanden zijn een indicatie dat alleen zwakke Van der 
Waals interacties een belangrijke rol spelen. Door de geringe intermoleculaire interactie 
verwachten we dat de electronische structuur van de dunne film vergelijkbaar zal zijn met 
de electronische structuur van de geïsoleerde moleculen in de gas phase. Afgezien van 
aspecten die verband houden met de overdracht van electronen en gaten tussen oligomeren.  
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De vergelijking tussen de electronische structuur van geïsoleerde moleculen en 
moleculen in de dunne film is beschreven in hoofdstuk 5. De verwachtte gelijkenis is 
aanwezig: afgezien van een verschuiving van het spectrum door screening effecten zijn 
beide spectra grotendeels gelijk. Opvallend is dat de vacuüm nivo’s meestal ongelijk zijn 
bij het tussenvlak gevormd door metalen en organische moleculen. De ongelijke ligging 
van deze nivo’s wordt veroorzaakt door een lokaal electrisch veld. Naar verwachting zal het 
lokale electrisch veld de ladingsoverdracht bij het tussenvlak beïnvloeden. De ongelijke 
ligging van de vacuüm nino’s werd ook vast gesteld bij het tussenvlak gevormd door P5V4 
en C60: een belangrijk tussenvlak in bepaalde typen organische fotovoltaïsche cellen. 

In hoofdstuk 6 worden een aantal initiële resultaten getoond van gecombineerde 
PES en stroom-voltage (I-V) metingen aan goed gedefinieerde samples. Het uiteindelijke 
doel van deze metingen is een één op één vergelijking van de electronische structuur van 
een in-situ gemaakte testcel gemeten door middel van zowel PES als I-V metingen. 
 

Figuur 2 Voorbeelden van prototype toepassingen van op geconjugeerde polymeren 
gebaseerde pLEDs en PVDs (top van de figuur). De structuur van de toepassingen is 
schematisch weergegeven in het midden van de figuur. Al staat voor aluminium elektrode. 
Voor pLEDs wordt ook vaak een calcium elektrode gebruikt. D:A staat voor een mengsel 
van donor en acceptor moleculen. Een archetype energie diagram is afgebeeld onderaan in 
de figuur. De nummers in de diagrammen geven de volgorde van stappen aan in een 
werkende cel. Voor pLEDs: 1) ladings injectie, 2) landings transport 3) ladings 
recombinatie en exciton vorming, en 4) relaxatie van de aangeslagen toestand naar de 
grond toestand onder de emssie van een foton. Voor een PVD: 1) licht absorptie, 2) exciton 
dissociatie, 3) ladings transpor en 4) lading collectie bij de electroden.    
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Figuur 2 laat prototypes zien van toepassingen waarin geconjugeerde polymeren een 

belangrijke rol bekleden, te weten polymere licht-emiterende diodes (pLEDs) en 
fotovoltaïsche cellen (PVDs). De structuur van deze toepassingen is schematisch 
weergegeven in figuur 2 (midden). Beide apparaten bestaan uit een organische laag gelegen 
tussen twee electroden; in PVDs is de organische laag meestal een mengsel van electron 
donor en acceptor moleculen . Mengsels van bijvoorbeeld poly(para-fenyleenvinyleen) met 
C60 vormen zogenaamde ‘bulk hetero-junction’ organische PVDs. Typische energie 
diagrammen van deze twee toepassingen zijn weergegeven onderaan in figuur 2. 
 De resultaten in hoofdstuk 3 relateren de optische eigenschappen van pLEDs en 
PVDs met de chemische structuur, zoals bijvoorbeeld de lengte van het oligomeer en 
mogelijke zijketens. Het ladingstransport wordt beïnvloed door intermoleculaire interacties 
in de dunne laag. De zwakke intermoleculaire interacties en de kleine kristalliet afmetingen 
zoals beschreven in hoofdstuk 4 kunnen aanleiding geven tot een ‘hopping’-achtig ladings 
transport mechanisme waarin wanorde een belangrijke rolspeelt. De onderlinge ligging van 
energie nivo’s zoals beschreven in hoofdstuk 5 is van belang voor de ladingsoverdracht bij 
de tussenvlakken. In hoofdstuk 6 zijn de initiële resultaten van complete, in-situ gebouwde 
samples weergeven. Met deze samples kunnen wellicht de electrische eigenschappen van 
de pLEDs en de PVDs direct in verband worden gebracht met de (door PES) gemeten 
electronische structuur van deze samples. 
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