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Chapter Two

Experimental
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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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-paraphenylenevinylene (PPV). The other group is formed by so-called ‘small molecules’.
This group contains, rather large, molecules like N,N’-diphenyl-N,N’-(3methylphenyl)-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 setup 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.

(a)

(b)
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M

+

intensity

M

2
1

Binding Energy
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 (EKb =
-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 (EKb) 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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P3/2 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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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
2
P3/2 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
2
P3/2 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’.

Experimental

Figure 2.5 Schematic representation evaporation cell used to create a
‘molecular beam’ of the organic molecules.
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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’.
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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.

stage 1
gate
window valve

magn.
sample
transfer

turbo
pump

fast entry
airlock

stage 2
LTM window

organic
deposition cell
Organic Deposition
Stage (ODS)

heating
stage

window

magn.
sample
transfer

LTM

metal
depostion cell

Metal Deposition
Stage (MDS)

window

linear
translator
mask
depot

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 maskframe. 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

Experimental

33

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 micromanipulator 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 currentvoltage 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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